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Figure 1: A station diagram of ARA Station 5, including the central phased array trigger string.

1. Introduction

Ultra-high energy neutrinos have a unique ability to carry information about their sources from
the distant universe. While cosmic rays bend in the presence of magnetic fields, neutrinos travel
directly from their sources to detectors, giving neutrino experiments the opportunity to point back at
the specific sources in the universe. IceCube has made significant progress in mapping the neutrino
flux up to a few PeV [13]; however, the higher energy neutrino flux has not yet been detected.

To be sensitive to the higher energy neutrino flux, the radio detection mechanism has been
employed by many experiments, such as RICE [8], ANITA [11], ARIANNA [14], and, covered
in this work, ARA [12]. When neutrinos interact in a dense, dielectric medium such as ice, they
induce a particle shower. Due to Compton scattering and positron annihilation, the shower takes on
a negative overall charge. When this charge travels faster than the speed of light within the medium,
Cherenkov emission occurs, which is coherent for wavelengths greater than the lateral width of the
shower. In ice, the width of the shower is about 10 cm, leading to coherent emission in radio. This
effect, known as the Askaryan Effect, was first theorized in 1961 [1] and was confirmed in 2001 [3].

This work will discuss the status of the most recent ARA analysis and the efficiency improve-
ments made possible by a phased array trigger design.

2. Instrument Description

ARA Station 5, depicted in Figure 1, consists of two separate, but connected, experiments, each
with their own DAQ box and trigger design. The details of each experiment are in the following
sections.

2.1 The Traditional ARA Trigger

All five currently deployed traditional ARA stations share the same design: sixteen antennas
deployed on four strings, buried up to a depth of 160-200 m. The strings for ARA Station 5 are
each separated by 40 m. Events are triggered if three or more antennas register a signal five times
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above the ambient thermal noise level within a time window corresponding to the width of the array.
More details on this trigger design can be found in [12]. ARA Station 5 is additionally equipped
with a secondary beamforming trigger, referred to as the Phased Array.

The traditional ARA channels can also be read out if the phased array (described below)
triggers on an event and the ARA DAQ is not already busy. In this way, there are four possible ways
an event could trigger: only the traditional ARA trigger; only the phased array trigger; both systems
triggering separately on the same event; or, the phased array triggers and ARA saves the event.
About 85% of phased array triggers are saved by ARA, although many events with identifiable
impulsive signals (such as surface events) trigger both systems separately.

2.2 The Phased Array Trigger

As discussed in [10], the phased array consists of a single string of seven vertically-polarized
antennas, which make up the trigger, and two horizontally-polarized antennas for reconstruction.
These antennas are compactly deployed with 1-2 m spacing at a depth of 170 m in the ice. The
Phased Array trigger has fourteen pre-defined beams, each made up of a set of time delays that
correspond to different incoming signal directions. By adding the signals together in each beam
prior to the trigger, the SNR of real signals improves, as real signals add coherently while noise
likely does not. In this way, the phased array is capable of triggering on lower SNR pulses than a
traditional ARA station.

2.3 Livetime

The livetime included in this study includes the period during 2019 where both the phased
array and ARA5 were taking data, equal to approximately 208 days (only 25% of the total livetime
of the phased array so far). This short livetime is due to operating temperature concerns and in-situ
testing of a newly deployed surface trigger on the phased array, as well as a USB port failure on
the ARA DAQ that occurred in early November. In a typical operating year, the phased array is
expected to operate for >75% of the year, and is only turned off to avoid overheating in the summer.

2.4 Simulation

A modified version of AraSim, discussed in detail in [7], was used to model the phased array
trigger. In this simplified trigger, starting with a signal based on Monte-Carlo truth, the signal-to-
noise ratio (SNR) of each event was calculated and then assigned a weight based on the expected
efficiency as reported on in [10]. The expected efficiency was also weighted based on whether or
not the event was directly in a beam. This way of simulating the trigger produces effective volumes
that are consistent with real-phasing simulation to within 15%. For comparison against data, the
neutrinos were simulated with a flux based on a mixed composition of galactic cosmic rays and
high proton energy from the Kotera model [5].

3. Data Analysis

A pre-scaling blind analysis method was applied, following the recommendations in [4], in
which 10% of the data was unblinded by choosing one event randomly out of every 10 events. In
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this way, the entire livetime was sampled so that any time-dependent events (such as anthropogenic
backgrounds from noisy periods) could be identified easily. This fraction of data was used to set
cuts and estimate expected backgrounds, which are defined below.

One advantage of the phased array trigger is that all antennas are constrained to one dimension:
a vertical line spanning approximately 10 m. This azimuthal symmetry lends itself to zenith
reconstruction. While other ARA stations reconstruct the directions of their events by mapping
onto three-dimensional, spherical correlation maps generated at a few specific radii, the phased
array instead can produce two-dimensional distance vs. depth maps that plot out the potential path
the signal traveled before arriving at the array and includes all available pointing information. An
example of such a map is shown in Figure 2.

These correlation maps are used to generate many analysis variables by choosing the best-
correlating point on the map and adding the signals together to create a coherently summed wave-
form. Quantities such as the signal-to-noise ratio of the coherently summedwaveform, themaximum
power, and the impulsivity (calculated using the method from [9] are then saved for every event.

