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ABSTRACT

Despite decades of experimental observations, the astrophysical sources producing the
measured flux of ultrahigh energy cosmic rays (UHECRS) have yet to be identified. Neu-
trinos, extremely weakly interacting neutral particles, are expected to be produced inside
the astrophysical accelerators responsible for the production of UHECRs, and during
the propagation of UHECRs to Earth. As neutral weakly-interacting particles, ultrahigh
energy neutrinos are perhaps the best probe of the hadronic and leptonic processes gov-
erning these extreme astrophysical environments beyond the local universe. Yet, despite
two decades of experimental searches, ultrahigh energy neutrinos have never been defini-
tively detected.

ANITA-IV, the fourth flight of the ANtarctic Impulsive Transient Antenna (ANITA),
observed four anomalous events extremely close to the horizon. In this dissertation, I
present the possibility that one or more of these anomalous “near horizon” events are
indeed ultrahigh energy zau neutrinos detected via the unique Earth-skimming “7 air
shower channel”. I develop the first “end-to-end” simulation of ANITA-IV’s sensitiv-
ity to these unique events and I use this simulation to determine whether these events
are observationally consistent with T-induced extensive air showers and, if they are, what
are the constraints on the implied flux from populations of diffuse and point-like neu-
trino sources. Finally, I perform a blind search for any statistically significant associations
between these four anomalous events and catalogs of astrophysical sources that are con-
sidered to be possible ultrahigh-energy neutrino and cosmic ray emitters.

I find that these events are zor observationally inconsistent with ultrahigh energy tau
neutrinos, but that the implied (diffuse) flux and (point-like) fluence necessary to explain
these events is in strong tension with limits set by other observatories, such as the Pierre
Auger Observatory and IceCube. After unblinding the results of my search for associa-
tions between these events and catalog neutrino sources, I find o statistically significant

associations with any of the considered sources.
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)| SEARCHING FOR THE UNKNOWN
SOURCES OF ULTRAHIGH ENERGY

CosMmic RAys

Conventional photon-based astronomy covers more than 20 orders of magnitude in pho-
ton wavelength: from 10° cm radio waves to 107 cm gamma rays. Visible light, the
original purview of classical astronomy, spans just a single octave above 107> cm. This
dramatic range of wavelengths, more than 70 octaves, has been the primary tool for devel-
oping our understanding of the universe since the invention of the first telescopes. Pho-
tons are not, however, the only messengers of astrophysical processes. Victor Hess’ 1912
balloon flight pioneered the detection of baryonic particles from the universe [1], now
known as cosmic rays. In 2017, the Advanced Ligo and Advanced Virgo detectors an-
nounced the first detection of gravitational waves (in this case, from a binary neutron
star merger) , which was simultaneously observed across the entire electromagnetic spec-
trum [2]. Also in 2017, the blazar TXS 0506+056 was simultaneously detected in both
high-energy neutrinos (by the IceCube experiment) and photons across multiple wave-
lengths by several different instruments [3].

These discoveries have been heralded as the dawn of multi-messenger astrophysics. As
we will see later in this chapter, the universe is zot transparent to photons, especially above
TeV energies. Therefore, if we are to probe distant high energy astrophysical processes az
all, we must turn to these other messengers: neutrinos, cosmic rays, and gravitational
waves.

This dissertation is focused on the intersection of ultrahigh energy cosmic ray (UHECR)
and ultrahigh energy neutrino astrophysics performed with the Antarctic Impulsive Tran-
sient Antenna (ANITA) neutrino experiment. In the remainder of this chapter, I present
an introduction to cosmic ray and neutrino astrophysics at the highest energies, discuss

some of the most important open research questions and challenges in particle astro-
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physics, and motivate the science of the simulations and analyses presented later in this

dissertation.

1.1 CosMic RAY ASTROPHYSICS

Cosmic rays, a flux of protons, electrons, and light nuclei from solar system, galactic,
and extra-galactic sources, have been studied for more than a century since Victor Hess’
flight [1] with a number of detection techniques and experiments. Non-solar cosmic
rays have been observed over more than twelve orders of magnitude in primary energy,
from ~100 MeV (10° eV) to nearly ~1ZeV (10* eV ), using more than a dozen dedi-
cated cosmic ray observatories (below ~100 MeV the cosmic ray flux begins to be dom-
inated by solar cosmic rays, known as solar energetic particles which are not relevant to
the work in this dissertation [4, 5]). A recent compilation of measured cosmic ray fluxes
over this energy span, by several observatories, is shown in Figure 1.1. Along with this
large span in energy, the cosmic ray flux, with its strongly falling power-law-like behavior,
varies over more than sixteen orders of magnitude over this same range in energy; from

2 1at

~1m~%s ! at GeV energies, to ~1 m~?yr ! at PeV energies, and to S1km ™% yr~
EeV energies [5].

Along with these extreme ranges in energy and flux, the major challenge of cosmic ray
astronomy is, since cosmic rays are charged particles, they are “scrambled” by galactic and
extra-galactic magnetic fields during their propagation to Earth and, as such, their ob-
served arrival directions are typically uncorrelated with the direction of their original pro-
duction environments or sources [6]. Therefore, traditional “astronomy”, where the ob-
served direction of incident particles is highly aligned with the sky location of the source,
is not typically possible. However, at the highest rigidities (energy over charge), above
~40 EV, the trajectory of most cosmic rays becomes magnetically rigid enough that their
arrival directions could become correlated with the direction of their production and ac-
celeration environments [7]; however, this energy scale coincides with the cosmic ray flux
becoming small enough, < 1 km—2 yrfl, that even the largest current-generation experi-
ments struggle with obtaining the necessary statistics for discovery-level analyses of cosmic
ray arrival directions [8, 9, 7].

Since the observed direction of the cosmic ray is not useful across the vast majority of
the cosmic ray energy spectrum, the two primary observables used are the energy spec-

trum and mass composition of the measured cosmic ray flux. In the following sections, we
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Figure 1.1: The all-particle spectrum of cosmic rays observed at Earth as a function of primary
particle energy per nucleon, E, from air shower measurements from nearly a dozen
different cosmic ray experiments. The figure also labels several spectral breaks in the

» o«

cosmic ray spectrum, the “knee”, “second (iron) knee”, and “ankle”; more details on
these spectral features will be discussed later in this chapter. This dissertation will be
focused on the region above 10'® eV, with so-called ultrabigh energy cosmic rays. Fig-
ure from [5].

present a review of the theory and measurements of the energy spectrum, mass composi-

tion, and anisotropy of the cosmic ray flux at Earth.

1.I.1 UHECR ENERGY SPECTRUM

Precise measurements of the energy spectrum of UHECRs encodes invaluable informa-
tion about the origin and mechanisms of cosmic ray acceleration and propagation [10,
11, 12, 13]. The two most sensitive current observatories for measuring the UHECR
flux are Telescope Array (TA) [14], located in Utah, and the Pierre Auger Observatory
(Auger) located in Argentina [15]. However, despite Auger’s ~10°> km?sryr of inte-
grated exposure (as of the time of writing), the total number of events observed, par-
ticularly above S0 EeV, poses a significant statistical challenge (the flux at these energies
is < 1km™%yr~'). A comparison between the UHECR flux as currently measured by
TA and Auger is shown in Figure 1.2 [16].
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While Auger and TA use very similar experimental techniques to detect UHECRs
(as will be discussed in Chapter 2), there are differences between the respective instru-
ments and the analysis methods used to reconstruct the properties of the parent cosmic
ray which can lead to systematic uncertainties when comparing the absolute energy scale
and flux reported by each collaboration [16]. This is clearly seen in Figure 1.2 where the
absolute flux reported by Auger and TA disagree within reported uncertainties across the
energy range above 1 EeV. Above ~40 EeV, the reported fluxes begin to disagree both
in magnitude and in spectral shape. This is worsened by the increasingly limited statis-
tics available at these extreme energies (note the size of the error bars at ~100 EeV) as the

cosmic ray flux begins to rapidly cutoft above ~40 EeV.
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Figure 1.2: The UHECR energy spectrum above 1 EeV as measured by Auger and Telescope Ar-
ray. The disagreement between these measurements is most significant above 40 EeV
where the two flux measurements start to diverge significantly. Note that the units of
this plot are E*SF(E) in order to emphasize the changes in spectral slope on what
would otherwise be a very steeply falling power-law-like spectral plot. Figure from [5].

An analysis and remeasurement performed by a joint Auger-TA working group found
that applying systematic corrections to the energy and exposure calculations, as well as
compensating for the different sky coverage of each observatory can significantly im-
prove the agreement between the two observatories up to ~60 EeV [16, 17, 18]. The

reconstructed flux after correction is shown in the right panel of Figure 1.3. However,
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the Auger-TA flux cross-calibration of Figure 1.3 still cannot account for the differences
observed at the highest energies where the experiments still disagree [16].

In addition to the discrepancy between Auger and TA at the highest energies, the full
cosmic ray energy spectrum (Figure 1.1 and 1.2) shows three distinct spectral breaks be-
tween 1 PeV and 1 EeV that are known as the “knee”, “second-knee”, and the “ankle”. The
origin of these features is currently contested. In the following sections, we present a
brief discussion of possible origins for the knee, second knee, and ankle of the cosmic ray
spectrum.

There are currently two competing hypotheses for the origin of “knee” at 4PeV and
“second knee” at 200 PeV shown in Figure 1.1. The lack of galactic-plane-anisotropy in
cosmic rays observed 2bove the knee place strong limits on the contribution from galactic
sources and therefore suggesting that galactic cosmic ray sources dominate the spectrum
up to the knee, above which it is likely that the flux shifts to extra-galactic sources (the

knee should therefore correspond to the start of the galactic to extra-galactic transition)
(8, 19].
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Figure 1.3: Left: A comparison of the UHECR energy spectrum as measured by Auger and TA.
Right: The same flux comparison after rescaling the energies of Auger by +5.2% (red)

and that of TA by -5.2% (black) to account for detector cross-calibration uncertain-
ties [16, 20, 21]. Figure from [18].

GALACTIC COSMIC RAYS

The first hypothesis for the origin of the knee assumes that cosmic ray accelerators exist
within our galaxy capable of accelerating cosmic rays to super-knee energies. These ac-
celerated cosmic rays will then propagate and diffuse within the turbulent galactic mag-

netic fields [22]. PeV cosmic ray protons in typical 4G galactic magnetic fields possess
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a Larmor radius that approaches the maximum turbulent wavelength of current galactic
magneto-hydrodynamic (MHD) models [22]. When this occurs, the confinement of cos-
mic rays at super-knee energies becomes rapidly less efficient potentially allowing super-
knee cosmic rays to escape the galactic disk, propagate into the extra-galactic medium,
and therefore no longer be detected at Earth [23]. This model is one of a more general
class of hypotheses where any change in cosmic ray diffusion and transport that leads to
inefficient confinement around the energy of the knee could explain the steepening of

the cosmic ray flux at the knee [24] as more cosmic rays begin to leave the galaxy.

These confinement-based models implicitly assume the presence of efficient cosmic ray
accelerators in the galaxy capable of accelerating cosmic rays to super-knee energies. Thisisa
challenge for many astrophysical source models as most galactic sources are not expected
to have the conditions necessary to accelerate cosmic rays to energies at or above the knee.
The one source class within the galaxy that may have this potential, up to the energy of
the knee, are supernova remnants (SNR) but even SNR acceleration models disagree on
their ability to act as cosmic ray PeVatrons [25, 26]. The only galactic source currently
known to be capable of accelerating cosmic rays to the PeV scale is the galactic nucleus,
Sgr A* [27], whose hadronic luminosity is too small to replicate the entire observed flux

at Earth [28] and as such cannot explain the origin of the knee.

Therefore, an alternative hypothesis is that the knee could correspond to the maxi-
mum cosmic energy produced by galactic sources; i.e. galactic sources are unable to accel-
erate nuclei to more than several PeV per nucleon. The most theoretically supported
PeVatron candidates are currently supernova remnants (SNR) which accelerate cosmic
rays via magnetic diffuse shock acceleration [29, 30]. However, current SNR accelera-
tion models still require significant magnetic field enhancement to act as efficient cosmic
ray PeVatrons [29, 31]. An application of the Hillas criterion, which will be discussed in
more detail in section 1.3, predicts that SNR can efficiently accelerate cosmic rays to an

energy Fp,, given by,

o _ (1Y B (R
B =1~ Psne BR = (10) (MG) (10PC) <

where 1) parameterizes the efficiency of diffusion in the source, 35, is the shock veloc-

ity, B is the magnetic field in the acceleration region, and R is the characteristic size of
the acceleration region. The values chosen for each scaling term (in parenthesis) are typi-

cal values for SNR under current models [29]. The characteristic size of typical SNR are
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well known, so in order for F,,,~PeV, there must be a process for significant magnetic
field enhancement in SNR to produce PeV energy cosmic rays. Several different models
have been proposed to create this additional magnetic field enhancement necessary for
PeV cosmic ray acceleration in typical SNR, such as the cosmic ray current driven Bel/
acceleration, but none have been experimentally confirmed [32, 33] so it remains phe-
nomenologically challenging for SNR to be the sole class of cosmic ray PeVatrons in our
galaxy.

Both confinement or maximum accelerated energy hypotheses for the origin of the
knee naturally predict corresponding “knees” for the different nuclear cosmic ray species
(as both processes directly depend on the rigidity, £/ Z, of the particle species). There-
fore, if the knee is indeed a proton cutoff like current measurements indicate, then the
“second knee”, often called the “iron knee”, corresponds to the energy at which iron nu-
clei are no longer confined or accelerated within the galaxy [34]. The energy of the second
knee measured by Auger [35, 36], KASCADE-Grande [37], and TA [38, 39] are all ex-

perimentally consistent with this rigidity-dependent origin for several nuclei species.
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Figure 1.4: A well-supported theoretical model for the origin of the “knee”, “Second (iron) knee”,
and “ankle” as the transition between galactic and extragalactic sources under a max-
imum energy model (where the knee is due to an upper energy per nucleon limit of
galactic cosmic ray accelerators). Under this model, the “k7ee” is due to the maximum
energy of accelerated protons produced in galactic sources such as SNR, the “econd
knee” is the same feature but for iron, and the “ankle” is the transition to extragalactic
UHECR sources. Figure from [31].
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The most important spectral feature for this dissertation is the cuzoff or suppression of
the UHECR spectrum near the upper end of the spectrum at ~40 EeV (Figure 1.2) with
asignificance (from Auger) of more than 6o [40]. Since the (already small) flux begins to
decrease even more rapidly at these energies, this coincides with even the largest (current
generation) observatories, like Auger and TA, becoming statistics limited (note the size
of the error bars at 100 EeV in Figure 1.2).

EXTRAGALACTIC COSMIC RAYS

There are currently two hypotheses compatible with measurements but current exper-
imental constraints do not currently have the discovery power to distinguish between
them [31], they are: 1) accelerators exist that do accelerate UHECRS to above the cutoff,
but that these UHECRs are suppressed during propagation to Earth and are therefore un-
observed; or 2) that the cutoft is simply the maximum energy that can be accelerated by
the (currently unknown) UHECR sources (i.e. galactic and extragalactic sources cannot
efficiently accelerate UHECRS to above the cut-off).

The likely process by which the UHECR flux could be suppressed during propaga-
tion is via interactions with extragalactic background photons, including the cosmic mi-
crowave background (CMB), via the long-predicted Greisen-Zatsepin-Kuz min (GZK)
effect, converting UHECRs into a flux of neutral secondaries including photons and
neutrinos [41, 42]. The threshold energy of the GZK process, which occurs via the A*-
resonance with CMB photons at ~60 EeV, is experimentally consistent with the cutoft
energy observed by both Auger and TA [20, 43, 44]. A major prediction of a GZK-based-
suppression hypothesis is that UHECRs should only be observed from sources within
~100 Mpc of Earth, as cosmic rays from beyond this distance will be strongly attenu-
ated by the GZK process; this is the so-called “GZK sphere” or “GZK horizon”. While
the sources of observed UHECRs may therefore be limited to the local universe by the
GZK effect, this does allow for the detection of these (also) ultrahigh-energy neutral sec-
ondaries, potentially from beyond the GZK horizon; the neutrino fluxes predicted by a
GZK hypotheses will be discussed in more detail in section 1.2.

Under a maximum energy hypothesis, idealized models of populations of astrophysi-
cal UHECR accelerators distributed within ~100 Mpc are able to nominally reproduce
the observed UHECR spectrum and composition measurements of both TA and Auger
within large experimental and model uncertainties [45, 46, 47]. However, uncertain-

ties related to the identification, distribution, and environments of potential UHECR
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sources, do not rule out a GZK-origin for the cut-oft [48]. A detailed discussion on pos-
sible astrophysical environments that potentially have the ability to accelerate cosmic rays
to ultrahigh energies will be discussed in section 1.3.

Reconstructing the origin of UHECRs under both hypotheses is currently challeng-
ing [46, 49, 47]. To forward model a single source or propagation hypothesis, a detailed
source model for the UHECR spectrum and composition at the source is needed, gen-
erated from a detailed acceleration model. This must then be propagated through ex-
tragalactic and galactic environments to Earth with computationally expensive tools like
CRPropa [50, 51, 52]. The simulated spectrum and composition must then be simul-
taneously fit to not only the energy spectrum and mass composition data from Auger
& TA, but also to the reported anisotropy at ultrahigh energies reported by each exper-
iment without violating other multi-messenger bounds (often gamma-ray, X-ray, and
radio measurements) [46]. In additional to phenomenological uncertainties related to
the source environment and acceleration mechanism [53, 54, 55, 56, 57, 48], extragalac-
tic and galactic propagation environments [47, 22], and (often) statistics-limited mea-
surements on Earth [58, 59, 60, 61], these simulation can be computationally challeng-
ing, even with modern tools like CR Propa, due to the high-dimensional parameter space
(source models, propagation, air shower physics, etc.) that needs to be reconstructed only
from observables on Earth.

Unfortunately, at this point in time, the statistics provided by Auger and TA are not
sufficient to confidently disentangle these two potential hypotheses [31]. Future obser-
vatories like POEMMA [62] and EUSO [63], with extremely high UHECR sensitivi-
ties, may be able to provide invaluable information for understanding the origin of this
UHECR cutoff by significantly increasing the available statistics (due to their high ex-

pected event rate).

1.1.2 UHECR CoMPOSITION

In addition to the energy spectrum, another major observable for UHECR astronomy is
the mass composition spectrum i.e. the energy spectra of each individual nuclei species
that comprises the cosmic ray flux. The primary technique used to measure the mass com-
position is via simultaneous measurement of the depth, X, at which the total number
of particles in an extensive air shower reaches its maximum, and the total energy, E, of the

shower [61, 15]. Showers initiated by different primary particles have statistically differ-
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ent distributions of the depth of X,,,,x over energy. Monte Carlo simulations, with tools
like AIRES [64] and CORSIKA [65, 66] (which each use several different hadronic and
electromagnetic interaction models such as SIBYLL [67], QGS-JET-II [68], or EPOS-
LHC [69]) can be used to perform detailed simulations of extensive air showers, which
can then be used to reconstruct the incident mass compositions of the flux that are con-
sistent with the observed distribution of X, observed by the experiment. The average
and standard deviation of the distribution of X, measured by both Auger and TA is
shown in Figure 1.5, along with predictions for pure-proton and pure-iron fluxes. From
Figure 1.5, itis clear that neither a pure-iron or pure-proton flux can explain the observed

distribution of X, and that the composition of the flux must be changing as the energy
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Figure 1.5: Measurements [70, 71, 72] of the mean (left) and standard deviation (right) of the
distribution of shower maximum grammage (in gcm™2 ) as a function of energy for
both the Auger surface detectors (SD) and fluorescence detectors (FD) and the TA
fluorescence detectors (FD). The data from the Telescope Array has been calibrated
and adjusted by [31] to try and account for uncertainties from the detector and non-
overlapping sky regions. The energy evolution of the shower maximum for pure iron
and pure proton fluxes are shown in the blue and red lines respectively for various
hadronic interaction models (line style). The changing shower maximum grammage
as a function of energy is evidence that the composition of the cosmic ray flux is both
mixed and energy dependent. Figure from [31].

For current ground based observatories like TA and Auger, the best X, resolution
is achieved with fluorescence telescopes (FDs) that can directly observe the longitudinal
shower profile of each shower [73, 74]. Particle detector arrays, like the surface detectors
(SDs) at Auger and TA, can also reconstruct the energy and composition of shower by

measuring the fluence of particle species at the ground (most of the reconstruction power

10
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comes from muons [73]) but this has significantly worse resolution than the fluorescence
measurements [75] and suffers from theoretical uncertainties due to the hadronic inter-
action models used to simulate extensive air shower developmentand the so-called “muon
problem” [60, 76, 77].

The measurements shown in Figure 1.5 suggest that the composition of UHECRs be-
comes lighter (i.e. more proton-dominated) as the primary energy increases from 10'” eV
towards the ankle at 3 x 10'® eV but then starts to become heavier again as the energy ap-
proaches the observed UHECR cutoft.

Comparing these distributions against those simulated by Monte Carlo tools allow for
reconstructing the incident mass compositions consistent with experiment. One partic-
ular reconstruction using four primary mass groups (p, He, N, Fe), performed by Auger,
is shown in Figure 1.6 [70, 78]. According to this model, there are hints for a rapidly dis-
appearing contribution of iron above the knee at 10'*” eV followed by a decrease in the
proton component around 10'®# eV. The decrease in the modeled proton component is
compensated for by an increase in the prevalence of light nuclei (He) and medium-mass

nuclei (N) at the maximum reconstructed energies (under #b7s reconstruction).
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Figure 1.6: Composition fractions arriving at Earth derived from forward modeling templates of
four mass groups to the X5« distribution observed by Auger reconstructed using two
different hadronic interaction models (solid line vs. dashed line). Errors bar in this case
are purely statistical. Composition reconstruction above ~10% eV is challenging due
to the limited statistics at these high energies. Figure from [31] but originally adapted
from [70].

Due to the large uncertainties involved in this process, this is not the only flux model
that may be consistent with Auger measurements [31]. In particular, the limited statis-
tics above 10" eV are a major obstacle for accurate reconstructions of the mass compo-

sition [71, 73]. Furthermore, Figure 1.6 shows predictions for two different hadronic
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interaction models, EPOS-LHC [69] and SIBYLL 2.3d [67], which are not consistent
within uncertainties at most energy scales. This illustrates one of the major theoretical
challenges of these measurements; since the center of mass energies in the early part of the
shower can be more than an order of magnitude above the reach of current terrestrial ac-
celerators, hadronic interaction models must be extrapolated and used in a regime where
there are no direct terrestrial measurements [69]. This results in not only differences be-
tween reconstructed measurements using different hadronic and electromagnetic mod-
els, but also issues related to the accuracy of Monte Carlo simulations compared to direct
observations, such as the “muon excess” where current hadronic interaction models pre-
dict significantly fewer muons in extensive air showers than are currently observed (i.e.
showers are observed to have an “excess” of muons) [76].

This section has presented some of the major open questions in UHECR astronomy
and has identified some of the challenges of both UHECR theory and the interpretation
of measurements from the current generation of UHECR experiments. Some of these
questions may be resolved by larger, more sensitive UHECR observatories, but others may
only be able to be resolved using a multi-messenger approach. In particular, the neutral
secondaries that could be produced, both in hadronic or leptonic astrophysical accelera-
tors, or those that should be produced during GZK interactions between UHECRs and
extragalactic background photons during propagation, could provide clear signatures for
both identifying the currently unknown UHECR sources and the origin, composition,
and nature of the UHECR spectral cutoff.

1.2 ULTRAHIGH ENERGY NEUTRINOS

In this section, we present a review of neutrino astrophysics at ultrahigh energies, how it
relates to the open questions of ultrahigh energy cosmic ray astronomy, and motivate the

science goals of current and next generation neutrino observatories.

