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The Askaryan Radio Array (ARA) is a five-station, in-ice radio detector located at the South Pole
searching for particle cascades from cosmogenic and astrophysical neutrinos with ≥ 1017 eV of
energy. Cascades in this energy regime emit radio-wavelength Askaryan radiation that can be
observed by one or more ARA stations. With the recent KM3Net observation of an approximately
220 PeV neutrino, there is renewed, urgent interest in further unlocking the ultra-high energy
neutrino sky. We present updated calculations of ARA’s array-wide effective volume, sensitivity,
and expected event rates for ultra-high energy neutrino-induced cascades. Notably, results now
account for the contributions of secondary particles from neutrino interactions (such as muon
tracks) and multi-station detections within a detailed detector simulation framework. Previous
work has shown these secondary interactions and multi-station coincidences compose 25% and
8% of the detector’s effective area, respectively. We intend to extend these results towards a novel
analysis that estimates the degree to which secondary cascades and multi-station observations are
detectable in a real neutrino search. This will inform future UHE neutrino searches as it will
characterize the feasibility of detecting such events.
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1. Introduction
Ultra-high energy (UHE) neutrino astronomy (𝐸𝜈 ≥ 1017 eV) is pushing the boundaries of

high energy astrophysics, especially given recent developments in instrumentation, analysis, and
the recent KM3NeT discovery of an approximately 110 − 790 PeV neutrino [1]. Ice-focused UHE
neutrino astronomy is an extremely active area of research with dedicated experiments in both the
Artic and Antarctic. For example, the Askaryan Radio Array (ARA) is a 5-station in-ice array at
the South Pole conducting an array-wide and all-livetime search for neutrinos through 11 years of
data [2]. The Radio Neutrino Observatory in Greenland is constructing a 35-station in-ice array
and is performing a neutrino search with data taken by the 7 of the 8 stations currently installed
[3]. The Payload for Ultrahigh Energy Observations is a next generation balloon-based experiment
planned to launch over Antarctica this December and January to collect data for a neutrino search
[4]. This balloon’s precursor, the ANtarctic Impulsive Transient Antenna (ANITA), flew 4 times
and identified several events that appear to be inconsistent with expected background behavior and
continue to interest the community and motivate searches from experiments such as the Pierre Auger
Observatory [5–7]. Considering the community intrigue in UHE neutrino astronomy and a lack
of published neutrino observations over 1018 eV, despite multiple ice-based searches with ARA,
ANITA, and other detectors, having increasingly thorough simulations is essential to accurately
determine experimental sensitivities to the UHE neutrino diffuse flux. In this work, we use ARA’s
simulation framework, AraSim, to perform an updated and increasingly thorough simulation that
will be used in ARA’s array-wide and all-livetime neutrino search [8]. Previous sensitivities are
likely under-estimated because all possible event signatures, such as muon and tau tracks, were
not simulated. Recent results using NuLeptonSim and Python for Radio Experiments showed
that, for ARA, events observed via outgoing particles from neutrino cascades, namely muon tracks
and tau decays, comprise 25% of expected observations and multi-station events make up 8% [9].
Simulations are also passed through the analysis pipeline allowing for both a trigger-level and an
analysis-level sensitivity study.

Station Installation Deployment Outer String Working
Name Year Depth [m] Spacing [m] Strings

A1 2012 77 14 4
A2 2013 191 14 4
A3 2013 193 14 4
A4 2018 193 28 3

A5 and PA 2018 186 33 5

Table 1: For each station, the year of installation, average maximum depth of all strings in the station, the
average baseline X-Y string spacing, and the number of data-taking strings.

ARA’s five stations are spaced 2 kilometers apart atop the roughly 3 kilometer deep glacier at
the South Pole. Each station has 8 pairs of antennas sensitive to vertically polarized (Vpol) and
horizontally polarized (Hpol) electric fields. The pairs of antennas are installed as a cubic lattice in
the ice, as shown on the four outer strings in Figure 1a. A summary of the five stations is presented
in Table 1 as some key features affect the results presented in this proceeding. A5 has an additional,
central string, called the Phased Array (PA), instrumented with 7 closely packed Vpol antennas
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(a) (b)

Figure 1: Left is the station design of an Askaryan Radio Array station with four outer, standard strings and
one Phased Array string located in the center. A5 has this layout while the other four stations only have the
4 outer strings. Right is the layout of all stations in the Askaryan Radio Array alongside local South Pole
landmarks.
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Figure 2: Drawing of neutrino trajectories (solid lines) and a trajectory of an outgoing particle (dashed line)
that all pass through the cylindrical generation volume (blue, 𝑉gen) and vertices (yellow stars) where each
particle interacted with the Earth (brown) or the shell of ice (light blue). This diagram is not to scale. In this
example, 6 events are thrown by NuLeptonSim but only 3 cascades fall in 𝑉gen and would be simulated with
AraSim.