3.1 Defining A Deep Region

Outside of thermal noise events, themain sources of background for neutrinos are anthropogenic
noise and cosmic ray events, both of which point to the surface, so it is advantageous to separate
those coming from deep within the ice. To accomplish this, events can be split into two regions
based on the direction of reconstruction and the correlation value when the source hypothesis is
placed near the surface. The two variables used to distinguish between deep vs. shallow regions are
shown in Figure 3, for both events observed in the 10% sample and for a simulated flux. The first
variable, zenith angle at the antenna, is an indicator of a surface event. This is because the index
of refraction changes as a function of depth, leading to only certain zenith angles being physically
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Figure 2: Two example distance vs. depth correlation maps, for both a local calibration pulser and a rooftop
calibration pulser.
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Figure 3: The two variables used to define the deep box: reconstructed zenith at the antenna, and the ratio of
the maximum correlation within 10 m of the surface vs. the global maximum correlation. Only the highest
correlating events are shown on the left plot, with a clear population of surface events in the upper right hand
corner. On the right are all simulated events from a Kotera Mix Max flux.
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Figure 4: A comparison of the Fisher Discriminant from the 10% sample against the simulated neutrino set.
The cut value is determined by extrapolating the exponential fit and optimizing for the best Feldman-Cousins
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(b) Efficiency vs. SNR.

Figure 5: Analysis efficiency of this analysis compared to the most recent ARA Station 2 efficiency, scaled to
have equal definitions. The blue curve is the efficiency on neutrinos in the deep region; the red curve assumes
no shallow region neutrinos are recoverable, a conservative estimate that causes a 21% loss in efficiency over
all energies. This analysis is efficient on events with low SNR that the traditional ARA trigger is not sensitive
to.

allowed. The boundary for the deep region was set to 57 degrees, a conservative boundary from
considering Snell’s law at a depth of 20 m below the surface. This was chosen to avoid impacting
cosmic ray events, which are expected to penetrate to 20 m maximally [6].

The second variable is the ratio of the correlation within 10 m of the surface and the global
maximum correlation. This also strongly correlates with surface events in the 10% sample. True
surface events may correlate to both the surface and the deep region (as shown in the rooftop pulser
correlation map in Figure 2b) but the maximum within 10 m of the surface should be equal or
comparable to the global maximum. The boundary on this ratio for the deep region was set to 0.5,
corresponding to signals in which the global maximum was more than twice that of the correlation
within 10 m of the surface. All candidate surface events in the 10%, as well as a population of
surface calibration events, fall comfortably into the shallow region using this method.

3.2 Designing Cuts

There are two types of events that are universally removed from the analysis: calibration pulser
events and software trigger events. ARA Station 5 is equipped with a local calibration pulser on its
own string about 20 m away, which pulses on the GPS second, and thus can be easily removed with
a trigger time cut, which is 99.984% efficient. Occasionally, the calibration pulser is operated in a
mode that is not tied to the GPS time; these runs were tagged as calibration runs and removed from
the livetime. In total, there were 13 of these calibration runs for a total of 1.6 days of livetime and
all were removed. Software trigger events, which occur once per second and are not RF triggered,
were also removed from the analysis. For each run, the software triggers were only used to calculate
the expected RMS of each channel.
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Cut Name Events Remaining Background Estimate Simulation Efficiency

None 6,005,122 0 100%
Cal Pulser Gate Flag 4,423,436 0 99.984%

Cal Pulser Geometry Cut 4,411,686 0.009 99.644%
Software Trigger Cut 4,014,776 0 100%
Fisher Discriminant 0 0.0865 [0.0494,0.1500] 86.58%

Total 0 0.0955 [0.0584,0.1590] 86.25%

Table 1: Table of cuts and background estimates from the 10 % burn sample.

Throughout the year, there were a few periods with especially high backgrounds, often cor-
responding to station activity. These runs were identified by comparing the number of outliers in
a distribution of maximum correlation to the expected tail of events in the full sample. If there
were two or more outlier events in the 10% sample of a given run, that run was removed from the
livetime. A total of six runs were removed due to meeting this threshold.
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Figure 6: The limit from the phased array analysis,
using six months of livetime, along with the projected
sensitivity from the entire available livetime of 2.2
years.

After the quality cuts were applied, the
population of events left in the 10% data sample
in the deep region had the qualities expected of
thermal noise. A Fisher discriminant was then
used to characterize the thermal sample against
simulated Kotera Mix Max neutrinos [5]. The
list of variables used as input to the Fisher dis-
criminant are: average SNR,maximumcorrela-
tion, various impulsivity measures, peak power
of the coherently summed waveform, SNR of
the coherently summed waveform, location of
peak power within the waveform, and the cor-
relation with the dual ARA5 / Phased Array
channel. Three separate correlation maps were
generated for each event, corresponding to di-
rect, refracted, and combination paths, and all
three maps were used to generate analysis quan-
tities. The distribution of the Fisher discrimi-
nant is shown in Figure 4.

4. Results and Conclusions

The final cuts and background estimate for the deep region are shown in Table 1. As a
precaution, the region between 52-57 degrees in zenith was burned and unblinded to ensure no
leakage from the surface into the deep box. In this region, we observe no events passing all cuts.
After unblinding the deep region only, we observe one event on a background of 0.09+0.069

−0.0316. This
event was triggered separately by both the traditional ARA trigger and the phased array trigger, and
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is consistent with background with a p-value of 0.107. The event does not appear to be a thermal
noise fluctuation and is still under investigation. The event is included in the limit set in Figure 6.

While only the deep region of the dataset has been unblinded, the analysis efficiency is already
higher than previous ARA analyses even in the scenario where the surface region is not usable.
Additionally, the analysis is efficient on much lower SNR signals; in fact, events are kept through the
analysis that a traditional ARA stationwould not trigger on. We are optimistic that the improvements
shown here are transferable to future in-ice radio experiments as well.
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