1.2.1 COSMOGENIC NEUTRINOS

As discussed in section 1.1.1, the GZK effect, first theorized in the 1960, is the pre-
dicted suppression of UHECRSs via interactions with extragalactic background photons.

Above ~40 EeV, UHECR protons can interact with cosmic microwave background (CMB)

12
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photons via the AT -resonance to produce secondary neutrinos and photons - these are
referred to as cosmogenic secondaries [42, 41].

A branching diagram of the A" -resonance interaction between UHECRs and extra-
galactic background photons is shown in Figure 1.7 [41, 42]. Regardless of the branch
taken by the original interaction, at least one UHE neutrino o7 photon will be produced,
with the produced neutrinos typically carrying away ~5% of the incident proton energy,
on average [41]. Both top level branches of this interaction will also produce secondary
protons, albeit at a lower energy, which can contribute to the lower energy observed cos-
mic ray flux at Earth (and therefore changing the observed mass distribution at ultrahigh
energies).

The flux of cosmogenic particles expected at Earth depends on the energy spectrum
and mass composition of the UHECR flux at creation [79, 80], the redshift evolution
for the currently unknown UHECR source population [81, 82], and the galactic and
extra-galactic environments through the initial primary UHECRs and secondary parti-
cles propagate [46, 83]. As discussed in section 1.1.2, the GZK interaction is expected to
strongly suppress UHECR fluxes from distances beyond ~100 Mpc (the exact distance
depends on the nuclei species). Therefore, UHECRs observed at Earth by terrestrial ob-
servatories like Auger and TA are expected to be from sources within a few hundred Mpc
of Earth - the so-called “GZK sphere” or “GZK horizon” [41].

Fortunately, ultrahigh-energy neutrinos, as extremely weakly-interacting neutral par-
ticles, could be produced in the GZK interactions of UHECRS outside the GZK sphere
and still propagate to Earth to be detected by terrestrial neutrino observatories [42, 46].
Therefore, ultrahigh energy neutrinos act as a probe of hadronic UHECR physics beyond
the horizon available to UHECR observatories, like Auger. While also neutral, UHE pho-
tons have an interaction cross section thatis orders of magnitude larger than an equivalent-
energy neutrino and they therefore also possess a “horizon” beyond which they cannot
be detected at Earth; at ultrahigh energies, this suppression is primarily due to pair pro-
duction against infrared or CMB photons during propagation [84, 85, 86, 83].

The weakly interacting nature of the neutrino makes ultrahigh-energy neutrinos the
only known technique able to probe extreme energy astrophysics outside the GZK cosmic
ray and photon horizons. Unlike UHECRs, UHE neutrinos have not yet been conclu-
sively observed despite extensive experimental searches [87]. A range of theoretical pre-
dictions for the expected cosmogenic neutrino fluxes due to the GZK process is shown in

the yellow band of Figure 1.8 and in the grey band of Figure 1.9 along with limits from ex-
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Figure 1.7: A branching diagram showing the production of UHE neutrinos from the A*-
resonance interaction between UHECRSs and extragalactic background photons. The
neutral secondaries produced are highlighted in red (neutrinos) and blue (photons).
We have not shown any additional interactions or energy loss processes that could oc-
cur to the pions or neutrons before their respective decays.
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isting UHE neutrino observatories. Detecting the UHE neutrino flux suffers from many

of the same challenges faced by current UHECR observatories; primarily, the cosmo-

genic neutrino flux is predicted to be extremely small at these energies. In addition, the

extremely small interaction cross section for the neutrino, ~1073? cm? to ~1073% cm?

for the leading neutrino-nucleon deep inelastic scattering process at these energies [88],

which in conjunction with the small flux, requires huge detectors [89] and/or long ex-

posures [90] in order to be detected. The current best upper limits on the UHE neu-

trino flux are set by the IceCube Observatory [91], Pierre Auger Observatory [92, 93],

and ANITA [87] and are shown in Figure 1.8 and Figure 1.9 along with simulated limits

from a number of proposed next-generation neutrino observatories.
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Figure 1.8: Left: Current limits on [91, 94, 87, 95] on cosmogenic neutrinos and other viable
models. The models in this figure are source class fits to Auger data [95] and TA
data [96] with a fixed source evolution model and subdominant all-proton models
allowed by the measured proton fraction at Auger and TA [97]. This figure also
shows the KKSS model from 2002 that was already previously ruled out by pre-
vious UHE neutrino experiments [98]. Right: The same experimental limits but

instead against diffuse astrophysical neutrino flux models including FSRQs [99],
AGN [100], GRBs [101], pulsars [102, 103], and an extrapolation of the IceCube
neutrino flux [104].
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These figures illustrate the large variation in predictions for the diffuse flux of UHE
neutrinos which strongly depend upon assumptions about UHECR production and
propagation models. Over the last ~15 years, as UHE neutrino limits from Auger [94],
IceCube [91], and ANITA [87] have become more sensitive wzthont the definitive dis-
covery of an UHE neutrino, entire classes of models have been ruled out [105, 106, 107]

and are no longer shown in plots like in Figure 1.8.
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Figure 1.9: Similar UHE experimental neutrino limits as in Figure 1.8 but compared against an
alternative set of models for the diffuse cosmogenic neutrino flux under different as-

sumptions regarding the efficiency and redshift distribution of UHECR sources. Fig-
ure from [31].

The phenomenological challenge of predicting cosmogenic neutrino fluxes on Earth
is also worsened by the additional degree of freedom introduced by the GZK horizon;
UHECR measurements oz Earth should only be able to probe hadronic accelerators in
the very local universe, within the GZK horizon, but UHE neutrinos could propagate
from significantly larger distances [108, 109, 110] Therefore, there is the possibility that
the distribution of UHECR sources we observed with Auger, and the UHE neutrino
sources we might observe with a neutrino observatory like ANITA, are fundamentally

different source populations [111]. This decoupling between the constraints set by local
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UHECR and photon measurements and cosmogenic neutrino production models sig-
nificantly enhances the phase space for neutrino flux predictions [46]. One example of
these models are the “znon-local proton” models in Figure 1.8 (compared against predic-
tions allowed by local UHECR measurementslabeled as “Allowed by local UHECR ”) and
the variation between the light grey and dark grey bands in Figure 1.9.

Both Figure 1.8 and Figure 1.9 show all-flavor predictions for the UHE cosmogenic
neutrino flux. As shown in Figure 1.7, the GZK process produces a flux of neutrinos, a¢
creation, with a flavor composition of 1:1:0 (for flavor ratios in the form v, : v, : v,
summing over both neutrinos and antineutrinos equally which are extremely hard to dis-
tinguish at ultrahigh energies above the Glashow resonance [112]) [41]. Typically, the
electron neutrino produced by the neutron decay has a significantly lower energy com-
pared to the neutrinos from the pion decay. This makes the flavor of the u/trabigh energy
component of the flux closer to a 1:2:0 composition. However, neutrinos, even ultrahigh
energy ones, oscillate flavors during propagation from creation to detection and as such
can be observed to have a different flavor composition at Earth [113]. For an UHE 1:2:0
flux at an extremely large distance, current measurements of the neutrino oscillation ma-
trix [114] predicts an approximately 1:1:1 flavor composition at Earth; i.e. cosmogenic
neutrinos should be uniformly distributed among the three flavor by the time they reach
Earth. As we will discuss in section 1.2.2, alternative sources of ultrahigh-energy neutri-
nos not from the GZK process can produce neutrino fluxes at Earth that are not 1:1:1.
While the flux of UHE cosmogenic neutrinos is predicted to be uniform in flavor, the sen-
sitivity and resolution of different neutrino observatories can vary significantly depend-

ing upon the specific neutrino flavor; this will be discussed in more detail in Chapter 2.

1.2.2 ASTROPHYSICAL NEUTRINOS

Along with cosmogenic neutrinos produced by UHECRs during propagation, high energy
astrophysical environments, such as blazars, hypernovae, or starbust galaxies (among oth-
ers), that could themselves be UHECR accelerators, could also directly produce UHE
neutrinos within the source environment [115, 116, 48]. These so-called astrophysical
neutrinos provide an alternative messenger for understanding ultrahigh energy hadronic
processes in extreme astrophysical environments. While there is still significant uncer-
tainty around the exact mechanisms for astrophysical neutrino production, the most sup-

ported hypothesis is that accelerated cosmic ray protons undergo photo-hadronic interac-

17



1 Searching for the Unknown Sources of Ultrahigh Energy Cosmic Rays

tions against synchrotron photons from co-accelerated electrons or positrons within the
same acceleration environment [117, 108, 118, 119] to produce charged pions and neu-
trons whose subsequent decays produce neutrinos (via the same decay channels shown

in Figure 1.7 for the GZK process).

Astrophysical neutrino accelerators could be considered as individual “point-like” sources
of UHE neutrinos, in which case we typically discuss the ffuence (in cm™* s ') produced
by a single source. Alternatively, we can consider the total neutrino flux produced by the
broader population of a specific source class (i.e. all AGN) which is typically described as
a diffuse astrophysical flux (in cm™?s™ ' sr™! ). A range of predictions for the neutrino

flux from several different candidate source classes is shown in Figure 1.10.

The predictions for the fuence from individual objects is significantly more variable as
many of the potential astrophysical neutrino sources are fundamentally transient (such
as GRB [101] or neutron-neutron star merges [120]) and as such their fluence can vary

by orders of magnitude depending upon the time-scale of detection [121].
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Figure 1.10: Predictions for the diffuse UHE astrophysical neutrino flux from several source
models. FSRQs [99], pulsars [103, 102], GRBs [101], and blazars [122] along with
limits from the IceCube [91], Auger [123], and ANITA [87] observatories Figure
from [111].
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A significant advantage of astrophysical neutrinos is that they may point directly back
to their production environments as they can be produced within regions only tens of
pc [124] or up to a few kpc in size [116] around the source, such that their parent par-
ticles do not undergo any significant deflection. Cosmogenic neutrinos, whose parent
cosmic rays may have tens of Mpc of turbulent magnetic deflection before producing the
cosmogenic, may have less correlation with their parent environment. However, since
O(5 EeV) neutrinos will nominally be produced by O(100 EeV) UHECRs with high
rigidity, and since cosmogenic neutrinos at this energy are more likely to be produced
near the start of the UHECR trajectory, cosmogenic neutrinos should also still be signif-

cantly correlated with their parent UHECR source.

Since astrophysical neutrino production takes place inside high-energy astrophysical
environments, a host of leptonic and hadronic processes can influence the parent pro-
cesses of the neutrino, resulting in different energy spectra and flavor compositions com-
pared to cosmogenic neutrino fluxes. The standard photo-hadronic interactions that are

expected to dominate astrophysical neutrino production are

p+y—7nt+n

The photon here is likely a synchrotron photon (as opposed to a CMB photon) pro-
duced by coaccelerated leptons. The 77 and ¢ then subsequently decay via

=t +,

+ + -
o= et + vy,

, while the neutron decays via
n—e +v,+p"
. The production of a charged kaon via

p+y— K"+ A/
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which subsequently decays, producing neutrinos directly and via the corresponding muon
decay,
Kt =t +uy,

can contribute to the fluence depending upon the environment of the source but is typ-

ically subdominant to the pion-neutron contributions [117, 125].
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Figure 1.11: Predicted flavor compositions of high energy astrophysical neutrinos at Earth, in-
cluding neutrino oscillations and model uncertainties, assuming that they are pro-
duced by three different production mechanisms at the source: pion decay (left);
damped muons (center); and neutron decay (right). Note in the neutron decay fig-
ure, the predicted distributions of v/, and v/ overlap almost exactly and are not dis-
tinguishable in the figure. Figure from [126].

As discussed in section 1.2.1, the production of UHE neutrinos via photo-hadronic
pion production (in isolation) produces a 1:1:0 or 1:2:0 flavor composition at the source
(depending upon whether the lower energy neutrino from the neutron decay is included
in the energy range of interest) that then oscillates to a 1:1:1 by the time it is observed
at Earth. However, under the conditions present znside these high energy astrophysi-
cal environments, it is possible to suppress particular branches of these photo-hadronic
interactions and subsequent decays and therefore change the flavor composition at the
source and therefore also at Earth. The three most commonly proposed scenarios for

ultrahigh-energy astrophysical neutrino production are referred to as:

1. Pion Decay In this model, the primary UHE neutrino flux comes from decay of
charged pions that have undergone little to no energy loss. This results in an UHE
flavor composition v, : v, : v, of 1:2:0, similar to the GZK process (since the
neutrino from the corresponding neutron usually carries an order of magnitude
less energy) [117]. Similar to the cosmogenic case, a “pion beam” source is expected

to produce a 1:1:1 flavor ratio at Earth after neutrino oscillation [126, 127].
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1.2 Ultrahigh Energy Neutrinos

2. Damped Muon Decay Ultrahigh energy astrophysical accelerators typically require
strong magnetic fields in order to be able to contain and accelerate UHE particles. If
the magnetic fields of the environment are large enough such that the synchrotron
loss time scale for the muons is shorter than the (dilated) muon lifetime, then the
muons lose almost all of their energy before decaying. Therefore, the resulting neu-
trinos are no longer UHE and wouldn’t contribute to the observed flux [117]. A
“damped muon decay” source should have a 0:1:0 ultrahigh energy flavor ratio at

the source which corresponds to a 1:2:2 flavor ratio at Earth [126, 127].

3. Neutron Beam Lastly, for sources with even larger magnetic fields, such that the
synchrotron loss time for the muons and the charged pions is shorted than their
corresponding lifetimes, than the anti-electron neutrinos produced by the neu-
tron decay (assuming a source environment that is optically thin to neutrons) is
the dominant contribution to the flux [117]. In this case, the neutrino flavor com-
position at the source should be 1:0:0, albeit at significantly lower energies than
a pion decay or damped muon decay source model. This corresponds to a 3:1:1
composition at Earth [126, 127]. There are also additional processes that could oc-
cur in these environments that could further increase the neutron production (and
the corresponding neutrino flux) such as photo-dissociation of heavier cosmic ray
nuclei [128, 129].

A distribution of the expected flavor compositions a# Earth for the three source mod-
els described above is shown in Figure 1.11. Currently, the latest IceCube constraints on
the flavor of astrophysical neutrinos at the TeV — PeV scale are more consistent with a
neutron beam source model and disfavor the pion beam and damped muon scenarios at
20 and 2.60, respectively. While this is below the threshold of “ultrahigh energy” neu-
trino astrophysics relevant to most of this work, these are the (current) highest energy
measurement of neutrino flavor and can help constrain theoretical predictions at even
higher energies.

The flavor ratios from an astrophysical source are strongly influenced by the magnetic
environment of the source (as this determines the synchrotron loss time scale). An ex-
ample of one possible Hillas-like diagram showing the different source models (which
determines the source flavor composition and spectra as above) as a function of the char-
acteristic size, R, and magnetic field, B, of the source is shown in Figure 1.12. Figure

1.11 and Figure 1.12 highlight the physics reach of detailed measurements of astrophys-
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1.3 Possible Sources of Ultrahigh Energy Particles

ical UHE neutrino flavor at Earth; they can provide invaluable information about the
environment in which the neutrinos, and parent particles, are produced [109, 130, 131,
132, 133].

These benefits make both astrophysical and cosmogenic neutrinos extremely powerful
messengers of astrophysical processes over cosmological distances, allowing us to explore
the UHE hadronic universe outside the limitations of the GZK horizon. Therefore, many
experiments have been constructed in the last two decades that aimed or aim to make
the first detection of an UHE neutrino. More details on the detection techniques for
observing UHE neutrinos will be discussed in Chapter 2.

After this brief review of UHECR and neutrino astronomy, we continue by discussing
the phenomenology of astrophysical accelerators that may be capable of producing UHE-
CRsand neutrinos, and discuss the specific models for some of the most likely astrophys-

ical sources (under current theories).

1.3 POSSIBLE SOURCES OF ULTRAHIGH ENERGY

PARTICLES

Despite significant theoretical advances in our understanding of cosmic ray propagation
and acceleration, the sources of the observed UHECR flux remain unresolved. In this
section, we present a review of the current theory of the production and propagation
of UHECRs and UHE neutrinos. In particular, we discuss several proposed astrophys-
ical objects and environments that could be responsible for the observed UHECR flux,
and that may also be sources of UHE neutrinos, and how current theoretical predictions
relate to the observations of current generation experiments.

The challenge of accelerating cosmic rays up to a given energy is often presented as
the “Hillas criterion”, a minimum requirement for any source to be an accelerator for
cosmic rays of a given energy [134]. The Hillas criterion states that a necessary (but not
sufficient) condition to accelerate particles to a given energy is that the source environ-
ment can confine the particles in the acceleration environment up to the required energy
(as they become increasingly rigid at higher energies) in order to actually accelerate them.
After acceleration up to some maximum energy, at which the confinement power of the
acceleration regime is insufficient to contain the particles, the cosmic rays will then leave

the accelerator and (potentially) propagate to Earth. This is expressed as a requirement
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1 Searching for the Unknown Sources of Ultrahigh Energy Cosmic Rays

on the Larmor radius of the particle in the acceleration region: to first order, a particle can
stay in the acceleration region aslong as its Larmor radius is smaller than the characteristic
size of the acceleration environment.

Under this model, the maximum energy achievable, F,,,, by a cosmic ray source with
a characteristic size, I?, and magnetic field strength, B, is approximately

B Do ppr (1.1)
0

where 3, is the velocity of the accelerating shock front in units of the speed of light,
parameterizes the efficiency of the acceleration relative to the Bohm limit [135], I" is the
Lorentz factor of the acceleration process, and e is the charge of the electron [134].

This condition is not sufficient to guarantee the acceleration of cosmic rays to a given
energy, as details of the acceleration and energy loss mechanisms are important [135], but
it does allow us to identify sources that have the potential to be UHECR accelerators. A
Hillas diagram, that compares the characteristic size and magnetic field strength of an
accelerator, is shown in Figure 1.13 with colored regions delineating a variety of sources
that could satisfy the Hillas condition for producing UHECR protons and iron nuclei
with energy 10% eV.

Classes of objects to the left of and below the diagonal lines in Figure 1.13 do not sat-
isfy the Hillas criterion and are unlikely to be significant sites of UHECR acceleration
under current models for the source environments [31]; this currently excludes Wolt-
Rayet-like stars [136], and typical supernovae [137, 138]. Source classes that are cur-
rently candidates for UHECR acceleration include magnetars [139, 120], active galactic
nuclei (AGN) [124, 140, 141], gamma-ray bursts (GRBs) [142, 101, 54, 143], starburst
galaxies [144, 116], and tidal disruption events (TDEs) [145, 146, 147, 148].

The standard formalism for hadronic acceleration in high energy sources is diffusive
shock, or first-order Fermi, acceleration (DSA) [149, 150, 32, 33] where charged particles
are repeatedly accelerated as they cross magnetic shock fronts found within astrophysi-
cal accelerators. One of the main strengths of diffusive shock acceleration-like models
are that they can also easily predict falling power-law energy spectra (as observed across
the entire cosmic energy spectrum) for parameters that are consistent with estimates for
cosmic ray accelerators [151].

Along with the properties of individual astrophysical sources and environments, sim-

ilar constraints can be placed on the number density of sources or total effective luminosity
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Figure 1.13: A Hillas diagram showing a variety of sources classes as a function of their character-
istic comoving size, I', and their magnetic field strength, B, in the ideal Bohm limit
(where the mean free path is assumed to be equal to the Larmor radius) where n = 1
(note the I' in this equation is not the same I in Equation 1.1. I" in this figure is com-
parable to R in Equation 1.1). Solid (dashed) lines indicate the region beyond which
confinement of protons (red) or iron nuclei (blue) with energy 10%° eV are possible
for outflows with shock velocities of 3¢, = 1 (solid) and By, = 0.01 (dashed). Fig-

ure from [31].
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1 Searching for the Unknown Sources of Ultrahigh Energy Cosmic Rays

of each source class. This constraint can be inferred both from the total incident en-
ergy and anisotropy of UHECRs measured at Earth (i.e. a very small number of high-
luminosity sources is 200 anisotropic to be compatible with constraints from Auger and
TA). A similar Hillas-like diagram for source luminosity versus number density for a va-
riety of UHECR production models is shown in Figure 1.14. This provides additional
information in the search for the unknown cosmic ray accelerators; for example, while
high-luminosity gamma-ray bursts (HL-GRBs) might individually have the capability to
accelerate UHECRS (see the Hillas diagram in 1.13), current measurements of the source
evolution and number density of HL-GRBs make them an unlikely candidate for being
the dominant contributor to the measured diffuse UHECR flux at Earth (Figure 1.14).

Itis also possible that multiple source classes play significant roles in producing the ob-
served UHECR flux (as opposed to one source class dominating the observed flux which
is assumed in Figure 1.13 and Figure 1.14). These scenarios have been explored in [122,
13, 49], and can be used to reduce potentially tension with some single source class mod-
els but significantly more theoretical study is needed.

Under the simple constraints of Figure 1.13 and Figure 1.14, we proceed to outline
the source acceleration mechanisms for several potential UHECR accelerators, and there-
fore potentially UHE neutrino sources, and discuss current experimental constraints and

searches.

1.3.1 GAMMA-RAY BURrsTs (GRBs)

Gamma-ray bursts have been a likely candidate for UHECR acceleration for nearly three
decades [56, 55]. The standard model for UHECR production in GRB is the so-called
“Fireball” model where blobs of plasma ( “fzreballs”) emitted from and accelerated within
the central engine, collide within the relativistic jet (in the case of short sGRBs) or in the
halo around the central engine (in the case of alonger non-short GRBs) to form magnetic
shocks, that can then accelerate charged particles via a diffusive shock acceleration mech-
anism (so-called “snternal” models). Alternative models involving forward and reverse
shocks created by the interaction between the “fzreball” and the surrounding circum-
burst medium also exist (so-called “external” models) [153, 154].
GRBs are typically sub-divided into two categories: high-luminosity GRBs(HL-GRB) (L 2

10% ergs s—') and low-luminosity GRBs (LL-GRBs) (L < 10* ergss™'). Both HL-GRB
and LL-GRB meet the Hillas criterion for accelerating UHECRs to 10%° eV (Figure 1.13)
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Figure 1.15: Models of diffuse muon neutrino fluxes from one model of neutrino produc-
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Ice-Cube upper limit on the prompt GRB flux [157]. Also shown are upper lim-
its on diffuse o £~2 flux from the Pierre AugerObservatory [123], ANITA-II [158]
and RICE [159] experiments.
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but the number density of HL-GRBs poses some phenomenological challenges (Figure
1.14). LL-GRBs are the most luminous objects observed within ~100 Mpc (the horizon
distance of UHECRs) and easily exceed the minimum source number density require-
ment (Figure 1.14) necessary to replicate the observed flux [54, 143].

GRBs are also expected to be efficient producers of ultrahigh-energy neutrinos via
the photo-meson production process discussed in section 1.2.2 against the intense y-ray
fluxes produced by synchrotron or inverse-Compton radiation from (shock)-accelerated
electrons and positrons [160]. A range of predictions for the diffuse flux from GRBs is
shown in Figure 1.15 and Figure 1.8. The zop of the yellow shaded region in Figure 1.15
was explicitly designed to saturate available bounds (at the time of publication) and is now
in tension with new limits. The transient nature of gamma ray bursts, with time scales
that vary from hundreds of milliseconds to several hours, requires that the observatory

be active and sensitive to a burst that may only be seconds in duration.