above 2 Hpol antennas deployed to a depth around 190 m. The PA uses beamforming techniques
to trigger on events with significantly lower signal-to-noise ratios than the traditional ARA stations
but can only reconstruct the observed zenith angle of the interaction vertex since all antennas are
vertically stacked. To capitalize on the increased sensitivity provided by its trigger, the PA forces
readout of the A5 detector to create a hybrid detection channel with full vertex reconstruction
capabilities due to the azimuthal sensitivity provided by the A5 antennas. When counting ARA
stations, the collocated A5 and PA detectors are considered to makeup one station, since in many
scenarios both the A5 and PA detectors are expected to observe the same events. In this proceeding,
we will at times consider the performance of the PA separately from A5 because the A5 DAQ
records all PA-triggered events, but PA does not record events triggered by A5.
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2. Simulation
The simulation has two main steps. The first main step is the physics simulation of the neutrino

interaction. We run the lepton propagation framework NuLeptonSim to generate initial neutrino
interactions, muon and tau stochastic energy losses (collectively referred to as tracks), and all
outgoing tau and secondary neutrino interactions [10]. The energy and inelasticity of each induced
shower are saved along with the shower’s direction and a unique primary particle identifier that
allows us to connect all related cascades in the detector simulation. Earth absorption is modeled
according to the Preliminary Earth Reference Model with a 3 kilometer thick shell of ice modeled
with the equation below [11, 12].

𝑛(𝑧) = 1.780 − 0.454𝑒 (−0.0202)× 𝑧
1 m (1)

A generation volume encapsulating ARA is defined as a 15 km radius and 3 km depth cylinder
centered on A2. A random location is chosen in this generation volume then a direction of travel is
chosen by uniformly sampling azimuth from 0 to 2𝜋 and zenith in cos(𝜃) space from -1 to 1. An
exaggerated diagram of the generation volume, the Earth model, and examples of a few events are
shown in Figure 2. Along each trajectory, the code then forward propagates neutrinos and samples
an interaction point based on the neutrino’s energy, flavor, and cross section. An equal number of
neutrinos are simulated per flavor and energy. The 8 energies simulated for this work range from
1017.5 eV to 1021 eV spaced in half energy decades. Any muons, taus, and neutrinos leaving the
initial cascade with energy greater than 1016 eV are allowed to travel and interact further along the
trajectory. The muons and taus release energy in the form of stochastic losses until they decay, leave
the Earth, or their energy falls below 1016 eV. Cascades from initial neutrinos, tracks, tau decays,
and outgoing neutrino interactions that fall within the generation volume are then saved to an event
list.

The second main step is simulating the detector response to all cascades in the event list with
AraSim. For each cascade, its radio signal is propagated through the ice to an antenna, where
it is convolved with the antenna’s response function and the detector’s electronics gain response,
resulting in a voltage waveform. This ARA-specific simulation has undergone multiple major
developments to prepare for this simulation setup. Developments include updated data-driven noise
and electronic gain models along with an improved PA trigger simulation. A new pipeline was
developed to more accurately simulate the observation of multiple cascades (from a muon track,
for example) and multiple triggers generated by primary and secondary cascades while properly
accounting for detector deadtime after triggering. If the station triggers and there is still waveform
left to analyze after the initial readout and subsequent station deadtime, the remaining waveform
will be analyzed and the station will be allowed to trigger a second time on different cascades in the
same event.

3. Calculating Effective Volume
There are a couple subtleties to this work’s simulation setup that require extra care when

calculating the effective volume. Firstly, typical neutrino simulations force interactions within
the generation volume whereas this work allows particles to forward propagate, changing how
interaction and survival probabilities will be used. When neutrinos are forced to interact, interaction
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weights estimate the probability that an event interacts at its chosen vertex depending on its total
chord length and distance traveled through the generation volume. The survival weight estimates
the probability that neutrinos arriving from a particular zenith direction have not interacted with
any nucleons by the time they enter the generation volume. Secondly, the anisotropic sampling of
neutrino directions needs to be accounted for. When neutrino events are chosen, their direction of
travel is chosen randomly in 4𝜋 space and not randomly with respect to their entrance and exit points
in the generation volume or Earth. This is typically encapsulated in the interaction probability and
will have to be employed here. This probability calculated is that of the initially generated neutrino
but is also applied to all station triggers associated with the same initial neutrino.