1.3.2 HYPERNOVAE (HNE)

As suggested by the Hillas condition in Figure 1.13, the typical supernova is not expected
to be able to accelerate cosmic rays to ultrahigh energies, however the ejecta of rarer trans-
relativistic and engine-driven supernovae (i.e. hypernova), whose kinetic energy is more
than an order of magnitude larger than normal supernovae at 2 10°* erg, may be able to
accelerate and produce UHECRs [115, 161, 162]. The UHE cosmic ray and neutrino
flux predicted by a recent model of hypernovae (trans-relativistic supernovae (TRSN))
is shown in Figure 1.16 [163] along with a prediction for cosmogenic neutrinos (green
dashed line). Interestingly, one possible model where the UHECR flux is due primarily
to acombination of GRBs and hypernovae can reproduce the UHECR composition data

observed by Auger and TA, within experimental and generous model uncertainties [162].

1.3.3 AcTIVE GALACTIC NUCLEI (AGN) AND BLAZARS

Active galactic nuclei (AGN), extremely luminous compact regions at the cores of active
galaxies, often accompanied by powerful relativistic “jezs” or outflows, are promising can-
didates for UHECR acceleration [53, 57, 48], with likely acceleration signatures observ-
able in the gamma ray spectrum [165, 166, 167]. In particular, much phenomenological
study has been devoted to radio-loud AGN with jets closely aligned with the observation

direction from Earth, known as blazars, that can easily meet the Hillas criterion (Fig-
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Figure 1.16: The predicted diffuse energy spectra of UHECR nuclei and neutrinos from hyper-
novae (trans-relativistic supernovae (TRSN)) and hypernovae associated with low-
luminosity GRBs (“Jet”). Also shown are the diffuse neutrinos in the case of choked
jets (dot-dashed line) [164], and LL-GRB prompt neutrinos (dashed line) [143]. Fig-
ure from [163].
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Figure 1.17: The all-flavor neutrino fluence from a single hypernovae located at redshift z =
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garding the acceleration environment of hypernovae (TSRN) and hypernovae asso-
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ure 1.13) for UHECR acceleration up to ~10% eV. There is significant interest in this
source model, especially after the recent discovery of a high energy astrophysical neutrino
coincident with a flaring blazar, TXS 0506+056, by the IceCube Observatory, that was
simultaneously observed across the entire electromagnetic spectrum [118, 3] as well as
evidence of correlation between observed AGN sky coordinates and Auger cosmic ray
events [57, 9].

There are several models for UHECR acceleration in the jets of blazars including shear
reacceleration [168, 169], non-ballistic acceleration [170], and one-shot “ESPRESSO” ac-
celeration [171]; these are generally all based on the principle of diffusive shock acceler-
ation (DSA) discussed in section 1.3 with different models for the origin and location
of the accelerating shocks. Furthermore, many of these acceleration models, including
shear and “ESPRESSO” acceleration, are able to reproduce the spectral shape and com-
position observations of Auger and TA [140, 171, 168], but different analyses disagree
on whether the known population of blazars can reproduce the fotal observed UHECR
luminosity at Earth [140, 31]. Detailed “bottom-up” simulations of UHECR accelera-
tion in blazars, needed to generate accurate predictions for the flux and composition for
a given phenomenological model, are computationally challenging and typically involve
expensive magneto-hydrodynamic (MHD) simulations of the conditions inside blazar
jets and their effect on injected cosmic rays; an example of such a simulation is shown in
Figure 1.18 for the “ESPRESSO”, or one-shot, model [171].

The one-shot acceleration model involves high energy cosmic ray “seeds” accelerated up
to PeV energies by supernova remnants (see the discussion of the origin of the knee in
section 1.1.1) in the AGN’s host galaxy that penetrate into the relativistic jet and receive
asingle boost (or “shot”) of a factor of ~I'? in energy, where I is the Lorentz factor of the
relativistic AGN jet outflow. One “ESPRESSO” shot can therefore boost the energy of
galactic CRs by a factor of 2~103, boosting 10 eV cosmic rays to UHECRs at 10% eV,
assuming a Lorentz factor of I'~30, which is supported by multi-wavelength observa-
tions of AGN [173, 174]. The method of acceleration, determined by the AGN envi-
ronment and conditions within the jet, determines the flux of cosmic rays and UHE neu-
trinos observed at Earth and therefore these models are crucial in determining whether
AGN are indeed the sources of observed UHECRs.

The known population of blazars is divided into several subclasses, including high- and
low-luminosity BL Lacertae objects (HL-BL Lacs and LL-BL Lacs, respectively), and flat
spectrum radio quasars (FSRQs) [177]. These different blazar subclasses are identified
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Figure 1.18: Top: Two example cosmic ray trajectories (black) calculated using the ESPRESSO
AGN model using the PLUTO MHD code [172] plotted over the 4-velocity com-
ponent I'v, (colormap) of the jet flow. Bottom: The energy gain for each particle as
it is boosted in the jet. Both particles are initialized with gyroradii smaller than the
jet radius and both gain energy in excess of I'. Figure from [171].

by multi-wavelength observations across the electromagnetic spectrum, which provide
insight into the different astrophysical environments at the source, as well as different
underlying redshift source evolutions for each subclass [177, 140]. A diagram of the mea-
sured (white background) and extrapolated (yellow background) redshift evolution for
these different blazar subclasses, under one evolution model, is shown in Figure 1.19,

along with the integrated redshift distribution (bottom).

The differences in the source environments between these different blazar subclasses
are expected to produce significant differences in the fluxes of UHECRs, UHE astrophys-
ical neutrinos, and 7-rays from each source population [140]. UHE neutrino produc-
tion in blazars and AGN is expected via the same photo-disintegration and photo-pion
production discussed in section 1.2.2, but the photon luminosity and energy spectra are
expected to be different across the different blazar subclasses. In particular, the high en-
ergy, high luminosity photon fluxes in high-luminosity FSRQs are currently expected
to lead to extremely efficient photo-hadronic neutrino production at the cost of atten-
uating the source UHECR spectrum. Alternatively, low-luminosity BL Lacs, with their
(relatively) lower photon luminosities are expected to have minimal neutrino produc-

tion while being optically thin for UHECRSs produced within the jet. Therefore, current
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Figure 1.19: Measured and simulated distributions of the redshift evolution of different blazar
subclasses according to the model of Ajello etal. [175, 176] as function of luminosity
and redshift. The yellow region represents the simulated phase space that falls below
the sensitivity of Fermi calculated using this model. The lower panel shows the same
distribution but integrated over luminosity to indicate the different expected redshift
evolution of these different subclasses; in particular, the strongly negative evolution
of LL-BL Lac compared to the high-luminosity AGN (BL Lacs and FSRQs) allows
for each source class to have different relative contributions to either the cosmic ray
or neutrino flux (see the text for more details). Figure from [140].
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models predict that observed UHECR and neutrino fluxes may be produced by differ-
ent sub-populations of blazars; with LL-BL Lacs being efficient UHECR sources but
poor neutrino sources, while HL-BL Lacs and FSRQs are expected to be poor UHECR

sources but extremely efficient neutrino sources [48, 140].
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Figure 1.20: Left: A prediction for the UHECR flux from the reconstructed population of blazars
shown in Figure 1.19. Right: The maximum all-flavor neutrino flux allowed by
this same population of blazars without exceeding current limits. In this model, the
UHECR spectrum is dominated by low-luminosity BL Lacs (due to the negative
source evolution and efficient cosmic ray production) while the maximum of the
neutrino flux is achieved by efficient neutrino in the population of FSRQs outside
the GZK horizon. Figure from [140].

One model prediction for the UHECR and neutrino flux from the population of
blazars shown in Figure 1.19is shown in Figure 1.20. The redshift evolution for the differ-
ent blazar subclasses shown in Figure 1.19 also adds an additional degree of freedom when
reconstructing populations of sources that can produce the observed UHECR flux. Since
there are no known FSRQs within the GZK horizon, the efficient neutrino production of
FSRQs can be used to produce large neutrino fluxes without exceeding UHECR bounds
set by Auger [140] and the strongly negative source evolution of LL-BL Lacs (almost all
known LL-BL Lacs are within z < 0.5), combined with their efficient UHECR accel-
eration and inefficient neutrino production, allows them to be the dominant UHECR
source for measurements from Auger and TA without exceeding neutrino bounds by
IceCube [91], ANITA [87], and Auger [123].

1.3.4 STARBURST GALAXIES (SB)

Starburst galaxies (SBG) - galaxies undergoing intense star-formation activity - are ob-

served to drive powerful galactic-scale “superwinds” which could be highly efficient cos-
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mic ray accelerators [116] via shock acceleration-like processes. However, different accel-
eration models have come to different conclusions on whether starburst galaxies exceed
the Hillas criterion at 10*° eV and could produce the upper end of the cosmic ray spec-
trum [116, 144, 178, 179].

In particular, one model for the source of the accelerating shocks are so-called “ter-
mination shocks” created when the supersonic jet no longer has sufficient pressure to re-
main supersonic and abruptly becomes a subsonic jet, creating a steady-state “termination
shock” [179, 144]. This source class is of particular importance as Auger has observed an
excess in the UHECR flux (240 EeV) in the direction of starburst galaxies with 4.00
post-trial significance [9]. However, a corresponding search by TA is consistent with
both the Auger starburst result (within 1.407) and with zsozropy (within 1.10) [180]. Fur-
thermore, several starburst galaxies, NGC 4945 and M 83, lie within the most significant
UHECR excess in the southern sky observed by Auger and M 82 is spatially consistent
with the TA UHECR hotspot [181, 182].

The low-y-ray luminosity associated with most starburst galaxies - only a dozen SBGs
have been cataloged by Fermi as point-like y-ray sources [183] - sets strong constraints on
their role as astrophysical neutrino producers [184]. Theoretical models that satisfy all
current bounds can still vary in their predictions of the diffuse and point-like neutrino
fluxes from SBGs by more than order of magnitude [185]. Analyses performed on Ice-
Cube neutrino observations claim that SBGs cannot be the sole astrophysical neutrino
contributor to IceCube’s astrophysical neutrino flux measurement [186, 187]. However,
IceCube has reported a 2.90 excess of neutrino events coming from NGC 1068, one of
the few SBGs that has been resolved by Fermi-LAT [188]. Yet, an additional analysis of
the IceCube high energy starting events (HESE) sample, not by the IceCube collabo-
ration, found that neutrino directions were consistent with no causal correlation, or at
most, 10% of the observed neutrino events [189]. However, a different analysis of the
same IceCube HESE sample suggests that under alternative starburst models, SBGs could
explain up to 40% of IceCube’s events at the hundreds of TeV energy scale [190]. The
variation between these analyses, and corresponding models for SBG neutrino produc-
tion, demonstrates the significant phenomenological uncertainty in modeling SBGs, and
other astrophysical objects, as the sources of astrophysical neutrinos, given current model

freedom and experimental uncertainties.
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Chapter Summary

1. Ultrahigh energy cosmic rays (UHECRS) with energies 2 1 EeV have been

observed by multiple terrestrial observatories for more than three decades.

2. As charged particles, most cosmic rays are significantly deflected in galactic
and extra-galactic magnetic fields during propagation and therefore do not
point back to their origin. At the very highest energies, where the cosmic
ray rigidity is largest, there is the possibility for correlation between sources
on the sky and cosmic ray arrival directions but current measurements have

been unable to make any definitive identification.

3. The astrophysical environments that accelerate and produce these particles,

likely to be extra-galactic objects, are currently unknown.

4. A cutoff is observed in the UHECR spectrum at ~100 EeV. It is unknown
whether this corresponds to the maximum energy that can be accelerated by
UHECR sources, or the suppression of the cosmic ray flux during propaga-
tion via the GZK effect (photo-pion production between UHECRs and the

cosmic microwave background) to produce cosmogenic neutrinos.

5. UHECRs are thought to be accelerated by diftusive shock acceleration-like
processes in extreme astrophysical environments. Some of the likely candi-
dates for ultrahigh energy cosmic ray acceleration include blazars, starburst

galaxies, hypernovae, and gamma ray bursts.

6. UHECR acceleration is often theorized to be accompanied by ultrahigh en-
ergy (UHE) astrophysical neutrino and photon production due to photo-
hadronic interactions between accelerated cosmic rays and the synchrotron

radiation from co-accelerated leptons.

7. UHE neutrinos, both cosmogenic and astrophysical, have the potential to
point directly back to their production environments, as well as constrain
the conditions of their acceleration environments via their flavor composi-
tion, and as such are potentially a powerful multi-messenger tool for identi-
tying the unknown UHECR sources.
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2 DEeTECTING ULTRAHIGH ENERGY

CosmMmic RAys AND NEUTRINOS

In this chapter, we present an introduction to the current methods used to detect ultra-
high energy cosmic rays and neutrinos with a particular focus on detection via secondary
radio emission. In section 2.1, we introduce the concept of particle cascades at ultrahigh
energies, in air and in dense media, section 2.2 presents methods of directly detecting
UHE cascades, section 2.3 present optical methods, and section 2.4 discusses the detec-

tion of these cascades using passive radio techniques.

2.1 ULTRAHIGH ENERGY PARTICLE CASCADES

When ultrahigh energy particles enter a medium (even one as rareified as the Earth’s atmo-
sphere), they will eventually interact with the medium, creating additional high energy
secondary particles that are mostly collimated in the direction of the primary’s momen-
tum; these secondary particles will typically interact again themselves, producing addi-
tional particles, that will themselves interact, and so on. This cascade of secondary par-
ticles continues until the particles are sufficiently low energy to be below the produc-
tion threshold of new particles, or when their interaction cross-sections are too small to
contribute to the development of the shower (i.e. neutrinos). In air, these cascades are
referred to as extensive air showers as they can extend for many tens of kilometers in lon-
gitudinal length (due to the low density of the atmosphere) and may have footprints on
the ground in excess of one kilometer in diameter [21]. In denser media, such as ice or
the lunar regolith, these are typically referred to just as showers or cascades and can be
several meters to several tens of meters in lengths with lateral sizes on the order of a few
millimeters to centimeters, depending upon the density of the medium in which they are

developing [191].
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2 Detecting Ultrahigh Energy Cosmic Rays and Neutrinos

The initial interaction that starts the shower de-
velopment depends upon the species of the pri-
mary particle and leads to particle cascades that
are typically divided into two categories: hadronic
and electromagnetic showers. In both shower types,
the shower development is a highly complex pro-
cess, for several reasons: (1) they are fundamentally
stochastic and as such no two showers are identi-
cal: (2) a multitude of particle species can be in-
volved, from electrons to charmed 7 mesons; (3)
energy scales from keV to many EeV are relevant;
(4) interactions via the strong, weak, and electro-
magnetic forces can all contribute; and (5) many of
these processes depend upon the medium in which

the shower is developing [192, 76].

Due to the high energies involved in these show-
ers, high energy cascades develop mainly longztu-
dinally along the direction of the primary parti-
cle [192]. The (imaginary) straight line that con-
tinues the trajectory of the primary particle is called
the shower axis and the distribution of particles
over longitudinal distance (or grammage) along the
shower axis is known as the longitudinal profile.
Cascades also develop a lateral width as they de-
velop (in the directions transverse to the shower
axis) due to transverse multiple scattering, and (in
some cases) geomagnetic deflection, but this is typi-
cally much smaller than the longitudinal extent for
all high energy showers; this distribution of parti-

cles is known as the lazeral profile.
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Figure 2.1: A simulation of a typical

extensive air shower, initi-
ated by a vertical proton in
this case, calculated using
the CORSIKA 8 shower
simulation code. Depend-
ing upon the energy of such
a shower, the total length
can be up to a few tens
of kilometers, with a to-
tal lateral footprint on the
ground with a diameter of a
O(1km). The majority of
the shower is longitudinally
aligned along the shower
axis but particles do pick
up transverse momentum
due to multiple scattering
as they propagate within
the atmosphere.  Figure
from [66].



2.1 Ultrahigh Energy Particle Cascades

2.1.1 HADRONIC CASCADES

High energy cosmic rays, such as protons or light nuclei, will typically inelastically scatter
off anucleus in the medium creating secondary particles in the interaction; such an inter-
action starts a hadronic shower, as they are initiated by hadrons. These are the most com-
mon primary shower type for cosmic ray astrophysics detectors, and have been the focus
of decades of experimental study, yet, there are still significant theoretical uncertainties

in our knowledge of the development of hadronic showers at ultrahigh energies [76].

For (lab-frame) energies above 10! eV, the center-of-mass energy per nucleon, /s ~ +/2m,,E,
exceeds that of the Large Hadron Collider (LHC) at its current maximum energy of
14 TeV [193]. By 10" eV, /s exceeds ~140 TeV, well above the maximum proposed
center-of-mass energy, 100 TeV, of the Future Circular Collider (FCC-hh), which is not
planned to turn on until the 2050s-2060s [194]. Therefore, many of the physics pro-
cesses that determine the evolution of UHECR-induced showers, with energies reaching
~6 % 10% eV, occur above the energies available in terrestrial accelerators and must be
extrapolated from lower energy measurements [95, 60]. Therefore, hadrons and their
interactions are among the most complex and least well understood aspects of ultrahigh
energy particle cascades. This is made even more challenging as hadrons are typically not
detected directly in particle cascades and are only observed zndzrectly via their production

of muons and electromagnetic particles [195].

The current theoretical understanding of the strong interaction also makes it challeng-
ing to construct accurate predictions for the cross sections at ultrahigh energies with b
initio calculations. The standard framework for the theory of strong interactions at high
energies, perturbative quantum chromodynamics (QCD) under the parton model [196],
is only possible for interactions between single partons and where the coupling constant is
small [197]. Since hadrons are always composite objects formed of many partons, model-
ing hadronic interactions in particle cascades requires phenomenological modeling to go
from hadrons to individual partons, so that it is possible to calculate the strong scattering
interaction of the individual partons with perturbative QCDj; one must then hadronize
the resulting parton distributions to determine the final state particles produced by the

interaction [197].

These steps are complex and have significant phenomenological uncertainty. There-
fore, there are several independent high-energy hadronic interaction models that each

make different assumptions about the hadron-to-parton-to-hadron process and each give
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2 Detecting Ultrahigh Energy Cosmic Rays and Neutrinos

different predictions for the cross sections and final state hadrons of different processes.
Therefore, hadronic showers simulated using different interaction models often produce
different predictions for shower features and behaviors. The three most used are SIBYLL [67],
QGS-JET-II [68],and EPOS-LHC [69]. A figure showing the flux of muons at the ground,
one feature where these models disagree significantly, calculated using these three differ-

ent nuclear interaction models is shown in Figure 2.2 along with measurements by the
Pierre Auger Observatory. As mentioned in section 1.1.2, air showers are observed to
have significantly more muons than predicted by all zhree interaction models, and even

then, the models disagree with each other.
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Figure 2.2: The average number of muons in extensive air showers as a function of primary en-
ergy as measured by the Pierre Auger Observatory. The error bars represent the statis-
tical uncertainty and the square brackets indicate the systematic uncertainty. Predic-
tions are shown for a pure proton (red) and pure iron (blue) flux from three different
hadronic interaction models (linestyles). Figure from [77].

However, these high-energy hadronic interaction models, based on the parton model,
are not suited to describing hadronic interactions at low energies, typically below /s <
10 GeV. While the first few generations of particles in an ultrahigh energy hadronic
shower might predominantly be in the energy range accessible to these parton-based mod-

els, many later generations can be dominated by these low energy secondary particles.
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2.1 Ultrahigh Energy Particle Cascades

Therefore, accurate modeling of high energy particle cascades also requires specialized
low energy interaction models, not based off parton physics, that typically extend the
hadronic interaction threshold down to ~100 MeV. The most common of these low
energy models are FLUKA [198], UrQMD [199], and HSA [64]. While there is sig-
nificantly less phenomenological uncertainty compared to the high energy models, since
there is extensive terrestrial collider data to help validate these models, there still exists

minor differences in the predictions from each simulation code [200].

2.1.2 ELECTROMAGNETIC CASCADES

Alternatively, showers initiated by particles that primarily interact electromagnetically
(i.e. electrons, positrons, and photons) initiate electromagnetic showers. At ultrahigh
energies, the dominant processes in electromagnetic showers are pair production, where
a photon converts to an et pair, and the bremsstrahlung emission of a photon by a high
energy e*. Unlike hadronic interactions, these electromagnetic processes can be calcu-
lated under standard quantum electrodynamics (QED) with high precision and these cal-
culations agree well with experimental measurements [201]. The cross sections for pair
production and bremsstrahlung were first calculated by Bethe and Heitler in 1934 [202]
and are still accurate across a wide range of energies.

The characteristic scale of electromagnetic processes is the radiation length, X,,4, which
is dependent upon the medium, with a value of X, ~ 37 gcm™? in air. Much of the
behavior of shower development in different media can parameterized or discussed in a
media-independent way by expressing the shower in units of radiation lengths, X,q.

While bremsstrahlung and pair production can be well calculated for a wide range of
energies, there is an additional process, the Landau-Pomeranchuk-Migdal (LPM) effect,
that can alter the development of electromagnetic showers at the highest energies. At
high energies, the formation zone of the interaction for bremsstrahlung and pair produc-
tion can approach the inter-atomic spacing. When this occurs, the Bethe-Heitler model
fails as successive interactions znterfere with each other (a fundamental assumption of
the Bethe-Heitler calculations for the cross section is that each successive interaction is
independent [202]). When this occurs, the cross sections from bremsstrahlung and pair
production are suppressed, compared to the standard Bethe-Heitler model. Since the
inter-atomic spacing depends upon the density and composition of the medium, the

LPM effect introduces a density dependence on the cross sections and therefore the de-
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Figure 2.3: An example of the longitudinal profile of electrons and positrons in an electromag-
netic shower in silica sand measured both in distance (bottom axis) and radiation
lengths (top axis). The inset shows the radio pulse created by this charged particle
profile and will be discussed in more detail in section 2.4.1. Figure from [203].

velopment of electromagnetic cascades. The energy at which the LPM effect becomes

significant, Fy pyy, is given by

Ame\? yme 9
ELPM ~ <—)me ~ 60 TeV

E 2h

lcm

As the cross section for both processes is suppressed, electromagnetic cascades above
Eypy are elongated compared to non-LPM cascades and show Jong tails in the longitudi-

nal profile due to the suppressed cross sections [204, 205].

2.1.3 REALISTIC PARTICLE CASCADES

While cosmic rays are typically considered to initiate hadronic showers, hadronic show-
ers can still have significant muonic and electromagnetic components, created znitially
by hadrons that decay into electromagnetic (i.e. 7°) or muonic (ie. 7%) particles. A
schematic diagram showing how an initial cosmic ray hadron initiates different “sub-

shower” types is shown in Figure 2.4. After several generations of particle creation in an

42



2.1 Ultrahigh Energy Particle Cascades

extensive air shower, the electromagnetic component dominates the total particle profile
and by the time the shower reaches the ground, most of the shower energy has been con-
verted into either electromagnetic particles or muons, which can be used for the exper-
imental detection of these showers. Since the hadron fluxes on the ground are typically
small, understanding the development of muons and electromagnetic particles inside
hadronic showers is crucial in order to understand and reconstruct information about the

cosmic ray primary from measurements of these non-hadronic particles at the ground.

o’

l Hadronic
Muonic

g pp/:l\n I

Figure 2.4: A diagram of the key processes involved in the evolution of particle cascades initiated
by a cosmic ray proton: the three sub-components of a typical cascade, the electromag-
netic, hadronic, muonic showers.

While the LPM eftect is a purely electromagnetic effect, hadronic showers, with their
large electromagnetic components, can have significantly different profiles at energies
where the LPM effect is important. In addition, as the LPM effect occurs at high or ul-
trahigh energies depending upon the medium, it is often in the regime where many short-
lived resonances that decay into electromagnetic particles, such as 7 or  which have rest-
frame life times of 107" s to 107”5, can travel significant distances before decaying; this
can create multiple elongated electromagnetic sub-showers inside UHE hadronic show-

ers [191]. An example of several hadronic showers with energies above Fypy demon-
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2 Detecting Ultrahigh Energy Cosmic Rays and Neutrinos

strating the multiple sub-showers created at different depths within the shower is shown

in Figure 2.5a and Figure 2.5b.

2.1.4 NEUTRINO-INDUCED CASCADES

At ultrahigh energies, the dominant interaction process for neutrinos in dense matter,
like ice or rock, is deep inelastic scattering (DIS) between neutrinos and nucleons (neutrino-
nucleon DIS) [206]. This scattering process can be mediated by a W+ or W~ boson in
a so-called charged current (CC) interaction, or via the electrically neutral Z boson in a
so-called neutral current (NC) interaction. These interactions take the form: v + N —
l + X for charged current where [ is a lepton and X are a collection of other particles
(i.e. the rest of the nucleus) or v + N — v + X for neutral current interactions. A
Feynman diagram showing both NC and CC neutrino-nucleon interactions is shown in
Figure 2.6a.

Charged and neutral current interactions can both initiate hadronic particle cascades
while only charged current interactions can initiate electromagnetic showers [208, 206,
209, 208, 210]. All current methods to detect ultrahigh energy neutrinos rely on the
direct or indirect detection of these showers via secondary emission or secondary particles
(such as the tracks left by through-going muons produced in high energy v,, charged-
current interactions).

There are additional sub-dominant interactions of UHE energy neutrinos that are of-
ten ignored due to their small(er) cross section; in decreasing order of cross section mag-
nitude, they are: (1) the Glashow resonance of electron neutrino and anti-neutrinos at
6.3PeV [112]); (2) elastic and inelastic neutrino scattering oft the photon field of indi-
vidual nucleons; and (3) coherent neutrino scattering off the photon field of entire nu-
clei [207]. The Feynman diagram for one of these subdominant processes, the scattering

of a neutrino of the photon field of the nucleus, is shown in Figure 2.6b.

2.2 DIRECT DETECTION OF PARTICLE CASCADES

The primary method for detecting UHECRS is through “direct detection” of the sec-
ondary particles produced in the shower; this is the core technique used by the Pierre
Auger, Telescope Array, and HAWC observatories (although they also employ other tech-

niques that will be discussed in sections 2.3 and 2.4).
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(a) A sampling of hadronic showers in ice showing the influence of the LPM effect. Above
Erpm = 2PeV inice, the LPM effect starts to create multiple elongated sub-showers at var-
ious depths within the shower; this effect, is however, stochastic as not all showers show the
characteristic “humps” in the profile.
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(b) A sampling of showers at a fixed energy above Eypy showing that the formation of these
elongated sub-showers is a stochastic process. Some of the showers have standard shower
profiles that rise and fall uniformly, whereas other showers, initiated by the same primary in
the same medium, show significant evidence of LPM-eftected electromagnetic sub-showers. 45
Figure from [191].
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(a) A Feynman diagram for both charged and neu-(b) A Feynman diagram for the coherent scattering of
tral current neutrino-nucleon deep-inelastic scat-  an ultrahigh energy neutrino off the photon field
tering. Figure from [207]. of a nucleus. Figure from [207].

Most of the hadrons produced in UHECRSs do not make it to the surface, except at the
highest energies close to the zenith, so the shower is primarily detected at the surface by the
muonic and electromagnetic components. This is typically done using so-called “surface
detectors” (SDs). At Auger, the surface detectors are large tanks, filled with pure water,
and instrumented with several photomultiplier tubes (PMTs); Auger currently employs
more than 1600 SDs covering more than 3000 km*. When muons or other charged par-
ticles transit the tank, they emit optical Cherenkov light that can be detected using the
PMTs. The absolute amplitude and timing delays of the PM T signals observed across the
collection of SDs allows for estimating the energy and incident direction of the primary
cosmic ray [211]. An annotated photo of one of the Auger surface detectors is shown in

Figure 2.7.

The two primary disadvantages of surface detectors are as follows: a) the number of
particles at the ground is a stochastic process and is affected by fundamental shower-to-
shower fluctuations; and b) the area covered by the surface water tanks is only a small
fraction of the total area of the shower footprint and as such suffers from sampling un-
certainties. For example, a relatively low energy primary cosmic ray that interacts deep
in the atmosphere can create a extensive air showers which has the same footprint on the
ground as one produced by a more energetic primary that interacts higher in the atmo-
sphere [211]. Therefore, the two largest ground-based cosmic ray observatories, Auger
and Telescope Array, are hybrid observatories that supplement direct particle detection
with other techniques to help compensate for the inherent uncertainties of this tech-

nique.
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Figure 2.7: An annotated image of one of the water Cherenkov surface detectors (SDs) at the
Pierre Auger Observatory. Figure from [211].

2.3 OrTICAL DETECTION OF PARTICLE CASCADES

In addition to the direct detection of the particles produced in cascades, it is possible
to detect and reconstruct extensive air showers based on secondary optical fluorescence
emission.

When extensive air showers develop in the atmosphere, they excite nitrogen molecules
which emit fluorescence photons, with wavelengths typically between 280 nm and 450 nm
as the molecules relax back to the ground state. This technique is not typically applied
for showers in media other than air due to the reduced fluorescent photon yields in other
media compared to molecular nitrogen in air [74]. These photons are emitted across a
wide range of solid angle and can therefore be detected by optical fluorescence telescopes
from outside of the shower footprint, including from orbital instruments [212].

An advantage of this technique is that the longitudinal profile of charged particles can
be measured directly as it creates a similar longitudinal profile in the fluorescence photon
distribution as the number of fluorescence photons emitted is proportional to the total
electromagnetic energy lost by the particles in the shower. The brightness of this profile
allows for an accurate measurement of the energy of the cosmic ray that initiated it, and
as discussed in section 1.1.2, measurements of the longitudinal profile allows for a sta-

tistical measurement of the composition of the cosmic ray flux. A diagram illustrating
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the observation of the fluorescence emission of a cosmic ray shower with a fluorescence

telescope is shown in Figure 2.8.
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Figure 2.8: A schematic of the detection of the fluorescence emission from an extensive air shower
as detected by the fluorescence detectors (FDs) of the Pierre Auger observatory. Figure
from [74].

This technique was first pioneered in the 1960’s with the Volcano Ranch Observatory
in Utah [213] and achieved significant success with the Fly’s Eye [214] and HiRes (High
Resolution Fly’s Eye) [215] observatories in the 1980’s through to the early 2000’s. The
Fly’s Eye observatory is of note for detecting the so-called “Oh My God Particle” which
was an ultrahigh energy cosmic ray with an estimated energy of 3 x 10%° eV, which at the
time was the highest energy cosmic ray ever observed and challenged existing models for
the maximum energy of the cosmic ray flux [216]. The Pierre Auger Observatory also
employs several fluorescence telescope stations (known as “Fluorescence Detectors”, or
FDs, in Auger parlance); this makes Auger a hybrid observatory as it uses both direct par-
ticle detection with water Cherenkov tanks and indirect detection with fluorescence [74,
20].

The disadvantage of the fluorescence technique is its low duty cycle. Due to the low
fluorescent photon yields from cosmic ray induced air showers, these detectors require
dark skies in order to observe the shower above atmospheric sky backgrounds. There-
fore, the observatories cannot operate while the moon is visible in the sky or close to dusk

or dawn. Therefore, the fluorescence telescopes at Auger only have a 10%-15% duty cy-

48
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cle [74] which significantly limits their use compared to the surface detectors that have
100% duty cycle[211].

2.4 RADI1I0 DETECTION OF PARTICLE CASCADES

Another important method for the ndirect detection of high energy particle cascades,
both in air and in dense media, is the radio emission produced by the shower as it develops
within the medium. This radio emission propagates away from the shower over a range
of solid angles and can therefore be used to detect showers from large distances using
radio antennas that do not need to be znside the actual particle cascade, similar to the
fluorescence technique. The two primary mechanisms for radio emissions from particle
cascades are the Askaryan effect, and geomagnetic emission [217].

Radiation from particle cascades in air, extensive air showers, was first observed in 1964 [218]
and subsequently by other experiments in the 1960s [219, 220], but the measured radia-
tion was inconsistent with the phenomenology at the time (that predicted only Askaryan
radiation). Subsequent to these measurements, new theoretical work first proposed the
geomagnetic radiation process [221] in 1967 that is now known to account for ~90% of
the radio emission from extensive air showers.

Due to the ever-present thermal noise in the radio and microwave spectrum, detecting
showers via their secondary radio emission requires shower energies and distances such
that the emission is above the thermal and background noise floor; this #ypically limits
the radio technique to particle cascades above O(1 PeV) depending upon the geometry

of the experiment and the proximity of the detection to the neutrino-induced shower.

2.4.1 THE ASKARYAN EFFECT

When high energy particle showers develop in dielectric media (such as air or ice), they
develop a compact negative charge excess along the front of the shower that is typically
O(cm) thick. This negative charge excess, with a magnitude of roughly ~20% of the zo-
tal charge in the shower, forms as atomic electrons are preferentially upscattered into the
shower (due to Compton, Bhaba, and Maeller scattering) while positrons are annihilated
against the same population of atomic electrons [222]. For an external observer, this neg-
ative charge excess is observed as a compact net negative bunch charge moving along the

longitudinal axis of the shower at close to the speed of light.
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For high energy showers, many of the particles in this charge excess are traveling faster
than the phase velocity, (¢/n), of light in the medium and therefore emit Vavilov-Cherenkov,
or Cherenkov, radiation [223].

Vavilov-Cherenkov radiation is emitted whenever a charged particle travels faster than
the phase speed, (¢/n), of light in a given medium. As the charged particle travels through
the medium, it polarizes molecules in the medium which emit photons along spherical
wavefronts upon returning to the ground state. When the particle’s velocity is greater
than the phase velocity, the spherical wavefronts emitted along the particle’s path become

coherent at an angle of ¢, with respect to the direction of the particle’s motion, given by

1
cosb,. = —

nB
As Cherenkov radiation is emitted uniformly in azimuthal angles and at only a fixed
angle 0., it is observed to emit a “cone” of emission as the particle propagates through
the medium [223, 224]. A diagram of the Cherenkov radio emission process is shown in
Figure 2.9.
The energy spectrum of Cherenkov radiation by a particle traveling a distance dx emit-

ted in a frequency range dw is given by the Frank-Tamm formula:

d’E B ¢ 1
drdw Eu(w)w (1 a BQnQ(w)) 1)

for a particle of charge g traveling at a speed 3 in a medium with magnetic permeability

ft(w) and refractive index n(w). This demonstrates the characteristic /izear rise in power
over frequency, w, of Cherenkov radiation, for a medium with n and y constant over fre-
quency [224]. While Cherenkov radiation is most commonly used in the optical and
near-ultraviolet, the spectrum does extend down to radio and microwave frequencies, al-
though the dependence on frequency implies that there is significantly less emitted power

than in the optical and ultraviolet for a single charged particle.

When the charge excess bunch that develops at the front of a high energy particle
cascade is observed at wavelengths larger than the lateral scale of this charge excess (re-
lated to the Moliére radius of the medium), typically a few MHz to a few GHz depend-
ing upon the medium (i.e. radio to microwave frequencies), it is impossible to resolve
the Cherenkov radiation of each individual charged particle and the entzire charge excess

bunch at the front of the shower is observed as a single charged particle with an effective
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charge of 20%-25% of the total charge contained in the shower emitting Cherenkov ra-
diation; this is coberent Cherenkov radiation or Askaryan radiation. The individually
weak radio Cherenkov emission from each particle in the shower is adding constructively
at the observer. The coherent radio or microwave Cherenkov emission from the negative
charge excess in a particle cascade in dense media is known as the Askaryan effect and the

radiation is known as Askaryan radiation.

Charged
ANAAAAAAAASO particle

Charged
particle

Figure 2.9: A schematic diagram of the emission of Cherenkov radiation from the polarization of
molecules in the medium as a charged particle moves through. The top pane shows
a particle that is traveling slower than the phase speed of the medium; the wavefronts
from each medium particle do not combine coherently and no Cherenkov radiation
is observed. The bottom pane shows the same charged particle moving faster than the
phase speed of the medium. In this case, the wavefronts from each medium particle
combine coherently as the superluminal particle overtakes each successive wavefrontas
they are emitted. This emission becomes coherent at the Cherenkov angle, 6. Figure
from [225].

Via the Askaryan effect, high energy particle cascades in dielectric media emit 100%
linearly polarized, wide-bandwidth, impulsive radio emission with a similar conical beam
pattern as regular incoherent Cherenkov radiation. The emission from the Askaryan ef-
fect is radially polarized (due to the underlying Cherenkov emission) and the power spec-
trum rises linearly with frequency until the coherence condition is no longer satisfied; this

depends upon the compactness of the charge excess, which depends on the medium, as
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well as the location of the observer, but extends to 221 GHz in ice for observers near the
Cherenkov angle. Within the range of frequencies where the emission is coherent, the
power emitted via the Askaryan effect scales quadratically with the total shower energy as

can be seen in Equation 2.1 and Figure 2.10a.
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This effect was first predicted by Gurgen Askaryan in 1962 [222] and was experimen-
tally confirmed in 2001 by Saltzberg & Gorham [203] in a silica sand target. It has since
been measured in terrestrial accelerator experiments in a variety of other media includ-
ing ice [228], salt [226], and alumina [229], and it has also been observed in extensive
air shower experiments [230]. Several measurements of the Askaryan effect are shown in
Figure 2.10a and Figure 2.10b taken at the SLAC National Accelerator Laboratory, in-
cluding the dependence on shower energy, as well as a broadband waveform and spectra.

Akin to classical oprical Cherenkov, Askaryan radiation is emitted on a cone with the
opening angle of peak power given by the Cherenkov angle, 6. The wavelengths involved

here can be 10 to 10 times longer than used in the optical and can be a significant frac-
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tion of the longitudinal and lateral width of the charge excess. Therefore, the angular
spectrum, which is highly peaked at 6, in the optical, is significantly broader in the radio

with extended emission away from the Cherenkov angle.

m -160 offcone
- angle, deg
_4?—‘170 —— 156
@ —-12.3
-
g 180 Py
— —_—f.3
£-190 —— 34
] 200 0.7
2 —20
= —4.6
£ -210 72
g 9.7
-220 . 122

107 108 10°
frequency, Hz

Figure 2.11: A simulation of the power emitted via Askaryan radiation as a function of off-axis
angle for various upper frequency limits calculated with the ZHAireS code [231].
Right: The spectra of Askaryan radiation for a shower in lunar regolith at various off-
cone angles. The most “on-cone” simulation, only 0.7° away from the Cherenkov
axis, has the highest coherence frequency (where the spectra starts to roll over and
decrease with frequency). Figure by Peter Gorham with data produced by Remy
Prechelt.

This effect is frequency dependent as it forms due to the projected charge excess size at
the observer and the wavelength of observation. For high frequencies (i.e. approaching
the maximum coherence frequency), the majority of the emitted power is focused in a
“finite-width beam” around the Cherenkov angle with a width of typically a few degrees
(i.e. acone with “angular width”). However, at lower frequencies, where the wavelengths
can become several orders of magnitude larger than the projected size of the charge excess,
the emission broadens until the angular spectrum extends over a significant fraction of
polar angle [191]. As the viewing angle, 6, moves away from ¢, and becomes more “oft-
cone”, the radiation becomes less coherent at high frequencies, as the projected thick-
ness of the shower front becomes larger, and so the overall emitted power per solid angle
decreases and the spectrum’s upper frequency limit moves down [232]. This is demon-
strated in Figure 2.11 for an UHE cosmic-ray-induced shower in the lunar regolith.

The Askaryan effect has, is, and will be used by a number of ultrahigh energy neutrino

experiments to explore the neutrino flux above O(1 EeV). In order to maximize the ra-
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dio signal arriving at the detector, these experiments require target volumes for neutrino-
nucleon interactions that also possess low dielectric loss tangents so that the radio emis-
sion suffers less attenuation as it propagates from the neutrino-induced shower to the
radio antennas. However, the extremely low fluxes of UHE neutrinos, S 1 km? yr
(Figure 1.8) also requires a large volume of the medium to be available. The (current)
candidate is the large volumes of extremely pure ice in Antarctica or in the Greenland ice
sheet. Both of these large volumes of ice are extremely radio transparent with attenuation
lengths of O(1km).

The principle of all of these detectors is the same: an ultrahigh energy neutrino-nucleon
interaction in the ice (potentially up to ~3 km below the surface) creates a hadronic or
electromagnetic shower that generates an impulsive radio signal via the Askaryan effect.
The radio emission is then detected with an array of radio antennas at distances ranging
from O(1km) to O(600 km). The relative time delays across the collection of antennas,
along with the observed power spectra, can be used to reconstruct the direction and en-
ergy of the incident neutrino [233, 89, 159]. These detectors can be broadly split into
two categories: 7n-ice and sub-orbital/orbital experiments.

In-ice neutrino observatories use arrays of radio antennas buried deep in the Antarc-
tic ice in boreholes up to 200 m below the surface. This depth is chosen to avoid the
< O(100 m) of fzrn, snow deposited on the surface that is still being compacted, where
the index of refraction is strongly depth dependent and is therefore a potential source
of reconstruction error. This technique was first deployed on a large scale by the Radio
Ice Cherenkov Experiment (RICE) [159], and later by the current Askaryan Radio Array
(ARA) [234] and Antarctic Ross Ice-Shelf Antenna Neutrino Array (ARTANNA) [235]
observatories, and is one of the major detectors for the proposed IceCube-Gen2 observa-
tory [236]. ARIANNA is unique in this group in that it uses antennas located az the
surface instead of buried deep in the ice. Alternative bodies of ice, such as the Greenland
ice sheet, are also current targets for radio detection of Askaryan radiation with the exper-
iments like the Radio Neutrino Observatory in Greenland (RNO-G) [237]. A diagram
showing the design and detection geometry of in-ice radio arrays is shown in Figure 2.12a
and Figure 2.12b.

Alternatively, the radio emission generated by the neutrino-induced cascade can be de-
tected from outside the ice (i.e. in the as7). This technique was pioneered by the ANtarc-
tic Impulsive Transient Antenna (ANITA), the subject of this dissertation, which was

designed to detect the Askaryan emission from orbit on a long-duration balloon (LDB)
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dio antenna observes the coherent radio emis-
sion, including ray curvature effects from the
depth-dependent refractive index of the ice.
Figure from [238].

at an altitude of ~37km [89] (and therefore a payload-neutrino distance that can be in
the hundreds of kilometers). The neutrino interaction is still in the located within the
ice; the radio emission propagates from the interaction to the surface, refracts out, and
then propagates through the air to the payload. The increased distance between the in-
teraction vertex and the detector in sub-orbital (or orbital) detectors enforces a higher

neutrino energy threshold, typically O(1 EeV) for current sub-orbital detectors.

Thelimited duration of long duration balloon flights, typically ~1 month for the stan-
dard zero pressure balloon (ZPB) currently used for most of these experiments, is com-
pensated by the extremely large volume of ice they are sensitive to due to their unique ob-
serving location at high altitudes [89, 239]. This allows these experiments to set the most
stringent UHE neutrino limits above ~10 EeV in only ~30 days of exposure, even when
compared against ground-based observatories with nearly a decade of livetime [240]. The
forthcoming super pressure balloon (SPB) technology, currently undergoing testing for
NASA’s LDB program, could increase the flight duration to 2 100 days, significantly
increasing the exposure that can be collected by these sub-orbital balloon instruments in
asingle flight [239, 241].
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2.4.2 GEOMAGNETIC EMISSION

High energy particle cascades produce large numbers of electrons and positrons, as well
as other less numerous charged particles. In the presence of a magnetic field, all of the
charged particles in the shower undergo acceleration via the Lorentz force and emit radio
synchrotron radiation as they accelerate in the direction transverse to the shower axis.
Extensive air showers, which develop in the Earth’s geomagnetic field, are therefore said to
emit geomagnetic or geosynchrotron radio emission as they develop [221]. Due to their low
mass and high number density in extensive air showers, the electrons and positrons are the
dominant contributor to the observed geomagnetic radiation (although other charged

particle species in the shower still do emit and contribute synchrotron power).

Under the Lorentz force, the charged particles in the shower begin to sp/zt and prop-
agate laterally away from the shower axis in opposite directions based upon the sign of
their charge. Due to the high energies involved, this divergence is typically small and the
shower still remains mostly directed longitudinally along the shower axis (Figure 2.1a).
This splitting of the positive and negative charge in the shower acts to create a net “trans-
verse current”, along the O x B direction, that is moving longitudinally along the shower
axis at close to ¢, growing in magnitude along with the total number of particles (i.e. the
longitudinal profile). Due to the different fundamental mechanism of emission from
the charged particles in the shower, geomagnetic radiation has a different spectrum and

polarization than Askaryan radiation [242].

Geomagnetic radiation is zominally polarized along the 0 X B direction, where ¥ is
the (vector) direction of the shower axis and B is the direction of the local geomagnetic
field vector, since most particles are closely aligned with the shower axis for realistic values
of the geomagnetic field. However, the true observed electric field polarization is the

convolution of the true distribution of particle velocities, ¥, and the magnetic field, 5.

To accurately calculate the electric field magnitude and polarization at a given ob-
server position, detailed shower simulation codes must be used that calculate the (vec-
tor) electric field contribution from each individual particle in the shower (which have
been slightly deflected away from the shower axis due to both multiple scattering and
the transverse acceleration provided by the Lorentz force) and sum them, with correct
propagation delays, at the observer [65, 66, 64]. Since calculating the radio emission re-
quires a knowledge of the direction, charge, and energy of all the particles in the shower,

the most accurate radio simulations are integrated with air shower or cascade simulation
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codes. The AIRES [64] shower toolkit has a radio extension known as ZHAireS (using
the ZHS algorithm [231]), CORSIKA 7 [65] has a similar extension known as COREAS
(using the “endpoint” formalism [243]), and CORSIKA 8 has new implementations of
both the ZHS and “endpoint” formalisms [66].

Furthermore, for extremely long showers, like high zenith angle showers that develop
near horizontally over long distances, or Earth-skimming “stratospheric” cosmic rays whose
shower axis would otherwise never intersect the ground, the exact electric field at the ob-
server must also use accurate models for the full geomagnetic field, as the true observed
field depends on © x B(7), where B(F) is the varying magnetic field vector that the
shower observes over its long propagation distance [244].

While geomagnetic radiation is fundamentally different than the Askaryan effect, built
from coherent Cherenkov radiation which naturally preserves the conical emission pat-
tern characteristic of Cherenkov radiation, geomagnetic radiation from an extensive air
shower does also possess a “conical” emission pattern with the same opening angle, 0., as
expected from Askaryan and Cherenkov radiation [242].

The origin of this effect can be shown using the simple model of geomagnetic radi-
ation as a transverse current moving at the speed of light along the longitudinal axis of
the shower. For an observer znside the Cherenkov angle, the emission from the particles
at the end of the shower, typically moving (at c) faster than the radio emission from the
start of the shower traveling at (¢/n), is observed earlier than the emission from the start
of the shower. Conversely, for an observer outside the Cherenkov angle, the emission
from the particles at the start of the shower is observed before the emission from the latter
end of the shower. However, 4¢ the Cherenkov angle, the time delay between the start
and end of the shower are equal and the entire shower is observed coberently, significantly
boosting the observed power. This coherence creates Cherenkov-like ring in the observed
footprint of geomagnetic radiation with an opening angle of 0. [245, 242].

Similarly to Askaryan radiation, as we consider lower frequencies, the different time
delays from the start and end of the shower become significantly less than a wavelength,
and so the emission no longer shows the characteristic cone like behavior [242]. The off-
axis angular and frequency spectra for simulations of the geomagnetic radiation from an
UHECR-induced air shower is shown in Figure 2.13.

The spectrum of geomagnetic radiation rises with frequency until a characteristic turnover
frequency, O(100 MHz to 200 MHz)) in air, above which it has an exponentially falling

power spectrum (Figure 2.13). For air, this implies that geomagnetic radiation has a sig-
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Figure 2.13: The distribution of the geomagnetic radio emission for an 1
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nificantly lower-frequency weighted spectrum compared to Askaryan radiation that rises
linearly with frequency the same frequency band. The different polarizations and spectra
of Askaryan and geomagnetic radiation allows for separating the relative contributions of
geomagnetic and Askaryan emission in air showers observed in the radio with ground ar-
rays such as LOFAR [230].

For extensive azr showers, that develop in a low density medium like air (i.e. compared
to an in-ice shower), the geomagnetic emission is typically an order of magnitude stronger
than the Askaryan [242, 230]. However, in dense media like ice, the charge bunch is
significantly more compact and the showers are significantly shorter, so the transverse
current induced by the Lorentz force is of overall smaller magnitude, reducing the total
power emitted via the geomagnetic process. Therefore, for showers in dense media, like

ice, the Askaryan effect is the dominant radio emission process [208, 242].

The radio emission from cosmic-ray induced extensive air showers is used as a stan-
dalone detector for high energy cosmic rays (HECRs), with experiments like LOFAR [230,
246, 247] as well as only one detection technique in larger hybrid observatories such as
Auger (with the Auger Engineering Radio Array, or AERA) [248]. Much like in-ice
neutrino detectors that utilize the Askaryan effect, these detectors are comprised of large
arrays of radio antennas. However, due to the difference in spectrum, cosmic ray-focused
radio arrays looking for extensive air showers typically focus on lower frequency ranges,
typically in the 30 MHz to 300 MHz range. Also, similar to in-ice Askaryan detectors,
measurements of the power, spectrum, and polarization at each antenna in the array can
be used to estimate the incoming direction and energy of the primary cosmic ray. Naively,
the technique does not allow for estimating the depth of Xy, and therefore estimating
the nuclear species of the primary cosmic ray, but advances in interferometry and detector

array design has recently made this possible for appropriately designed arrays [249].

Therefore, detecting ultrahigh energy particle cascades oz Earth, whether they be initi-
ated by cosmic rays or neutrinos, via radio emission depends upon the medium in which
the particle cascade is created; in dense media, the observed signal is typically dominated
by Askaryan emission, while in rare media, like air, the signal is typically dominated by

geomagnetic radiation.
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2.5 THE TAu DETECTION CHANNEL

An alternative detection channel that has been of significant experimental interest in the

last two decades is the so-called “tau air shower channel”. This is in some sense a hybrid

method between neutrino and cosmic ray detection methodologies and is depicted in

Figure 2.14.

An Earth-skimming UHE tau
neutrino has the possibility of
undergoing a charged current
deep-inelastic scatter interaction
inside the Earth (most likely in
rock, water, or ice) to produce a
7-lepton. If the 7-lepton is pro-
duced relatively close to the sur-
face (the 7 decay length is 47 km
at 1 EeV and increasing linearly
with energy so, relatively “close”
here typically means hundreds of
kilometers), the tau may leave the
Earth and then decay in the azr.
This decay, which can be either
hadronic or leptonic, will initiate
an extensive air shower similar to
those produced by ultrahigh en-
ergy cosmic rays [240]. However,
unlike the downgoing geometries
of UHECR-induced EAS, these
Earth-skimming T-leptons pro-
duce EASs that are near horizon-
tal or upgoing with respect to the
surface of the Earth. For detec-

altitude

Figure 2.14: A diagram of the detection of an at-
mospheric 7-lepton decay produced via an
Earth-skimming v that undergoes a charged-
current neutrino-nucleon interaction within
the Earth. Figure from [250].

tors that are at high-altitudes, such that the horizon is noticeably below the horizontal,

these showers are observed to be #pgoing and can therefore occur in a range of solid angle
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where we do not expect any UHECR background (i.e. below the horizon for suborbital
detectors like ANITA or high-altitude detectors like BEACON [251]).

These showers behave similarly to those produced by UHECRs although their evo-
lution can be altered as they experience a different density profile along the shower axis
as they showers develop #pwards into a more-rareified atmosphere (whereas a downgo-
ing UHECR is developing downwards into a denser atmosphere) [252]. The same tech-
niques that are used to detect downgoing UHECR-initiated showers can also be used to
detect upgoing tau-induced showers including direct, optical, and radio detection [93,
240]. In the case of ground-based observatories, direct particle detection with “surface
detectors” typically require near horizontal showers, with zenith angles § ~ 90° such
that the outer halo of scattered particles skims, almost horizontally, through the surface
detectors; this is the primary technique that Auger uses to search for Earth-skimming 7

extensive air showers [93].

While experiments like Auger that focus on the detection of downgoing UHECRs can
also detect upgoing tau showers, there are a host of other experiments that are dedicated,
and optimized for, detecting upgoing or Earth-skimming 7-induced showers [251, 252,
253, 254]. To optimize for this channel, the observatories are typically suborbital or or-
bital instruments, or ground detectors located at high elevations [251, 253], or on the side
of large valleys [254], such that the observed direction for Earth-skimming 7 showers is
below the apparent horizon, looking through some amount of rock or ice, significantly re-
ducing cosmic ray backgrounds. The detection techniques used by these “high-altitude
tau neutrino observatories” span the full range of particle detection techniques: direct

particle detection [254], optical Cherenkov [253], fluorescence [252], and radio [251].

2.5.1 TAU REGENERATION

This channel is enhanced by a process known as tau regeneration. Consider an UHE
tau neutrino incident upon the Earth as in Figure 2.14. Eventually, this v, will un-
dergo a neutrino-nucleon deep inelastic scatter interaction (section 2.1.4), ignoring sub-
dominant neutrino-photon interactions, with two possible outcomes: a) if it was a neu-
tral current interaction, a shower will be created, and a lower energy tau neutrino will
leave the interaction vertex and continue propagating along the direction of the original

v; (at these energies, the deflection during a DIS interaction is negligible); b) if it was
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a charged current interaction, a shower will also be created, and an UHE 7-lepton will
always be produced (or a 7 in the case of a ;) [207].

T-leptons have extremely short lifetimes, (0.3 ps) in the rest frame of the 7, and can
therefore decay before losing a significant fraction of their energy in 7-medium energy loss
processes including bremsstrahlung, ionization, and photo-hadronic interactions [250].
When a 7-lepton decays, whether it be a hadronic (with 65% probability) or leptonic
(with 35% probability) decay, it will 2/ways produce a new tau neutrino. Therefore, an
incident flux of UHE tau neutrinos can be regenerated as it propagates through the Earth:
as v, — T in a charged current DIS; v, — v, in a neutral current DIS; and 7 — v,
during a 7 decay. This allows for tau regeneration chains, such as v, — 7 — v, or
Vr — Vr — T — U,, with only moderate reduction in the original v, energy at each
stage [250].

This is in contrast to muon neutrinos, v/, and electron neutrinos, V.. When electron
neutrinos interact via a charged current interaction to produce an UHE electron, that
electron will almost immediately initiate a shower and rapidly lose energy via bremsstrahlung
(and, of course, the electron cannot decay under the Standard Model). While a v, will
produce a muon in a charged current deep inelastic scatter just as in the v/, case, the muon
has: a) significantly larger energy loss per unit grammage than a 7; and b), the lifetime of
the muon, 2.2 s, is seven orders of magnitude larger than that of the 7, implying that the
typical muon will lose a significant fraction of its energy before decaying back into a muon
neutrino (especially as it will typically be propagating in dense media like 7ock where en-
ergy losses are high). Therefore, an UHE v, neutrino flux is quickly downconverted to
significantly lower energies, below the threshold of ultrahigh energy neutrino detectors,
and at energy ranges that can have significant atmospheric neutrino backgrounds [252,
155].

The tau channel, like the regular UHE Askaryan channel, has never before been defini-
tively observed at ultrahigh energies. However, the IceCube Observatory has reported
on the apparent detection of two O(PeV) tau neutrinos, colloquially known as “Dou-
ble Double” and “Big Bird” with an IceCube “tauness” measure of ~97% and ~76%,
respectively, which are incompatible with a non-tau flux at 2.80 [255]. These events
were not Earth-skimming, and were detected 77 ice, not in air, where there are significant
backgrounds and as such does not represent as pure a detection channel as the in-air tau

channel discussed above.
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Chapter Summary

1. When high energy particles impact a medium, they initiate a particle cas-
cade or shower either via a nuclear scattering, in the case of most cosmic rays
hadrons, or via bremsstrahlung or pair production in the case of electromag-

netic particles.

2. The shower continues to grow, producing new particles in each generation,
until the energy loss to the medium starts to exceed the production rate of

new particles, and the shower begins to diminish in number.

3. These showers are typically divided into hadronic, electromagnetic, and
muon components which are dominated by different particles and pro-
cesses. UHECR showers are at energy scales unavailable to terrestrial collid-
ers and must therefore be extrapolated, introducing significant theoretical

uncertainties.

4. There are many methods of detecting these particles including the direct
detection of particles produced in the shower, the detection of fluorescent
light produced by the excitation of molecular nitrogen, and the detection of

secondary radio emission.

5. The secondary radio emission is produced via either: a) the Askaryan effect,
the coherent radio Cherenkov from the compact negative charge excess on
the front of the shower; or b) geomagnetic radiation, whereby particles in
the shower are accelerated under the Lorentz force in the Earth’s geomag-

netic field and produce radio synchrotron radiation.

6. Earth-skimming v, can produce 7-leptons that can later decay in the a7,
producing an extensive air shower that can be detected. This process is en-
hanced by tau regeneration: since a v, is always produced in a 7-lepton
decay, regeneration chains can be built where a v flux is regenerated via

v, — T — vyand v, — v; — T — U, chains.
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3 ANTARCTIC IMPULSIVE
TRANSIENT ANTENNA (ANITA)

This chapter presents an introduction to the Antarctic Impulsive Transient ANtenna
(ANITA) instrument, an ultrahigh energy sub-orbital neutrino observatory. This chap-
ter is splitinto three parts: section 3.1 presents an overview of ANITA’s detection method-
ology; section 3.2 presents a detailed walkthrough of the hardware of the fourth flight of
the ANITA instrument, ANITA-IV, including a description of the signal chain, trigger
logic, attitude determination, and a review of the flight; and section 3.3 presents a re-
view of the major scientific results of the four successful flights of the ANITA instrument
(from 2006 to 2016) with a particular focus on the anomalous and near-horizon events

that will be the focus of the rest of this dissertation.

3.1 DETECTION METHODOLOGY

ANITA was originally conceived as a sub-orbital long-duration balloon payload that aimed
to detect the Askaryan radiation from neutrino interactions in the Antarctica ice (see
section 2.4.1). However, after the analysis of the first flight, and again after subsequent
flights, additional detection channels were identified, some of which are (currently) unique
to the ANITA instrument [256, 257, 258]. A diagram of the four primary detection
channels of the ANITA instrument, each of which will be discussed in the following

subsections, is shown in Figure 3.1.

3.1.1 IN-ICE ASKARYAN NEUTRINO DETECTION

The original detection channel for ANITA was the in-ice Askaryan channel described in
section 2.4.1. In this model, an ultrahigh-energy neutrino undergoes a neutrino-nucleon

deep inelastic scatter in the ice, initiating an ultrahigh energy cascade. The Askaryan
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3 C or NC

HEv

Figure 3.1: A diagram showing the four primary detection channels of the ANITA instrument:
(1) the original in-ice Askaryan channel; (2) the detection of stratospheric cosmic rays
that do not intersect the surface; (3) the detection of cosmic rays from the geomag-
netic radio emission after it reflects off the ice surface; and (4) the detection of Earth-
skimming tau neutrinos from the in-air decays of tau leptons.
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emission generated by this cascade propagates up to the surface, refracts out, and propa-
gates up the payload. Due to the expected geometry of in-ice neutrino events, as well as
the Fresnel coefficient of the ice-air boundary, we expect most Askaryan neutrino events
to be predominantly vertically-polarized (although the exact polarization angle can be
tens of degrees away from pure vertical depending upon the event). Due to the large
neutrino-payload distance, ANITA’s Askaryan neutrino sensitivity begins to turn on
above O(1EeV). This is ANITA’s primary detection channel and is its most sensitive

for the detection of UHE neutrinos.

3.1.2 REFLECTED UHECR DETECTION

ANITA is also sensitive to the geomagnetic radio emission from downgoing (normal)
UHECRS; in ANITAs case, the radio emission from the cosmic ray reflects off the Antarc-
tic ice surface, before propagating back #p to the payload. From ANITA’s perspective at
~37 km, these events are observed to be #pgoing from below the horizon.

Due to the predominantly vertical magnetic field in Antarctica, the O X B polarization
of the geomagnetic emission implies that UHECRs observed by ANITA should be pre-
dominantly horizontally polarized. The observed polarization of impulsive radio events is
therefore a powerful discriminator between neutrino events (that are predominantly ver-
tically polarized) and cosmic ray or extensive air shower events (that are predominantly
horizontally polarized). In addition, the Fresnel reflection coefficient for the air-ice inter-
face forces a polarity inversion on the horizontally polarized geomagnetic signal; this, in
effect, flips the sign of the instantaneous time-domain electric field. Therefore, the pres-
ence of a polarity inversion allows ANITA to discriminate between reflected cosmic ray
events and above-horizon non-reflected UHECRs [257].

3.1.3 STRATOSPHERIC UHECR DETECTION

While most of ANITA’s cosmic ray detections are reflected events from below the hori-
zon, each flight of ANITA has also detected a population of above-horizon UHECRs
that ANITA observes directly without reflection. These so-called stratospheric UHECRs
are on Earth-skimming trajectories that do not ever intersect the ground. Due to the rar-
efied atmosphere at these Earth-skimming altitudes, these showers can extend for hun-
dreds of kilometers in length and can be initiated by cosmic ray primaries beyond the

horizon (from ANITA’s perspective). ANITA was the first experiment to detect these
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stratospheric cosmic rays although later experiments have since also detected these unique
events [241].

3.1.4 EARTH-SKIMMING T AU NEUTRINO DETECTION

ANITA was one of the first experiments to be significantly sensitive to the Earth-skimming
v, air shower technique described in section 2.5. Due to ANITA’s unique observing lo-
cation at an altitude of ~37 km, ANITA is sensitive to 7-lepton air showers over a wide
range of angles, but the attenuation of the neutrino flux with increasing angle below the
horizon (at ultrahigh energies) suggests that the direction of peak sensitivity should be
close to the horizon. A very preliminary simulation of ANITA’s sensitivity to this chan-
nel was presented in [259], which concluded that despite having a large instantaneous ef-
fective area, the total integrated of exposure of ANITA to a diffuse v, neutrino flux was,

via the 7-lepton decay channel, was at least an order of magnitude smaller than Auger
and IceCube.

3.2 INSTRUMENT DESCRIPTION

This section presents an overview of the hardware and flight of the fourth flight of ANITA.

3.2.1 ANTENNAS

All four ANITA flights have used the same nominal antenna design, although it has
been slightly modified over the span of the four flights. These main antennas are quad-
ridged “Seavey” horn antennas from Antenna Research Associates (AR A, Inc.). They
are dual-polarized (both horizontal and vertical polarization), high-gain (with a peak gain
of ~10 dBi and a full-width half-maximum beamwidth of ~60°), and broadband (with
a nominal bandwidth, for ANITA-IV, of 180 MHz to 1200 MHz). These antennas are
highly directional, with their boresight pointed —10° below the horizontal (which is ~4°
below the horizon at ~ — 6°), and are designed to focus ANITA’s sensitivity towards
directions where we are likely to detect ultrahigh energy neutrinos, while reducing the
influence of background sources outside of this angular range. A photo of ANITA-IV
before launch from McMurdo Station is shown in Figure 3.2; the white square quad-

ridged antennas can been covering most of the available payload surface area.
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Figure 3.2: A photo of the fourth flight of
ANITA, ANITA-1V, outside the
launch hangar at McMurdo Station
prior to launch in 2016. Photo
courtesy of Christian Miki.

The total number of antennas on each payload has increased between ANITA-I and
ANITA-IV. ANITA-IV flew 48 quad-ridged antennas, arranged vertically into three rings
known as the top (T), middle (M), and bottom (B) rings. Each column of antennas, cov-
ering 22.5° of azimuth, is known as a phi-sector (¢-sector), and identified with a number
between 1 and 16 (22.5° x 16 = 360°). Therefore, each channel on the payload can be
identified by combining a phi-sector, a ring, and a polarization, i.e. 16TH, 01BV, 07MH.
With 48 dual-polarization antennas, ANITA-IV had a total of 96 radio-frequency chan-
nels. This arrangement of antennas allows for between 9 and 15 antennas, each dual po-
larization, to potentially observe a single radio-frequency plane-wave-like signal, as might

be emitted by an ultrahigh energy neutrino-induced shower.

ANITA interferometrically combines these signals, with appropriate delay corrections
to account for their physical offsets, to create a coberently summed signal. By performing
interferometry, ANITA gains a ~v/N increase in signal-to-noise ratio (SNR), and can
identify the incident direction of the radio signal (if it is roughly a plane wave). An ex-
ample interferometric map created by ANITA-IV showing the coberently summed peak

indicating the incident direction of the radio signal is shown in Figure 3.3.
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Figure 3.3: An example interferometric map of a horizontally polarized event from ANITA-IV.

Each map shows the interferometric combination of antenna signals, with appropriate

delays, for signals coming from different directions in elevation and azimuth angle.
The horizontally-polarized map shows a clear coherent peak, with a coherent map peak
in excess of 12, indicating the incoming direction of the radio pulse (in this case, a
UHECR likely air shower). The map on the right has a different color scale, for vertical
polarization, and shows no clear preferred direction since there is no significant signal
in this channel, with a map peak of 2.0. Figure from [260].
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Since ANITA is a dual polarization instrument, it can reconstruct the full set of Stokes
parameters for the incoming signal. As discussed in section 3.1, reconstructing the polar-
ization of the incoming signal is a powerful discriminator between in-ice Askaryan neu-
trinos, cosmic rays, and anthropogenic backgrounds (which are expected to be elliptically
polarized) The reconstruction of the Stokes parameters must be done carefully as, while
ANITA’s antennas are dual-polarized, there is a phase offset between the two polariza-
tions that must be measured and calibrated as the physical antenna feeds cannot physically
occupy the same space in the antenna. This appears as a difference in the phase centers of

each polarization of the antenna. This is shown in Figure 3.4.

Figure 3.4: A diagram showing the location of
the feeds for the ANITA-IV “Seavey”
quad-ridged antennas; the physical
offset between the two feeds appears
as an offset in the phase centers of the

horizontal and vertical polarizations.
Diagram courtesy of Christian Miki.

]/

The antenna temperature, which was 110K to 130 K for ANITA-IV, is the single
largest contributor to ANITA’s system temperature, and therefore ANITA’s overall neu-
trino sensitivity. Thelargest contributor to the antenna temperature is the beam-weighted
brightness temperature of the objects in the antenna’s field-of-view (FoV).

It is possible to estimate this to first-order before proceeding with a detailed calcula-
tion. For ANITA, at a ~37 km altitude, the Antarctic ice occupies roughly 60% of the
antenna’s main beam lobe (since the antenna is pointed below the horizon) with the sky

occupying the remaining 40%. At these frequencies, the brightness temperature of the
ice is ~240 K and the sky is roughly ~3 K across much of ANITA’s frequency band. An
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arithmetic average, assuming constant gain over the main beam lobe, predicts an overall
antenna temperature of ~145 K.

However, the sky is not exactly 3 K; at the lower end of ANITA’s frequency range, the
galactic and extra-galactic radio backgrounds are rapidly decreasing and can be ~1000 K
at ~180 MHz, the nominal high-pass cutoft of the ANITA-IV antennas [261]. In addi-
tion, the ice surface is reflective at angles close to the horizon, so ANITA’s antennas also
observe the reflection of the sky off the ice surface (with an appropriate Fresnel coefh-
cient) that acts to cool the apparent brightness temperature of the ice near the horizon.
A full simulation of the brightness temperature observed by an ANITA antenna, as well
as the integrated antenna temperature, is shown in Figure 3.5. When including these ef-
tects, ANITA-IV’s nominal antenna temperature is 112 K for horizontal polarization and
127 K for vertical polarization, compared against the first-order estimate of 145 K, (the
polarization dependence is introduced by the polarization-dependent Fresnel reflection

coefficient at the air-ice boundary).
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Figure 3.5: The differential antenna temperature as a function of frequency for an ANITA-IV
quad-ridged antenna for both horizontal and vertical polarizations. This takes into ac-
count the solid angle covered by the sky and ice, the antenna beamwidth, the frequency
dependent average sky brightness temperature (the reason for the strong increase at
low frequencies), and the Fresnel reflection coefficient for the air-ice reflection. The

total antenna temperature, integrated over frequency, is shown with the dashed lines
for each polarization.
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3.2.2 SIGNAL PROCESSING

Each ANITA-IV channel, 96 in total, is functionally identical from antenna to digitizer.
A diagram of the overall ANITA-IV system and signal chain is shown in Figure 3.6.
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Figure 3.6: A diagram of the ANITA-IV signal chain from the amplifiers all the way through to
the digitizers, flight computer, and data storage. See the text for details on each com-
ponent in this diagram. Figure from [262].

The signal from the antennas is immediately sent through front-end amplification
close to the antenna, and then sent through coaxial cable to the main instrument box.
Here, the signal undergoes a second stage of amplification and notch and bandpass fil-
tering before being split into ¢rigger and digitizer paths. The digitizer-copy of the signal
is sent straight to the digitizers, while the trigger path is further processed before being
connected to an adjustable comparator to determine whether the payload should trigger.
If the trigger logic determines that a trigger condition has occurred, the copy of the signal
stored in the digitizer is read out and saved to disk. Each of these stages and components

are described in detail in the following sections.

AMPAs

The primary front-end amplification is performed by a custom assembly known as an An-
tenna Mounted Pre-Amplifier (AMPA). A photo of an open AMPA enclosure is shown
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in Figure 3.7. Each AMPA contains 1200 MHz low-pass filters and a 35 dB low-noise
amplifier (LNA) designed by National Taiwan University (NTU).

The motivation for the AMPAs is three-fold: (1) to amplify the radio signals from the
antenna so that they are significantly above the background system noise for transmission
over the Jossy cable to the payload; (2) there are strong anthropogenic radio signals above
our band, such as the Iridium satellite constellation at ~1625 MHz, that could easily
saturate our LNAs, rendering them useless, and these signals must be removed before
the first and second stage amplifiers; and (3) regions above and below our useful science
band (180 MHz to 1200 MHz) contribute unnecessary thermal noise unless removed via
filtering at an early stage. Much of the AMPA design is focused on low-pass filtering as the
antenna gain provides a natural intrinsic high-pass to our observed signals. To maximize
the efficiency of transmission from the antenna to the AMPA, each AMPA is directly
attached to the LNA’s N-type coaxial port (see Figure 3.7). A measurement of the gain
and noise temperature of all 96 AMPAs used in ANITA-IV is shown in Figure 3.8.

Figure 3.7: A photo of the inside of one of the AMPA enclosures used in ANITA-IV showing
the combination of filters, bias tees, and a custom LNA designed by NTU. The male
N-type coaxial connector shown in the photo is directly attached to the corresponding
female N-type connector on the antenna. Photo courtesy of John Russell.

IRFCM & TUFFs

After the AMPAs, each signal is connected to the main “instrument box” via ~20 ft of

SFX-500 coaxial cable; the connection in the instrument box is to the Internal Radio
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Frequency Conditioning Modules (IRFCMs). There were four IRFCMs in ANITA-IV,
each of which consisted of a second-stage of amplification with 45 dB LNAs, and a set of
three tunable notch filters per channel. The tunable notch filter stage used on ANITA-IV
was called the Tunable Universal Filter Frontend (TUFF) [262].
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Figure 3.8: The measured gain and noise temperature of each AMPA used in ANITA-IV (colored
lines) along with the average (black). Figure from [260].

These set of notch filters were added in ANITA-IV to counter continuous-wave (CW)
satellite interference that significantly impacted the effective livetime of the ANITA-III
flight [263, 262]. Even when away from Antarctic bases with radio-loud environments,
ANITA-III consistently observed CW contamination from a population of satellites not
previously observed in ANITA-I and ANITA-II. In ANITA-III, this satellite interfer-
ence was compensated by masking particular phi-sectors so that they did not contribute
to the trigger logic. Since many of these satellites were geosynchronous and therefore
almost always in view of ANITA-III, the north-facing half of the payload was almost al-
ways masked throughout the ANITA-III flight. The design goal of the TUFF filters was
to use narrow notch filters to remove the CW frequencies used by these satellites so that
the entire payload could be “unmasked” and operate at maximum sensitivity.

The three notch filters on each channel were programmed with default center fre-
quencies of 260 MHz, 375 MHz, and 460 MHz. Informed by the ANITA-III analy-
sis, these frequencies were chosen to combat the origins of the worst CW contamina-
tion: 260 MHz and 375 MHz for geosynchronous Department of Defense satellites, and
460 MHz for specific communications systems used by Antarctic bases [263]. Each notch
filter can be switched on and off, as well as retuned to different center frequencies as
needed throughout the flight. Notches 1 and 2 (260 MHz and 375 MHz) were turned
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on, in some capacity, for most of the flight, but notch 2 was occasionally retuned £10 MHz
to combat specific CW interference. Due to its effect on ANITA-IV’s sensitivity, notch 3
(460 MHz) was only turned on when necessary, primarily in view of large Antarctic bases.
The addition of the TUFFs decreased the fraction of the payload that had to be masked
from 2 50% to < 30%, while keeping the deadtime relatively low (~7% when averaged
over the entire flight). A plot of the noise spectral density measured throughout the flight,
clearly showing the effect of the three notches, as they turn on and oft throughout the

flight, is shown in Figure 3.9.
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While improving on the pure-masking system used by ANITA-III, the presence of
the notch filters did still reduce ANITA-IV’s overall sensitivity and, together with the
AMPAs, introduced significant group delay into the impulse response of the system that
caused complications in the post-flight analysis. The design of the AMPAs was optimized
for noise figure, not impedance matching, and the design used in ANITA-IV introduced
an impedance mismatch between the antenna, AMPA, and TUFFs below ~300 MHz;
this acted to create a long long-frequency tail in the impulse response that was not prop-
erly simulated during the initial analysis. A comparison between the predicted impulse
response used in the ANITA-IV analysis (which assumed perfect impedance matching)

and the actual measured impulse response is shown in Figure 3.10.

After the IRECMs, the signal is band-pass filtered again to 180 MHz to 1200 MHz us-

ing Lark Engineering filters, to filter out any additional out-of-band noise or signals before

76



peak-normalized amplitude

3.2 Instrument Description

notch 260-375-460

Figure 3.10: A comparison between the
—— 09TH measured . . .
08} —-—-09TH, current ANITA tools model | | PredlCth (SlmU—lated) lmPUISC
response for one channel on
ANITA-IV, assuming perfect
impedance matching between

06

the various components, and
the actual measured impulse
response. The simulated im-
pulse response was what was

used in the initial ANITA-IV

061 ] analysis; this was then redone

using the new set of measured

impulse responses. Figure by

20 30 40 50 60 70 80 90 100 Peter Gorham.
time, ns

the digitizer (the effective Nyquist sampling rate for ANITA-IV’s digitizer is 1.3 GSa/s).
After these last stage filters, the signal is split into z7zigger and digitizer paths.

3.2.3 TRIGGER PATH SiGNAL CHAIN

ANITA-IV had a maximum sustainable trigger rate of 50 Hz, where each trigger event
consists of a 100 ns long snapshot of the time domain voltage in each channel, along with
housekeeping and attitude information. When combined, the O(10%) events recorded
by ANITA-IV only samples 0.0005% of the total flight time. Therefore, the ANITA-IV
payload must decide in real time which 0.0005% of the total flight should be saved for later
analysis; this is done by only saving waveforms that z7igger. The following sections detail
the signal chain for the #7igger path that decides, in real time, whether a #7igger should
be issued, saving the current set of waveforms. A photo of the trigger path assembly is

shown in Figure 3.11.

HyBriDS

While ANITA’s quad-ridged horn antennas fundamentally measure horizontal and ver-
tical polarization, it is actually advantageous for ANITA to trigger on left-circular (LCP)
and right-circular polarization (RCP).

ANITA’s science signals, both Askaryan and geomagnetic in origin, are expected to
be linearly polarized, although the axis of polarization varies depending upon the event

location and detection channel. Furthermore, the polarization axis of the electric field
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Figure 3.11: A photo of the trigger path assembly used in ANITA-IV including the hybrids and
SHORTS (see text for details). Photo courtesy of John Russell.

is not guaranteed to be aligned exactly with the horizontal or vertical polarization axes
of the antenna. A /inearly polarized signal decomposes into equal magnitudes of left-
circular and right-circular polarization, regardless of the axis of the linear polarization.
In addition, thermal noise is expected to be largely unpolarized, and the CW contamina-
tion from satellites is largely elliptically polarized, so by triggering on equal amounts of
LCP and RCP, ANITA-IV’s trigger can isolate events that are linearly polarized while re-
jecting a whole class of background events. After splitting the signals into the trigger and
digitizer path, the trigger path signals are sent through 90° hybrid couplers, or “hybrids”,
that convert the pair of horizontal and vertical polarization signals coming from a single

antenna to left-circular and right-circular polarizations.

L0 TRIGGER

To detect impulsive signals, ANITA used a square-law power detector with a specific time
constant designed to respond to signals with durations similar to those expected from
ultrahigh energy neutrinos; this power detector is implemented with a tunnel diode. The
time domain response of this tunnel diode is shown in Figure 3.12.

The output of the tunnel diode is amplified, transformed into a differential pair, and
fed to a comparator that is read out by a Field-Programmable Gate Array (FPGA). The
combination of the tunnel diode, amplifier, and differential transformer is known as the
SURF High-Occupancy RF Trigger (SHORT). The SHORTS can also be seen in Fig-
ure 3.11. Ifany of the comparators exceed their threshold, which is set by digital-to-analog
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Figure 3.12: The normalized time-domain re-
sponse of the tunnel diodes used in
the ANITA-IV LO trigger designed
to maximize our sensitivity to im-
pulsive signals with durations of a
few tens of nanoseconds. Figure
from [264].
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converters (DACs) controlled by the FPGA, then a zeroth-level (LO) trigger is issued. The
LO trigger thresholds are adjusted in real time to keep the final global (L3) trigger rate at
50 Hz; for ANITA-IV, this typically put the LO trigger rate between 5 MHz and 6 MHz.

L1 TRIGGER

Whenever a zeroth-level trigger is issued, the Triggering Unit for Radio Frequencies (TURF)
checks for a first-level (L1) trigger. An L1 trigger is issued if both the LCP and RCP chan-
nels from a single antenna fire within 4 ns of each other. This is motivated by the use of
LCP & RCP since a perfectly linearly polarized signal, along any axis, should be equal
magnitude in both channels (and therefore meet the requirements for an L0 trigger in

both channels).

L2 TRIGGER

A second-level (L2) trigger relies on the coincidence of at least two L1 triggers within a
single phi-sector. With three antennas in each phi-sector, there are three possible combi-
nations of coincidences: top-middle, top-bottom, and middle-bottom. Before checking
for a coincidence, the TURF delays the signals from the middle and bottom rings by 4 ns
in order to bias agaznst triggering on plane waves coming from above the payload (that
would trigger the top and middle rings first), and are not expected to be science signals.
The temporal width of the allowed coincidence window is different for each antenna-
pair: it is 12 ns wide for a top-bottom trigger, 8 ns wide for a middle-top trigger, and
4 ns wide for a middle-bottom trigger. The motivation for these time delays is shown in

Figure 3.13. These different window lengths and delays are chosen in order to preferen-
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tially trigger on signals that are incident from below the payload, where we expect all of

ANITA’s science signals to be located.

T
Figure 3.13: A diagram demonstrating the origin
of the different time delays for top-
middle, middle-bottom, and top-
M bottom triggers to preferentially
trigger on signals that are coming
B from below the horizon. [264].
I
0
L3 TRIGGER

A rop-level (L3), or global, trigger is issued if two L2 triggers are issued in adjacent phi-
sectors within 10 ns. If an L3 trigger is issued, the digitized signal for all 96 channels is
read out and processed as an event, unless all four storage buffers of the digitizers are full.

If that occurs, the event cannot be stored and the payload has a period of dead time
where no further triggers can be processed until the digitizer buffers are no longer full.
As discussed in 3.2.3, the maximum sustainable global trigger rate for ANITA-IV was
S0 Hz. Therefore, the LO trigger thresholds are continually adjusted so that the global
L3 trigger rate does not exceed 50 Hz in order to prevent completely filling the digitizer
bufters and incurring deadtime (when a potential science signal may be received and then
lost).

MINIMUM-BIAS TRIGGERS

The L0-L1-L2-L3 trigger logic preferentially selects signals that are similar to those ex-
pected from ultrahigh energy neutrinos and extensive air showers. However, during post-
flight analysis, an accurate sample of the background radio environment is needed in or-
der to understand the possibility for anthropogenic backgrounds to “replicate” science

signals. Therefore, each flight of ANITA has taken a set of “minimum-bias” triggers that
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aim to provide an unbiased sample of the background radio environment. These sam-
ples, that contain mostly thermal noise, with some anthropogenic background, act as
our analysis sample of the background noise environment. This is done by triggering the
payload at a fixed rate, roughly 3 Hz, consistently throughout the flight without applying
any trigger condition; these triggers are derived from the GPS PPS signal from ANITA-
IV’s navigational systems. These minimum-bias triggers were used to construct the 2D

noise histogram in Figure 3.9.

3.2.4 DIGITIZER PATH SiGNAL CHAIN

Since the amount of data stored by ANITA is too large to be telemetered to the ground
during the flight, the time-domain voltage of each channel must be digitized and saved
to disk for post-flight analysis. The trigger logic, described in section 3.2.3, determines
whether the current set of waveforms needs to be saved, but the digitizer signal chain
is responsible for performing the digitization and saving the signals to disk. The signal
from the digitizer-trigger split, shown in Figure 3.6, is connected directly to the ANITA-
IV digitizers.

The sampling is done by custom Application Specific Integrated Circuits (ASICs),
designed specifically for the ANITA instrument. ANITA-IV used the Large Analog
Bandwidth Recorder and Digital Order Readout (LABRADOR) design; specifically,
the LAB3 ASICs. Each LAB3 ASIC digitizes eight analog channels with an array of
260 sample long switched-capacitor array (SCA) analog-to-digital conveters (ADCs), which
atanominal sample rate of 2.6 GSa/s, can store a 100 ns long waveform per-channel. The
LAB3 ADC samples each channel with 12 bits of resolution (although the bottom bit is
almost immediately discarded). Due to the fundamental design of switched-capacitor ar-
ray ADCs, the timing between subsequent samples is uneven, which imparts a frequency
response to the ADC that must be corrected in calibration. Unfortunately, the LAB3
ADC:s have a smaller bandwidth compared to the overall 180 MHz to 1200 MHz band-
width of the ANITA signal chain. The LAB3 digitizers are therefore the dominant source
of high-frequency attenuation within the main frequency band, other than intentional
low-pass filters in the signal chain. the LAB3 has a 3 dB point at ~900 MHz, and there-
fore attenuates signals in the top ~1/3 of the ANITA-IV frequency band. A plot of the
frequency response of the LAB3 ASICs, along with the magnitude of the transfer func-

tion, is shown in Figure 3.14.
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Figure 3.14: The measured response of the LABRADOR (LAB3) ASIC used as the primary dig-
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itizer for ANITA-IV. This was measured by sending a high-bandwidth pulse (blue)
through a 4-way split and reading it out on the LAB3 (red). The difference between
these two pulses is shown in the bottom pane. As the signal is sent through a 4-way
split, a perfect digitizer would reproduce a flat —6 dB attenuation. Figure from [265].
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Four LAB3 chips are combined on a single board to form the Sampling Unit for Radio
Frequencies (SURF) board. The SURF coordinates the control of each of the LAB3
ASICs and distributes a 33.3 MHz clock to each LAB (on a ninth ADC channel) that
can be used to correct for timing jitter between each LAB3 ASIC on every SURF.

3.2.5 ATTITUDE DETERMINATION

Like previous ANITA flights, the ANITA-IV payload is free-floating and free-rotating,
and as such the altitude and heading of the payload varies throughout the flight due to
changes in wind speed, atmospheric pressure, temperature, €tc. ANITA requires precise
attitude information so that: (1) we can point back the observed radio signals to locations
on the sky to search for astrophysical sources; (2) we can identify signals that come from
the direction of active bases on the continent and are likely to be of anthropogenic origin;
(3) to discriminate other sources of backgrounds (such as the sun); and (4) to constrain
potential events to different detection channels that may produce a sczence signal as they
can occur from different regions of ANITAs field of view (i.e. extensive air showers vs.

in-ice neutrino signals)

Due to the importance of having accurate attitude and heading information, ANITA-

IV flew multiple redundant attitude determination systems.

GPS

ANITA-IV flew three independent GPS systems, two ADUSs and one G12, that were
designed to be the primary attitude system for the flight. Each ADUS GPS unit had its
own array of four antennas, with an additional antenna for the G12, for a total of nine
GPS antennas. These systems provided an attitude update at roughly 1 Hz throughout
the flight. The ADUSs were the primary attitude system and were used in the ANITA-IV
post-flightanalysis: they each independently reportlatitude, longitude, heading, altitude,
pitch, and roll. The G12, with its single antenna, only reported position and velocity

information.

Due to their resolution and accuracy, the GPS systems were intended to be the primary
attitude system in the absence of any backups. However, in case the GPS units failed,

ANITA-IV flew two backup systems: sun sensors, and a magnetometer.
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Figure 3.15: A plot of the payload heading reconstructed using one of the two ADU5 GPS units,
ADUS5-A, and the suite of sun sensors on ANITA-IV. While the sun sensors were not
used in the analysis since the GPS units did not fail, they did accurately reconstruct
the heading of the payload. Figure from [260].

SUN SENSORS

As ANITA flies in the Austral summer, the sun is always above the horizon and in view of
the payload. With accurate ephemerides for the sun, the relativelocation of the sun on the
sky, measured by the sun sensors, can be used to reconstruct the heading of the payload.
Unlike the GPS systems that provided full attitude information, the sun sensors can only
accurately be used to measure the heading. Since the GPS units did not fail for ANITA-
IV, the sun sensor data was not used in the post-flight analysis. However, a reconstruction
of payload heading from the sun sensors compared against data from one GPS system,

which agree remarkably well, is shown in Figure 3.15.

MAGNETOMETER

In addition to the sun sensors, ANITA-IV flew a magnetometer that measured the in-
stantaneous three-vector of the local magnetic field. With an accurate model of the geo-
magnetic field, it is possible to reconstruct the location of the payload with coarse accu-
racy; this requires an altitude in order to provide a unique solution, which must either
be assumed, or provided from another subsystem (such as the G12 single-antenna GPS).
Similar to the sun sensors, since the GPS antennas did not fail for ANITA-IV, the mag-

netometer data was not employed for any analyses.
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3.2.6 FLIGHT COMPUTER

The ANITA-IV flight computer coordinated the operation of the payload, and was re-
sponsible for gathering data from the various subsystems, writing that data to disk or
telemetry, and responding to commands from ANITA-IV’s ground staft. The ANITA-
IV flight computer was a Compact-PCI (cPCI) single-board-computer, running Fedora
Linux, and mounted in the same cPCI crate as the SURF and TURF boards (so that
they all shared low-latency communication via the cPCI backplane). The flight software,
with lineage from the first flight of ANITA in 2006, is comprised of multiple daemons
that are responsible for different subsystems in the payload: Acqd gathered data from the
SURF and TURF boards and used that data to update thresholds and phi masking set-
tings; GPSd managed the GPS systems and communicated attitude information to Acqd;
Monitord managed the data storage subsystems and ensured data was written to disk;

Prioritizerd controlled the GPU-based prioritizer; etc.

TELEMETRY

ANITA-IV had several different telemetry links to provide downlink & uplink between
the payload and the ANITA-IV ground crew, with different available rates. The five dif-
ferent telemetry subsystems flown by ANITA-IV were, in order of decreasing data rate:

1. The Line-of-Sight (LOS) transmitter was used when the payload was in direct view

of McMurdo Station just after launched and had the highest overall data rate.
2. Iridium OpenPort is a satellite telemetry system with data rates up to 128 kbps.
3. NASA Tracking and Data Relay Satellite System (TDRSS)—fast subsystem.

4. NASA Tracking and Data Relay Satellite System (TDRSS)—slow subsystem.

5. Iridium low-rate satellite telemetry.

PRIORITIZER

Due to the amount of data stored by ANITA-IV, it was impossible to telemeter it down
to the ground during the flight; therefore, the storage disks must ideally be recovered.
However, if the payload landed somewhere unrecoverable, such as the ocean, or if the

drives were destroyed or failed during impact with the ground, the data may be have been
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unrecoverable. To mitigate the sczentific damage of this happening, a prioritizer was run-
ning continuously throughout the flight, processing events in real-time to determine if
they were likely to be high-quality science events. High-priority events were prioritized
for downlink via telemetry so that they could be backed up on the ground in the case of
full flight data loss.

The prioritizer ran on a Graphical Processing Unit (GPU) and performed a suite of in-
terferometry on each event to determine the peak coherent interferometric image peaks
and coherent Hilbert envelopes. Each event was given an integer priority between 1 and
9 (inclusive), where 1 was the highest priority: a priority of 1-6 was used for normal sci-
ence events; 7 indicated the prioritizer event buffer was close to full; 8 indicated a event
with strong (apparent) continuous-wave interference, and 9 indicated that there was sat-
uration in the SURF digitizers. Since ANITA-IV was successfully recovered, the down-
linked data from the prioritizer was not used in any ANITA-IV analyses.

Figure 3.16: A photo of the ANITA-IV payload after crashing on the continent near the South
Pole. The bottom and middle ring are “sacrificial” and were designed to crumple on
landing to reduce damage to the main instrument box and payload (shown in the

photo). Photo provided by Christian Miki.

DATA STORAGE

ANITA-IV recorded O(10%) events during the flight which required O(4 TB) of data
storage. Since the exact flight time was not known in advance, the storage system for flight

data was sized to store data from the longest possible flight (O(60 days), nearly twice as
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long as the actual flight). In addition, since recovering a full science data set from the
payload was an essential requirement for maximizing science reach, the storage systems
on ANITA-IV were redundant. The primary system was a pair of 8 TB helium-filled
spinning disk drives in a RAID 1 configuration (where the data was duplicated 1-to-1
on both disks simultaneously). In addition, a R AID-0 array of six 1 TB solid state drives,
designed by National Taiwan University (NTU), was accessible via Ethernet and was used
to store a complete backup of the flight data from the helium drives. Both storage systems

survived the flight and were successfully recovered.

3.2.7 BALLOON & FLIGHT

ANITA-IV used a 34H (“34 heavy”) balloon provided by the Columbia Scientific Bal-
loon Facility (CSBF). For an instrument with the mass of ANITA-IV, this provided a
nominal float altitude of ~37 km, decreasing slowly over the flight, using approximately
34 million cubic liters of helium. While the balloon was rated for a maximum nomi-
nal flight duration of 60 days, most Antarctic long-duration balloon payloads have flight
times in the 20-30 day range; all ANITA flights have been in this range, with ANITA-IV
lasting for 28 days.

During the austral summer, a circumpolar wind is present on the Antarctic continent,
so long-duration balloon payloads in Antarctica follow roughly circumpolar orbits (al-
though their latitude can change throughout the orbit). This has the advantage of allow-
ing long duration flights around the South Pole where the payload stays above the ice (since
the payload and science data is not recoverable if it lands in the ocean). When the decision
to terminate a flight is made, the payload detaches from the balloon, ejects a parachute,
and (hopefully) lands with minimal damage to the main payload. However, the bottom
two rings of antennas were designed to crumple during landing and help protect the rest
of the payload from significant impact damage. The complete flight path of ANITA-IV,
which completed nearly three loops around the continent is shown in Figure 3.17 and a
photo of the crashed ANITA-IV, showing the crumpled “sacrificial” antennas, is shown
in Figure 3.16.
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Ice thickness (m)

—Flight Path - First Loop
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Figure 3.17: The flight path taken by ANITA-IV during its 28 day flight. Each successive loop
around the continent is drawn in a different color. Figure taken from [260].

3.3 SCIENTIFIC RESULTS

During its four successful flights, ANITA performed a variety of science investigations,
beyond its origin goal of searching for ultrahigh energy neutrinos via the Askaryan effect.
section 3.3.1 presents ANITA’s diffuse ultrahigh energy neutrino limits, section 3.3.2
presents ANITA’s measurements of the difftuse UHECR flux, and section 3.3.3 reviews
several anomalous and near horizon events observed by ANITA, which will be the focus

of much of this dissertation.

3.3.1 LIMITS ON THE DIFFUSE NEUTRINO FLUX

ANITA has not definitively discovered a flux of ultrahigh energy neutrinos (i.e. a 50
significance) but each flight of ANITA has set increasingly stronger limits on the diffuse
ultrahigh energy neutrino flux, ANITA’s original science goal.

The prototype flight of ANITA, ANITA-lite, lasting 18.4 days, was able to immediately
rule out several classes of neutrino production models [266, 267, 268]. In particular, the

Z-burst process was completely ruled out. In this process, ultrahigh energy (2 10**¢eV)
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Figure 3.18: The differential limit on the ultra-

high energy neutrino flux set by the
ANITA prototype, ANITA-lite,
and the first full flight, ANITA-L
Even with its original 18 day,
ANITA-lite and ANITA-I were
able to rule out a whole class of
models, including a range of GZK
v models (shown in the figure).
Figure from [266, 107]

neutrinos annihilate with cosmic background antineutrinos (7, ~ 1.9K) to generate a

79 vector boson, via v — Z°, that will then decay to produce UHECRs within the

GZK horizon of Earth [268].
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Figure 3.19: The differential limit on the ultra-

high energy neutrino flux set by the
latest ANITA flight, ANITA-IV,
along with the combined ANITA
limit from all four flights, along
with limits from the IceCube and
Auger observatories. Also shown
are predictions for the GZK neu-
trino flux (grey band).  Figure
from [87].

The differential limit on the diffuse flux set by the first flight of ANITA, ANITA-I, is
shown in Figure 3.18. ANITA-I, with only a 18 day flight, set the strongest limits on this

flux, at the time, from 3 x 10'® eV (below which RICE set a stronger limit [159]) up to
~10% eV (above which FORTE set a stronger limit [269]) [107].

In one 18 day flight, ANITA-I was also able to rule out a variety of strong source evolu-

tion models, including models that saturate all bounds, that predicted between 1 and 10
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events for ANITA-T’s sensitivity [270, 271, 272]. Each successive flight has continually
set a stronger limit on the ultrahigh energy neutrino flux, and ruled out additional neu-
trino production models. The latest limit, set by ANITA-IV, is shown in Figure 3.19. As
of the ANITA-IV flight, the combined ANITA limit is the strongest above 4 x 10 eV
below which the long livetimes of the IceCube and Auger observatories set a stronger
limit [87, 240].

3.3.2 MEASUREMENTS OF THE DIFrUse UHECR Frux
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Figure 3.20: 7op: The exposure of ANITA-I to reflected UHECRs (black) with the range given
by model uncertainties in green. Bottom: The UHECR flux measured by ANITA-I
(red) compared against measurements from Auger and Telescope Array. ANITA-
I’s first measurement, using reflected UHECRS, is completely consistent with other
measurements of the flux. Figure from [273].

The first flight of ANITA observed a population (16) of horizontally-polarized impul-
sive radio signals distributed across the continent away from known sources of anthro-
pogenic radio signals. As discussed in section 3.1.2, the geomagnetic radio emission from

UHECRSs should be strongly horizontally polarized due to the mostly vertical orientation
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of the geomagnetic field near the poles. A later analysis of these events by the ANITA
collaboration determined that they are consistent with UHECRS reflecting off the ice
surface. This was the first direct detection of reflected cosmic ray radio signals [273].
This post-flight analysis by the ANITA collaboration, including detailed cosmic ray
simulations, used this sample of UHECRs to calculate the exposure of ANITA to UHE-
CRs and perform a measurement of the UHECR flux between 1 EeV and 10 EeV. The
exposure of ANITA to UHECRs is shown in Figure 3.20a while the flux estimate, com-
pared against measurements by TA and Auger, is shown in Figure 3.20b. While ANITA’s
exposure to UHECRs is dwarfed by experiments like Auger, ANITA’s UHECR flux

measurement was consistent with that of Auger within experimental uncertainties [273].

3.3.3 ANOMALOUS & NEAR HORIZON EVENTS
ANITA-I & ANITA-III ANoMaLoUs EVENTS

ANITA-Tand ANITA-III observed a pair of impulsive horizontally polarized signals, typ-
ical of extensive air showers, but with an inverted polarity compared to the broader sample
of normal cosmic ray events [258]. As discussed in section 3.1.2, down-going UHECRS,
whose geomagnetic emission reflects off the ice surface and appear to be incident from
below the horizon, pick up a polarity reversal due to the air-ice Fresnel coefficient for
horizontally polarized signals. The polarity reversal provides a unique method for dis-
tinguishing reflected radio signals from those created by upgoing extensive air showers.
The two events, one observed in ANITA-I, and one observed in ANITA-III, each had
polarity consistent with an #pgoing extensive air shower. The waveforms for the ANITA-
III anomalous event, Event 15717147, is shown in Figure 3.21 along with the waveform
from a normal zbove-horizon UHECR (Event 39599205).

As discussed in section 3.1.4, upgoing extensive air showers are expected from Earth-
skimming v,’s that produce 7-leptons that then decay in the air; this was initially pro-
posed as a physical explanation for these two non-inverted cosmic ray-like events. How-
ever, both of these events were observed at steep angles below the horizontal, —36° and
—27° respectively, where the v, flux is expected to be strongly suppressed due to the large
Earth-crossing grammage at these angles [258]. An initial analysis of these events under
a ; hypothesis found that they were in strong tension with tau neutrino flux limits set
by IceCube and Auger; the implied flux necessary to create these events, given the strong

attenuation at these steep emergence angles, is two orders of magnitude above current
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Figure 3.21: The waveform for the anomalous steeply upgoing event from ANITA-III, Event
15717147, compared against a regular above-horizon UHECR from the same flight,
Event 39599205. Despite the left event being from —30° below the horizon, and the
right event being from ~3° above the horizon, they have the same polarity (zegative
in this representation). Figure from [258].

neutrino limits [259]. The exposure of ANITA-I and ANITA-III to a v/, flux compared
against neutrino limits set by Auger, IceCube, and ANITA’s Askaryan channel is shown
in Figure 4.1.

A range of alternative explanations have been proposed for these events; some of which
are “Standard Model”-compatible (SM) hypotheses while others are “Beyond Standard
Model” (BSM). For Standard Model-compatible hypotheses, Shoemaker et al. recently
proposed that subsurface ice reflectors may be able to reflect the cosmic ray signal with-
out the corresponding polarity inversion [274]. However, a follow-up analysis by the
ANITA collaboration, with detailed finite-difference time-domain (FDTD) electromag-
netic simulations based on ANITA and HiCal measurements, disfavors the subsurface
reflector hypothesis [275]. In addition, it was recently shown that the coherent tran-
sition radiation from the otherwise electrically neutral transverse geomagnetic current
passing from air into the ice can potentially produce impulsive radio signals with the same
polarity as upgoing extensive air showers. However, further work is needed to deter-
mine whether this process can reproduce the cosmic ray-like signals observed for each
of these events [276]. There have also been a host of BSM theories, including: non-
thermal dark matter [277]; leptoquarks [278]; R-parity violating supersymmetry [279];
dark axions [280]; and others [281, 282, 283, 284, 285]; but significantly more evidence

is needed for any of these hypothesis to become significant.
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Figure 3.22: A comparison between the decon-

volved electric-field waveform of an
anomalous horizontally-polarized
cosmic ray-like event, Event
4098827, and a similar reflected
UHECR event, Event 36785931.
Despite Event 4098827 also coming
from below the horizon, it has an 7n-
verted polarity compared to Event

; ‘ b 36785931. Figure from [257].
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time, ns

ANITA-IV Near HorizoN EVENTS

event # |mm dd hh mm ss | Apparent source location | elev. angle® | horizon angle?| azimuth Payload location Type®| Energy?
UTC 2016 Lat.°,Lon.°, alt., m degrees degrees degrees | Lat.®, Lon.’, alt.,, km EeV
4098827 | 1203 10 03 27 -75.71,123.99, 3184 | —6.174+0.21|-5.924+0.020| 337.70 (-80.157, 131.210,38.86| NI |1.540.7
9734523 | 1205125540 | -71.862, 32,61, 19000° | —5.64£0.20| —5.95+0.020| 2.01 -80.9, 31.6, 39.25 AH

19848917| 1208 114454 | -80.818,-79.87,758 |—6.71£0.20|—6.06:0.020| 194.34 | -76.66, -72.86,38.97 | NI |0.9+0.5
50549772| 1216150319 | -83.483,14.73,2572 |—6.73£0.20|—5.924+0.020| 234.08 | -81.95,47.29,38.52 | NI |0.8£0.3
51293223 | 1216190808 | -74.800, 11.43, 18600° | —5.38 £0.24| —5.854+0.020| 306.45 -81.7,39.2,37.53 AH
72164985| 122206 28 14 -86.598,0.35,2589 | —6.12£0.10| —5.934+0.020| 140.03 | -86.93,-104.29,38.58 | NI |3.9+£25

Figure 3.23: The parameters of the four anomalous near-horizon events, as well as two above-
horizon stratospheric cosmic-ray-like events, observed by the fourth flight of

ANITA.

In addition to the steep events observed in ANITA-I and ANITA-III, ANITA-IV
observed four extensive air showers, from below the horizon, with polarity consistent
with upgoing extensive air showers [257]. However, unlike the ANITA-I and ANITA-
III events, these were observed very close to the horizon, < 1°, where the attenuation of
the v, flux is small and we expect ANITA’s v/ sensitivity to be maximized (to first or-
der). The parameters of these events, along with two above horizon stratospheric UHE-
CRs also detected by ANITA-IV, are shown in Figure 3.23. Events 4098827, 19848917,
505498772, and 72164985 are the “near-horizon events” that reconstruct below the ap-
parent horizon but do not show any evidence of a polarity flip due to a surface reflection.
The waveform of one of the ANITA-IV near horizon events, Event 4098827, compared
against a regular inverted cosmic ray, Event 36785931, is shown in Figure 3.22.

These new events, very close to the horizon, have the potential to be the first exper-
imental detection of ultrahigh energy tau neutrinos or an entire new class of currently

unknown events for ANITA. The remainder of this dissertation presents a simulation
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and analysis of these four near horizon events to determine if they are consistent with a

v; hypothesis, and identify what claims ANITA can make given the detection of these
four events in ANITA-IV.
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Chapter Summary

1. ANITA is an Antarctic long-duration balloon radio neutrino telescope.

2. ANITA is primarily sensitive to four distinct sources of radio emission from
astrophysical particles: (1) the (original) in-ice Askaryan channel from UHE
neutrinos; (2) the reflected emission from down-going UHECRS; (3) the di-
rect emission from atmosphere-skimming stratospheric UHECRs; and (4)
the upgoing emission from extensive air showers produced by the decay of

a T-lepton from an Earth-skimming tau neutrino.

3. ANITA detects these radio signals using an array of 48 dual-polarization
quad-ridged horn antennas with a nominal bandwidth of 180 MHz to
1200 MHz.

4. Each flight of ANITA has set progressively stronger limits on the diffuse ul-
trahigh energy neutrino flux and ruled out a variety of neutrino production
models. As of the last flight, ANITA sets the strongest limit on the UHE
neutrino flux above 19.4 €V up to O(10* eV) where lunar neutrino exper-

iments become more sensitive.

5. ANITA has also collected a sample of more than 60 UHECRs and has used
these to perform a measurement of the UHECR flux between 1 EeV and
10 EeV, although ANITA’s overall exposure is not competitive to that of
Auger or Telescope Array.

6. ANITA-Tand ANITA-III each observed a pair of steeply upgoing extensive
air shower events with polarity consistent with an above-horizon extensive
air shower. While originally hypothesized to be 7-lepton induced air show-
ers, the steep emergence angles of these events strongly disfavors a tau neu-

trino hypothesis.

7. ANITA-IV also observed four cosmic ray-like events with polarity consis-
tent with an upgoing extensive air shower; however, unlike the steep events
in ANITA-I and ANITA-III, these events were observed very close to, but
below, the horizon. As these events are observed close to the horizon, where
the attenuation of the neutrino flux is small, they have the potential to be

the first experimental detection of ultrahigh energy tau neutrinos.
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The fourth flight of ANITA (ANITA-IV) observed four below-horizon cosmic ray-like
events that have non-inverted polarity - a 3.2 o fluctuation if due to background [257] (Fig-
ure 4.2). Unlike the steeply-upcoming anomalous events of this type reported in two pre-
vious ANITA flights (~ 30° below the radio horizon) [258, 286], all of the ANITA-IV
anomalous events were observed at angles close to the horizon (S 1° below the horizon).

A Standard Model explanation originally proposed for the steeply upcoming events
from the first and third ANITA flights (ANITA-I and ANITA-III, respectively) was
skimming v; interactions in the Earth producing 7 leptons that escape into the atmo-
sphere, subsequently decaying and producing an upgoing extensive air shower (EAS)
mimicking the signal of a cosmic ray. While this origin was initially considered to be un-
likely due to the attenuation of neutrinos across the long chord lengths through Earth at
these steep angles, several analyses have studied the v/;-origin hypothesis for these steeply
upgoing events [258, 287].

These analyses have studied two different astrophysical assumptions, with varying de-
grees of accuracy: (1) that the events were due to a diffuse isotropic flux of ultra-high en-
ergy (UHE) neutrinos; and (2) that the events were from transient UHE neutrino point
sources that were active or flaring during each flight (using a toy simulation).

Under the diffuse hypothesis for the ANITA-I & ANITA-III anomalous events, a
prior analysis by the ANITA collaboration [259, 288] implied a diffuse neutrino flux
limit that is in strong tension with the limits imposed by the IceCube [289] and Pierre
Auger [123] observatories (Auger). A figure comparing the exposure of ANITA-IV against
Auger and IceCube from one of these earlier preliminary analyses is shown in Figure 4.1.

This discrepancy is strongly influenced by the large attenuation experienced by any UHE
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neutrino flux at these steep emergence angles (i.e. a large Earth crossing chord length),
driving up the flux necessary for ANITA to have seen two events across two cosmic-ray-
sensitive flights (as mentioned in Chapter 3, ANITA-IT had limited sensitivity to air show-

ers).

A preliminary follow-up analysis by the ANITA collaboration estimated the sensitivity
of ANITA to v, point sources in the direction of the ANITA-I and ANITA-III anoma-
lous events to investigate the possibility that a point-like neutrino source could be respon-
sible for these events. This analysis bounded the instantaneous point source effective area
to < 2.2 m? for the ANITA-I event and < 0.3 m? for the ANITA-III event [290], but
this calculation was done using a simple preliminary simulation, and was not extended to
cover ANITA’s full field of view (i.e. they were only calculated for the directions of the
specific events in question) These values are significantly smaller than Auger’s v, point
source peak effective area to /- of 1 x 10% to 3 x 10° m? for energies above 10'7 eV and

are also in strong tension with point-like neutrino limits set by Auger [93].

A number of alternative hypothesis have been proposed to explain the ANITA-I and
ANITA-III anomalous events. These range from Beyond Standard Model (BSM) physics [277,
278,279, 281, 280, 282, 283, 284, 285] to more mundane effects such as transition ra-
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diation of cosmic ray air showers piercing the Antarctic ice sheet [276] and subsurface
reflections due to anomalous ice features [274], although the latter has recently been ex-
perimentally constrained by the ANITA collaboration [275].

ANITAs sensitivity to the 7 EAS channel is highly directional and is expected to be
maximal near the horizon where it is likely to be orders of magnitude larger than for the
steeply upgoing angles of the ANITA-I and ANITA-III events due to the significantly
reduced flux attenuation at the shallow skimming angles near the horizon. This opens the
possibility for an Earth-skimming v, explanation for the ANITA-IV events (that occur
extremely close to the horizon) while potentially significantly reducing the tension with
limits set by Auger and IceCube for the ANITA-T and ANITA-III events [287].

The previous simulations of ANITA sensitivity to the tau air shower channel focused
on diffuse fluxes and suffered from limitations in the accuracy of some of the models used
in each simulation [259, 288]. For this reason, the ANITA collaboration used these tools
to report upper bounds or estimates on sensitivity, as opposed to a full calculation.

In this chapter, we present the development of a completely new simulation toolchain,
TAPIOCA, to more accurately estimate ANITA’s sensitivity to diffuse and transient point
source fluxes of UHE neutrinos. This simulation improves on almost all aspects of the
previous “upper-bound” simulations while also acting as a completely independent cross-
check of these earlier results. We use this simulation toolchain in the next chapter, Chap-
ter 5, to investigate the near horizon events as potential tau neutrino detections, and again
in Chapter 6 to search for potential associations between these events and astrophysical
neutrino point sources. The work contained in these two chapters was originally pub-
lished in Physical Review D, as the paper “Analysis of a tau neutrino origin for the near-
horizon air shower events observed by the fourth flight of the Antarctic Impulsive Transient

Antenna”, but has been expanded upon and revised for this dissertation.

4.1 ANITA-IV ANomAaLOUS EVENTS

While ANITA was originally designed to detect the Askaryan emission from in-ice UHE
neutrino interactions, ANITA is also sensitive to the geomagnetic radiation emitted by
ultrahigh-energy cosmic ray (UHECR) induced extensive air showers (EAS) as they de-
velop in the atmosphere. As an extensive air shower evolves in the presence of the Earth’s
magnetic field, charged particles in the shower are accelerated via the Lorentz force, creat-

ing a time-varying transverse current within the shower. This transverse current generates
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an impulsive electric field whose polarization is transversely aligned with the orientation
of the Earth’s magnetic field. Over Antarctica, the Earth’s magnetic field is primarily ver-
tical, resulting in predominately horizontally-polarized emission from an EAS [291].

Typical air shower events observed by ANITA are classified into two categories: (1)
direct UHECR events that reconstruct above the radio horizon (i.e. ANITA observes
the emission directly from the shower at it develops in the atmosphere); and (2) reflected
UHECR events where ANITA observes the radio emission from air showers after the
radio emission has reflected off the surface of Antarctica (these must therefore reconstruct
below the horizon).

Along with their reconstructed direction, events are also typically classified as direct
or reflected by the polarity of the received electric field. For a unipolar waveform, the
polarity is determined by the sign () of the impulse. For bipolar waveforms, the po-
larity is typically indicated by the order of the two primary poles (i.e. +,— or —, +).
Due to the Fresnel reflection coefficient at the air-ice boundary, reflected EAS signals
have an inverted polarity with respect to the signals observed directly from an EAS with-
out reflection [273]. Polarity, which is related to the sign of the electric field impulse, is
distinct from polarization, which describes the geometric orientation of the electric field
and is used to separate EAS events from in-ice Askaryan neutrino events. Over its four
flights, ANITA has observed seven direct events and 64 reflected UHECR events [256,
273,257].

ANITA-IV also observed four extensive air shower-like events that have the same po-
larity as the direct events (i.e. non-inverted == non-reflected), but reconstruct below
the horizon. These four events therefore appear to be upward-going air showers emerg-
ing from the surface of the Earth, but unlike the ANITA-I and ANITA-III anomalous
events, the ANITA-IV events reconstruct near to, but below the horizon (< 1°) [257].
As shown in Table 4.1, ANITA’s angular uncertainty for these events is ~ 0.2°, placing
these events typically 2 1o to 40 below the horizon.

The significance of finding 4 events with a polarity inconsistent with their geometry
out of the 27 air shower events with a well-determined polarity is estimated to be greater
than 30, when considering the possibilities that: the events could be an anthropogenic
background; that there might be an error in the reconstructed arrival direction; and that
the polarity might be misidentified [257]. The probability distribution of the true num-
ber of non-inverted EAS-like events from one of the two Monte Carlo simulations used

to evaluate the above significance is shown in Table 4.2. The most probable number of
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4.1 ANITA-IV Anomalous Events

true signal events, under the above background possibilities, is 3 with total probability
density of 0.7 (against the probability of observing 0, 1, 2, or 4 signal events mixed with

anthropogenic or cosmic ray backgrounds).

4.1.1 CALCULATION OF EVENT SIGNIFICANCE

The calculation of the significance of observing these four events, reported in [257] as
(3.3 £ 0.5)0, was first performed in [257], but was reproduced as part of this analysis.
This calculation was performed using a toy Monte Carlo simulation that allowed these
events to come from three possible sources of background: (1) an anthropogenic back-
ground event that leaked into our signal sample; (2) an above horizon cosmic ray that has
been reconstructed to below the horizon; and (3), that this an inverted (reflected) cosmic
ray whose polarity has been misidentified. The method of this simulation is presented
below.

For each Monte Carlo trial, we:

1. Throw for a random chance that the event is actually an inverted event with a
misidentified polarity. The chance of polarity flipping was studied during the ini-
tial ANITA-IV analysis by a careful study of our signal processing and deconvolu-
tion methods [257].

2. Throw for a chance that the event is actually from above the horizon, assuming a
normal distribution of probabilities given the pointing uncertainty on each specific

event.

3. Draw for a random chance that this event is one of our anthropogenic background
events, using a Poisson-like distribution of the background leakage into the cosmic

ray sample calculated by one of the ANITA-IV search analysts.

4. Combine these three background sources and calculate the number of these four

near horizon events that survive as “non-background”.

Repeating this process many times, storing the signal event count at each trial, results
in the distribution shown in Figure 4.2.
While the significance of the observed anomalies do not clearly distinguish these events

from possible backgrounds, in this study we consider the hypothesis that these events may
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10° T

Figure 4.2: The probability density
distribution (i.e. normal-
ized event density) for

the true number of near-

horizon anomalous events
observed by ANITA-IV
under the assumptions 102 - - - —
of the toy Monte Carlo . E =
simulations described
in [257]

Density

-3
10 0 1 2 3 4

Number of Anomalous Events

Event Time (ISO 8601) (60 — 0p) (deg.)
4098827 2016-12-03T10:03:27Z  -0.25+0.21°
19848917 2016-12-08T11:44:54Z  -0.6540.20°
50549772 2016-12-16T15:03:192  -0.814+0.20°
72164985 2016-12-22T06:28:14Z  -0.19+0.10°

Table 4.1: The time of each observed event along with the reconstructed elevation angle of the
shower, 8, below the radio horizon, 6. All events are observed within 1° of the radio
horizon and are all greater than 1o from the horizon.

be due to a tau neutrino interaction inside the Earth that creates an exiting 7 lepton and

analyze these events under this hypothesis.

The observed event parameters for the ANITA-IV anomalous events, reported in [257],
are shown in Table 4.1 where 0 is the elevation angle of the observed radio-frequency di-
rection and 0 is the elevation angle of the radio horizon. To delineate each event in the
remainder of this dissertation, without repeating the full event numbers, we will often
refer to each event using its unique three number prefix followed by “xx”, (i.e. 409xx,
198xx, 505xx, and 721xx).
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4.2 Theory of Particle Telescopes

4.2 THEORY OF PARTICLE TELESCOPES

In this section, we present the theory of the sensitivity and acceptance of particle tele-

scopes to both diffuse and point source fluxes of particles.

The number of events detected by a particle telescope can be as expressed as [292]:

to+T o7}
N:/ dt/d&-fw /dw/ dE Poy(E, 3,70, t) F(E, 3, 7u,t)  (41)
to S Q 0

N = the total number of particles detected by the telescope,

t = time,

to = the starting observation time,

T = the total observation time,

S = a reference surface through which all particles detectable by this telescope
must pass through,

do = a differential element of surface area on S,

T = a unit vector pointing in the direction of the normal to dw

Q = the total domain of incident solid angle seen by the reference surface,

dw = a different element of solid angle seen from the reference surface,

E = the energy of the incident particle,

Py = the probability of detecting a particle with the given parameters,

F = the spectral intensity of particles (eV ! cm™?sr~!s71),

dc - 7, = the projected element of area looking along w.

The energy spectrum of detected events is therefore

AN [T
dt

- / dé -, / dw Pys(E, 3,70 t) F(E,G 70 t)  (42)
dE t S Q

0

and the corresponding rate of detected events per unit energy as:

d*N
dEdt

:/dﬁ-fw /dw Py (E, G, 7y,t) F(E,G,7,,t) (4.3)
s Q
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4 Simulating the Sensitivity of ANITA to T-induced Extensive Air Shower

4.2.1 DIFFUSE & [soTROPIC FLUX

For an isotropic time-independent particle flux, F (E), this is typically separated into two
components: the acceptance (expressed in units of cm? sr) of the particle telescope and

the spectral intensity of the flux:

&N
dEdt

F(EB) /S 0 -7, /Q dw Pos(E, 7o, t) = F(E)AQ(E, ) (4.4)

J/

Acceptance

where (AQ) (E, t) is the acceptance of the particle telescope. The first term in the ac-
ceptance is calculating the effective flux of particles through the reference surface, while
the second captures the probability that these particles are detected by the telescope. By
separating out the acceptance integral (which is often computationally expensive to cal-

culate), we can easily evaluate the differential event rate efficiently for arbitrarily many

F(E).

4.2.2 PoIiNT SOURCE FLUX

For a flux of particles that can be treated as a poznt source with respect to the particle tele-

scope, we express the flux from a fixed sky direction, 7, as

F(t,B,7)) = / 4087 — 7,) F(t, E, 7). (45)

where § (7 — 7)) is a Dirac d-function on a spherical surface with units of inverse stera-
dians. In this case, F" has units of eV~ cm™2 s~! (note the missing steradian compared
to F. Many likely candidates for astrophysical point sources are also not expected to
be time-independent so we explicitly include the time-dependence that was dropped in

Equation 4.4. This results in a differential event rate of

d*N
dEdt

F(t,Ey i) / 05 - 7oy Pan(B. 670 t) = F( B, i) A, 17) (46)
S

vV
Effective Area
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4.2 Theory of Particle Telescopes

where A(E, t, 7,) is known as the effective area of the particle telescope and has units
of area (as opposed to area-steradians for the diffuse acceptance). Since the acceptance,
(AS), can be calculated, a posteriori, by numerically integrating the effective area direc-
tion, 7, over solid angle, it is common to directly evaluate, and save, the effective area (as
opposed to bypassing the effective area and directly calculating the acceptance).

Given an astrophysical model for the incident particle flux, the total spectral rate of
events can easily be calculated if the effective area, A(E, t, 7, ), or acceptance, (AQ) (E, t),
is known (for point source and diffuse fluxes, respectively). Typically, the effective area of
a particle telescope can only be analytically calculated for the simplest geometries and so
requires numerical evaluation. Furthermore, due to the complexity and (almost always)
stochastic nature of the sensitivity of most particle telescopes to individual particles, per-
forming a direct numerical integration is computationally intractable, so the effective area

is almost exclusively calculated using Monte Carlo integration technigues.

4.2.3 MONTE CARLO EVALUATION OF THE EFFECTIVE AREA

For Monte Carlo evaluation, we consider a differential element of the effective area inte-

gral:

dA = dA - iy Py (E, o, s, 1) (4.7)

This can be easily evaluated with a standard Monte Carlo integration technique using

the following algorithm:

1. Choose a random point on the reference surface, S. We take 7o as the unit-length

normal vector to the surface at this point.

2. Choose a random particle direction, 7,,, from the range of solid angle that is de-
tectable by the particle telescope. 7, must be sampled such that equal solid angle

has equal probability.

3. Calculate the observation probability, Py, for this combination of 72 and 7',. This
typically requires simulating the detector response to the given input particle, and
is almost always a stochastic function of the particle type and 7 and 7',. Therefore,
we typically approximate P, with a binary function such that the average over

many Monte Carlo trials converges to the true value of Pys.
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4, Evaluaten - 7, P.,.

5. Repeat, sum the results, and divide by the total number of trials.

In this case, Py, is calculated implicitly from the average over repeated Monte Carlo
trials by checking for a trigger in step (3) during each trial. For the simple case where
incident particle directions are chosen from the full 47 steradians over a surface with ge-

ometric area A, this Monte Carlo evaluation using M trials can be expressed as:

ArA X
M

i

A(E, t) ~ f@ . TALl Pobs<Ei7 ﬁi, 721', t) (48)
For many particle telescopes, particles are only incident from one side of the reference
surface, in which case trajectories are drawn only from 27 in solid angle. In this case,

Equation (4.8) can be written as

A &
A(B.t) = == -1 Pa(Br, 2, i, ) (4.9)

Lastly, for many experiments, the integral (in this case, the sum) over r; - 7; can be per-
formed analytically, before the Monte Carlo evaluation. Ignoring this projection factor,
incident particle trajectories must be sampled uniformly in solid angle i.e. o< cos #, where
6 is a spherical coordinate system centered at the differential area element, d&, in ques-
tion. Now, consider the integral over do in Equation 4.6. The contribution of incident
directions at the differential element is weighted by F(w), but also by the cos § factor
from do - ¥ = cosfOdo. The weighted distribution of particle trajectories, in spherical

coordinates, therefore becomes

1
cos OF (w)d cos Odp = 5.7:(w)d cos® Odp (4.10)

Therefore, the distribution of trajectories sampled during the Monte Carlo evalua-
tion can be improved: if F(w) o 1, ie. an isotropic flux, we choose random particle
trajectories in cos? 0; if F(w) o cos” 6, then choose random trajectories according to

cos>T™ 0 [292].

This allows us to rewrite Equation 4.9 as
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4.2 Theory of Particle Telescopes

A
A(E, t) ~ WM Z Pops(Eiy i Ty 1) (4.11)

Where, unlike Equation 4.11, trajectories must be sampled uniformly in cos® 0, unlike
the traditional cos ¢ for sampling uniformly in solid angle. This is an extremely simpli-
fied form of importance sampling where more trajectories are sampled that would have a
higher weight in the Monte Carlo sum, r; - 7;, allowing the simulation to more accurately
capture the distribution (given the same number of samples). Where P, is complicated
or expensive to evaluate (as is often the case), changing the sampling strategy in this way

can significantly speed up evaluation of the integral.

4.2.4 GEOMETRIC EFFECTIVE AREA AND GEOMETRIC ACCEPTANCE

To assist in understanding the different contributions to A, the effective area (or accep-
tance) of a particle telescope is sometimes separated into a geometric component and an
efficiency. The geometric component is calculated using a simple model for the efficiency,

P, such that:

0 , the particle is not detectable.

1, the particle is potentially detectable.

where the condition for detectability is chosen such that 4/l events that could have a
non-zero Py, pass the detectability cut. The geometric acceptance is therefore the accep-

tance of a perfect particle detector from the detector geometry, alone.

Forafull 47 sensitive particle telescope without the cos® 0 importance sampling desribed
in the previous section, the geometric acceptance, calculated using Monte Carlo integra-

tion, is

arA Y A A
Ay 2Ny D(f i) = == Y i = 274 (4.12)

) i,detectable

Sometimes additional geometric cuts are made to the geometric acceptance in order
to better approximate the effectzve area or acceptance. An example of this for ANITA is
described later in this chapter.

107



4 Simulating the Sensitivity of ANITA to T-induced Extensive Air Shower

Figure 4.3: A diagram of the geometry
and key variables needed
to understand and evalu-
ate ANITA’s sensitivity to
Earth-skimming v. Here

“Detector” is the location
of ANITA at some point
Ice Thickness during the flight. This is
also the geometry assumed

by NuTauSium for propa-

altitude

gating and calculating the
exit 7-lepton fluxes as a
function of angle. Figure

from [259, 288].

4.2.5 EFFECTIVE AREA INTEGRAL FOR ANITA-IV’s SENSITIVITY TO

Tau AIR SHOWERS

For an accurate evaluation of A or (\A(2), an accurate detection simulation must be pro-
vided to calculate Py, for each trial. The remainder of this chapter details the detec-
tion model used in evaluating the above Monte Carlo integral for ANITA’s sensitivity
to Earth-skimming nv; events. The geometry used for this detection channel was previ-
ously shown in Figure 2.14 but is repeated in Figure 4.3 for clarity and easier reference

during the following discussion.

The behavior specific to the observatory is encoded in the function Py (¢, E,, Tg, 7),
which in this case, is the probability that a tau neutrino with energy £, coming from sky
direction 7, whose axis of propagation intersects a point Z on the surface of integration
A (the surface of the Earth for ANITA), at time ¢ is detected by ANITA. The dot product
7'+ accounts for the projected area element in the direction of 7 and ©(7- Z ) accounts
for the fact that we only consider neutrinos propagation axes that exit the Earth in the

observing regions of interest (i.e. no down-going Earth-skimming tau neutrinos).
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4.2 Theory of Particle Telescopes

A description of the function P, for ANITA was first derived for a diffuse fluxin [259,
288] and is extended for neutrino point sources in Equation 4.13. The probability of ob-

servation is decomposed into a convolution of probabilities summarized as follows:

1. The probability, Pey, that a v, with original energy F, undergoes a sequence of

interactions inside the Earth that results in a 7 lepton leaving the Earth.

2. The probability, Pjccy, that the 7 lepton subsequently propagates in the atmo-
sphere and decays before reaching ANITA [290].

3. The probability that the 7 decay creates a shower with sufficient energy to be de-
tectable by ANITA and that the decay point is far away enough from ANITA that
the shower can fully develop before passing ANITA (during the calculation, this is
folded into the next probability below).

4. The probability, P, that the radio emission from this particular shower is suffi-
ciently strong enough to trigger ANITA (and be detected) [293, 259, 288].

All of these factors are combined later in this dissertation (and in the corresponding
simulation) to calculate ANITAs effective area to T-induced extensive air showers (Equa-
tion 4.13) given a v/ of energy F), coming from direction 7, at time ¢ with the 7 exiting

the earth at 7.
Pobs<t7 El/7 727 fE) = / dET Pe;tit(ET | Em Oem)

dsdecay Pdecay Sdecay ‘ E )

d&€ Pg & | EEAS'a Sdecay rl/v)

/
/dEEAS Pras(Epas | Er) (413)
/

Ptrig(fANITA | ga sdecaya 721/)

where:
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4 Simulating the Sensitivity of ANITA to T-induced Extensive Air Shower

E. = the energy of the exiting 7,
Ocmn = the emergence angle of 7 at the surface,
Sdecay = the decay length of the 7,

FEgas = the energy of the extensive air shower,

& = the electric field at the payload,
Zanrra = the location of ANITA,
7, = the incident direction of the neutrino and 7,

Due to the stochastic nature of many of these variables, we use a Monte Carlo approach
to evaluating these various probabilities. In the following sections, we present the vari-
ous models that are used to evaluate the various contributions to these integrals. Some
of the terms in Equation 4.13 are computationally efficient and are evaluated on every
trial (i.e. sampling the 7 lepton decay range), while others are computationally expensive
and would be intractable to (re)calculate for every Monte Carlo trial: for those, such as
the calculation of the electric field from a given tau-decay, we pre-calculate values for the
function over a fixed parameter space and develop parameterizations or lookup-tables of

these terms that can then be used in the full Monte Carlo calculation.

4.3 SIMULATION MODELS

Some of the the models used to evaluate ANITA’s acceptance to tau neutrinos via the
extensive air shower channel were first developed in [259, 290] while others were first de-
veloped in this work. All of the models developed in [259, 290] have been redeveloped
and rewritten as part of this work, in order to improve either their accuracy or computa-
tional efficiency, and to act as an independent cross-check of the earlier “upper-bound”
results from [259, 290]. In the following sections, we present the various models used
in this simulation, with a focus on the new developments that have been made since the

earlier estimates.

4.3.1 TAu LEPTON EXIT PROBABILITY

The exit probability, Pei(E,.,, E;), defined as the probability that an incident tau neu-
trino with energy F,, undergoes a series of tau regeneration interactions that results in a

7-lepton with energy E; leaving the surface of the Earth on the ozher side. This is often
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presented as the marginal distribution, Py (£, ), which has been integrated over the exit
probability of the tau lepton, E-, above some typical threshold.

There are a variety of public Monte Carlo codes available to calculate P,y (E,, , E;) in-
cludingNuTauSim [250], NUPYPRroP [294], NUPROPEARTH [207], PROPOSAL [295],
and others. In this work, we use the NUTAUSIM package, that this author has con-
tributed to, as it captures the key behaviour of Pu(E,, , E;) at the energies and angles
relevant to ANITA, while being significantly faster than other available tools so that it is
possible to generate sufficient Monte Carlo statistics at a range of energies (for reference,
as of the time of writing, NUTAUSIM is approximately two orders of magnitude faster
than NuPyProvr).

We configured NUTAUSIM with the standard (“middle”) UHE neutrino-nucleon cross
section parametrization from [88] and the ALLM energy loss model [296] for the 7 lep-
ton (which are the defaults for this particular propagation code).

To evaluate the probability that a 7-lepton leaves the Earth and decays in the atmo-
sphere, as well as the distribution of 7-lepton energies, for a given exit angle, 6, and neu-
trino energy, F,, the top-level flow of the simulation flow of NuTAuUSIM is shown in
Figure 4.4.

1. Throw for a (random) neutrino neutral current interaction length and charge cur-

rent interaction length.
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2. Propagate the v, through the Preliminary Earth Reference Model (PREM [297]

Earth density model until the neutrino interacts via a neutral current or charged

current interaction.

3. Each interaction type is then handled separately:

* If the interaction was a neutral current interaction, sample the CTEQ-5 in-
elasticity distribution [298] to calculate the energy of the outgoing v/ and

repeat this procedure starting from 1.

¢ If the interaction was a charged current interaction, sample the energy of the
outgoing 7-lepton using the CTEQ-5 inelasticity distributions and move to
4,

4. Throw for a (random) 7-lepton decay time and continue propagation. At each

propagation step, calculate the 7-lepton energy loss using the chosen continuous

parameterization (in our case, ALLM).

S. If the 7-lepton leaves the Earth, save the 7 energy and finish.

Otherwise, at the 7-lepton decay point, use distributions of 7-lepton decay pro-
duces produced using TAUOLA [299] to calculate the energy of the outgoing v;.

Restart this procedure from 1. with this new v/,

A figure showing the tau exit probability at a variety of neutrino energies and emer-

gence
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flux is reduced by a factor of Sx, but the typical reduction for the energies relevant to
ANITA is closer to 50x.

Given a fixed incident neutrino energy, there is significant variation in the energy of
the exiting 7-lepton; this is shown in Figure 4.6. As we will see in Chapter 5, this varia-
tion is directly convolved into the neutrino energy resolution of ANITA. Furthermore,
as the emergence angle increases, the corresponding chord length through the Earth in-
creases; this also increases the average number of regeneration interactions that a v,-7
pair must undergo in order to successfully make it to the other side of the Earth. This
causes the variation in 7-lepton energy to increase significantly as the emergence angle

(i.e. steepness) increases.

Despite being orders of magnitude faster than similar public codes, NUTAUSIM is still
not fast enough in order to be used directly for every TAPIOCA simulation trial. There-
fore, for a discrete number of incident neutrino energies, we propagate O(500 M) inci-
dent neutrinos using NUTAUSIM to generate large lookup tables containing ()(100,000-

1M) detectable 7-leptons per energy bin, while simultaneously calculating the marginal
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4 Simulating the Sensitivity of ANITA to T-induced Extensive Air Shower

distribution, Pu(E,, ). The distributions of exit probability and exit energy calculated
from each of these large simulations are then sampled directly in TAPIOCA to produce an

exit probability and 7 energy for each Monte Carlo trial.

4.3.2 TauLerToN DECAYS

In the ANITA tau neutrino acceptance bounds of [259, 288], a single 7 decay was used
(17 — 7 mov,) with 99% of the energy of the 7 assumed to be distributed across the
showering particles (7 and 7) to seed the air shower, with no stochastic variation in the

neutrino energy to shower energy conversion.

Furthermore, for the prior analysis, a right-handed polarized (positive helicity) 7-lepton
was used in the calculation of P, and in the decay simulations. Reference [288] iden-
tified that 7-leptons from astrophysical tau neutrinos are expected to have a left-handed
polarization (negative helicity). For this work, we regenerated the NuTauSim distribu-
tions using the correct (negative helicity) polarization decay tables, in accordance with the
strong theoretical motivation of [288]. After correcting the helicity, the distribution of
energy among the 7-decay components, and the branching fraction among the second-
order decay channels, was modified on the order of 10% [288]. In addition, to capture
the stochastic variation in the fraction of 7’s energy that goes into showering particles,
and capture the rare electromagnetic 7-decays, we generated a large sample of 7~ decays
with negative helicity using PYTHIA 8.244 [300]. For each sample, we estimated the
total fraction of initial energy that goes into the EAS by excluding neutrinos and muons
from the secondary particles; this is known as the “shower energy”. The resulting fraction
of the original 7 energy transferred to the air shower is shown in Figure 4.7; on average,
40% of the tau’s energy is transferred into showering particles. These stochastic shower

energy distributions are individually sampled in TAPIOCA fOr each Monte Carlo trial.

We also store the average energy of the particles in the most common tau decay mode,
(17 — 7 mov,), so that we can use this later to capture the average electric field from a
typical induced shower (however, as described later, the electric field is naturally scaled to

the shower energy of a specific PY THIA trial when used in the Monte Carlo).
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AIR SHOWER ELECTRIC FIELD MODEL

One of the most significant improvements of this new simulation over previous ANITA
v, analyses has been a completely reworked electric field model for the geomagnetic emis-
sion from the 7-decay-induced extensive air showers.

The electric field of the 7 decay cannot be simulated with standard ZHAireS [293] due
to the unique geometry of the up-going 7 channel and since standard ZHAireS can, by
default, only simulate a single primary particle (and the decay of the 7 typically produces
multiple showering particles). A patch to the standard ZHAireS code was produced by
the ANITA collaboration to calculate the associated electric field in this geometry [259].

However, since ZHAireS cannot simulate 7-lepton decays directly, we use TAUOLA [299]

to calculate the decay products of a given 7-lepton decay. These products are then in-
jected into the simulation using a “pecial particle stack”. The electric field calculation
and shower simulation can then proceed as normal with no change to the radio emission
code (once the above patch has been applied to convert ZHAireS to support the upgoing
geometry).

Due to the extremely-high computation requirements for simulating the electric field
(a single Earth-skimming shower at O(100 PeV) with a few tens of radio antennas takes
between one and three weeks to evaluate on modern processors), it infeasible to directly

simulate every Monte Carlo trial with ZHAireS. Therefore, we use ZHAireS to produce
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Figure 4.8: The variation in the peak
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a large lookup table (LUT) that is then interpolated to generate the electric field spectra
of each trial.

The previous ANITA-I & ANITA-III v, analyses used a simplified version of this elec-
tric field model that only stored the peak value of the electric field, as opposed to the full
electric field waveform or spectrum [293] simulations. These were run at a range of decay
altitude (0 — 9 km in 1 km steps), emergence angles (1° — 35°), and oft-axis view angles,
(0° — 3°) completely covering the amplitude range expected to be detectable by ANITA.
The variation of the peak electric field with off-axis angle and decay altitude used in this
work is shown in Figure 4.8.

For this new work, this model was significantly improved by storing the complete
time-domain electric field waveform instead of just storing the peak value of the electric
field. This new ZHAIRES shower library was then used to produce a pair of 4D lookup-
table (LUT) of electric field from the tau decay shower in terms of (Raecay, Oem, ¥, f) or
(Ndecays Oem, ¥, t) where 0., is the emergence angle of the 7 at the exit location on the
surface, f is the frequency,  is time, ) is the off-axis angle of the observation direction,
and Rgecqy is the altitude of the decay point. (see Figure 4.9 and Figure 4.10 for several
slices of these simulations). The range of parameters for the lookup table were chosen
to cover the entire parameter space that is expected to contribute to ANITA’s effective
area. The spacings of the sample points in the 1, gecqy, and Oe,, spaces were chosen such
that quad-linear interpolation accurately captured the behavior of the function with rel-
atively high accuracy. This field was then used as the primary input to the antenna and

detector model with appropriate scaling to account for the specific shower energy and
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decay-payload distance that was being simulated. We did implement several analytical
scalings and parameterizations that extend the coverage of this lookup-table outside the
range of our simulations, but these were rarely used in any of the simulations in this work.

All showers in the library were simulated with a shower energy of 100 PeV (distributed
across the showering particles in the same ratio as predicted by the PY THIA and TAUOLA
simulations discussed in the previous section). The electric field amplitude for extensive
air showers scale very close to linearly with shower energy across the energy and altitude
range of interest [273, 293], and as such, the electric field for any particular shower en-
ergy can be accurately calculated by scaling the electric field of our 100 PeV simulations
by (Eshower/100PeV).

For every Monte Carlo trial, we wish to evaluate the electric field from the tau decay
at the location of ANITA. hgecqys 02, 1, and Egower are known a priori based upon the
geometric properties of the specific Monte Carlo trial. These parameters are then used
to perform a 4D quad-linear interpolation into the lookup-table to estimate the electric

field at the payload.

4.3.3 DETECTOR MODEL

The previous diffuse v, analysis used a simple detector model that only used the peak
electric field at the payload (with no detector model) and therefore only attempted to
estimate or bound ANITA’s v, acceptance [259]. The most recent analysis used a fre-

quency domain detector model with the following limitations [290]:

1. The beam width of ANITA’s quad-ridge antennas was ignored and it was assumed
that the antennas were uniformly sensitive across a wide range of ANITA’s field of

view.

2. The gain of ANITA’s antennas was approximated as a constant 10 dBi; this is an
overestimate compared to the actual gain of the antennas used in ANITA-IV, which
is rising over much of ANITA’s frequency band and only reaches 10 dBi towards
the higher frequency portion of ANITA’s band. Unfortunately, the discrepancy
between this “constant-gain” model and the measured antenna gain is most signifi-
cant where the electric field from extensive air showers (that peaks around 200 Mhz
to 300 MHz) is largest.
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Figure 4.9: The electric field strength as a function of frequency and view angle with respect to
the shower axis for a specific s/zce through the 4-D lookup table used to evaluate the
electric field (Gem = 5°, Ndecay = 2 km).
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Figure 4.10: ZHAireS-simulated elec-
tric field waveforms for
various view angles for a
specific slice through the
4-D lookup table used to
evaluate the electric field
(Oem = 5% Ndecay
2 km).
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3. An analytical estimate of the antenna temperature was performed that only ac-
counted for thermal noise sources (the ice and sky); this is an underestimate com-
pared to actual flight data that can contain significant anthropogenic contamina-
tion. This analytical antenna temperature estimate also ignored the Fresnel im-

provements discussed in Section 3.2.1.

4. As discussed in Section 3.2.2, ANITA-IV flew programmable notch filters whose
center frequencies were changed throughout the flight. The earlier analyses did not
include models for the TUFF responses and were therefore only able to simulate
ANITA-Tand ANITA-III. The TUFFs caused significant issues with the ANITA-
IV analysis, and negatively impacted ANITA-IV’s cosmic ray acceptance (as the
260 MHz and ~375 MHz notches were located in a region with significant electric

field spectral power from cosmic ray air showers).

For this work, we have developed a completely new time-domain detector model based
on a recent (re)measurement of the impulse responses of all 96 channels in ANITA-
IV [257]. This new detector model improves on all four of the aspects that limited the
accuracy of previous simulations. In addition, this new zzme-domain detector model
directly uses these post-flight calibration measurements, as well as a flight-data driven

noise model, to more accurately simulate the response of ANITA-IV and, as such, is
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expected to have significantly higher fidelity than the assumptions made in the simple
model of [259].

ANITA-IV IMPULSE RESPONSE MEASUREMENTS

During the ANITA-IV EAS and neutrino analysis presented in [257], a detailed calibra-
tion campaign was performed to measure the total time-domain transfer function (im-
pulse response) of every channel and configuration of the ANITA-IV payload, in which
the author of this dissertation was significantly involved, as well as two exceptional under-
graduate students. ANITA-IV had 96 channels (48 antennas each with two polarizations
per antenna) however, the TUFF notch filters were reconfigured several times during the
flight to combat specific radio-frequency interference and therefore empart a flight-time
dependence on the transfer function. These notch filters significantly change the am-
plitude and phase response of each individual channel; 6 different filter configurations
were used throughout the flight for a total of ~600 independent impulse responses that
needed to be measured.

Each of these ~600 independent impulse responses were measured in the University
of Hawai’i anechoic chamber. A photo of one of the antennas used in this measurement
is shown in Figure 4.11 inside the anechoic test chamber.

A high-quality “picosecond pulse generator” was connected to the input of a custom
UH-designed and built transverse electromagnetic (TEM) horn antenna designed to have
an impulsive high-quality wide-bandwidth impulse response. This antenna was placed at
one end of the anechoic chamber, facing an ANITA-IV flight antenna recovered from the
payload. This antenna was connected to the ANITA-IV payload (also inside the anechoic
chamber, but hidden by radio-frequency absorbing pyramids) with an ANITA SFX-500
flight cable, also recovered from Antarctica. The waveforms were recovered using the
ANITA data-acquisition system (DAQ) and processed using the standard ANITA flight
data software.

The waveform that was measured by the payload was the convolution of the pulse
shape of the “picosecond pulser”, convolved with the impulse response of the test TEM
horn, and convolved with ANITA’s impulse response. To back out the contribution of
the pulse generator and the test TEM horn, we built an identical TEM horn and per-
formed separate measurement of the response of a TEM-to-TEM horn. This measure-
ment allowed us to deconvolve the contribution of the pulse generator and the TEM horn

out of the measured ANITA data and generate an estimate of the impulse response of that
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Figure 4.11: An image showing an ’
ANITA flight antenna

(left edge of the image)
across from a dual-
ridged Electrometrics
2 GHz test horn antenna
used in early stages of
the impulse response
(re)measurement of

ANITA-IV.

channel in zhat filter configuration. This process was repeated ~600 times to individual

capture the response of every channel and configuration on the payload.

The payload-wide average of these responses for each configuration is shown in Fig-
ure 4.12. These measurements provide the total time-domain transfer function of each
channel (including antennas, front-end LN As, bandpass filters, notch filters, and second-
stage signal chain). Since the transfer-function, B(t), is a complete representation of the
ANITA signal chain from the antenna to the digitizer, the incident electric field can be

immediately converted into a voltage via

V(t) = h(t) * E(t) (4.14)

where:

V (t) = the time-domain voltage measured by ANITA (in V),

= the time-domain transfer function (in m/ns),

on
—_
~
~— —
Il

the time-domain incident electric field (in V/m),

* = represents linear convolution,
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