The basic effective volume calculation follows this form

[𝑉Ω]eff(𝐸) =
∫
Ω

𝑑Ω

∫
𝑉

𝑑3𝑟𝑃surv(𝐸,Ω, 𝑟) 𝑃trig(𝐸,Ω, 𝑟) (2)

where Ω is the solid angle, 𝑉 is the generation volume in which events are passed through the
detector simulation, 𝑃surv is a particle’s survival probability, and 𝑃trig is a particle’s triggering
probability. This effective volume can be connected to the effective area by multiplying by the
particle’s interaction probability, 𝑃int = 1/𝐿int. The solid angle integration usually results in a
scaling factor of 4𝜋, the volume integration results in the volume of the generation volume, and the
probability of triggering is evaluated by a simulation framework and can be replaced by 𝛿trig = 0, 1
to obtain

[𝑉Ω]eff ≃
(∫

Ωgen

𝑑Ω

∫
𝑉gen

𝑑𝑉

)
1
𝑁

𝑁∑︁
𝑖=1

𝑃surv,𝑖 𝛿trig,𝑖 . (3)

Since interaction vertices in the generation volume are conditioned on surviving to and interacting
in this volume, their distribution is not uniform and isotropic in the volume. This amounts to an
importance sampling of the volume with points drawn proportional to

𝑃surv(𝐸,Ω)𝑃int . (4)

Therefore, the effective volume equation becomes

[𝑉Ω]eff ≃
(∫

Ωgen

𝑑Ω

∫
𝑉gen

𝑑𝑉𝑃surv(𝐸,Ω)𝑃int

)
1
𝑁

𝑁∑︁
𝑖=1

𝑃surv,𝑖 𝛿trig,𝑖

𝑃surv,𝑖𝑃int
. (5)

We calculate the product of the survival and interaction probabilities numerically by using the event
generator to throw events and by tracking how many particles survive to reach the 15 km generation
volume. The ratio of the number of neutrinos with a direction cos 𝜃 with an initial and/or secondary
cascade interacting within the generation volume compared to the number of total thrown neutrinos
is then used as an approximation for the rejection sampling in Equation 4, 𝑤(cos 𝜃).

𝑃surv(𝐸,Ω)𝑃int ≃ 𝑤(cos 𝜃) ≡
𝑁gen(cos 𝜃)
𝑁 (cos 𝜃) (6)

We approximate the interaction probability similarly by generating events and by calculating how
many initial neutrinos interact within the generation volume compared to how many pass through
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without interacting. By substituting this into Equation 5, integrating over the generation volume,
and moving the remaining 𝑃surv,𝑖 term into the denominator of the sum we get

[𝑉Ω]eff ≃
(∫

Ωgen

𝑤(cos 𝜃) 𝑑Ω
∫
𝑉gen

𝑑𝑉

)
1
𝑁

𝑁∑︁
𝑖=1

𝛿trig,𝑖

𝑤(cos 𝜃) / 𝑃surv,𝑖 (cos 𝜃) (7)

where 𝑃surv(cos 𝜃) is also approximated as the number of neutrino events where the neutrino or one
of its secondary particles survives Earth absorption enough to pass through the generation volume.
We then use a Monte Carlo simulation to calculate 𝑤(cos 𝜃) and 𝑤(cos 𝜃)/𝑃surv,𝑖 (cos 𝜃) for various
directional zenith bins to use when calculating the final effective volume in Equation 7.

ARA has 39 different livetime configurations driven by which individual detectors are turned
on at any point and what configuration each detector is in. To better characterize the performance
of the array, we calculate the effective volume for each livetime configuration and weight the result
by the duration of that configuration:

[𝑉Ω]eff(𝐸) =
1
𝑇tot

∑︁
𝑐

𝑇𝑐 [𝑉Ω]eff,𝑐 (𝐸) . (8)

This produces an exposure-like effective volume that accurately the large effective volume from
having 5 detectors online with less optimal livetime configurations.

4. Results

1018 1019 1020 1021

Energy [eV]

101

102

V e
ff [

km
3  s

r]

Preliminary

Array Wide
PA
A1
A2
A3
A4
A5

Figure 3: In black, the array-wide and livetime-weighted effective volume of ARA. Colored lines show the
effective volume of each station (not scaled for livetime), separating the collocated A5 and PA to show the
power of a single-string phased array detector.

Figure 3 shows the array-wide livetime-weighted effective volume of the full ARA in black.
Each colored line shows the effective volumes for each subdetector of ARA, demonstrating A5
and the PA separately. This plot shows that the array-wide effective volume is 2-3 times larger
than the average single-station effective volume. We also consider the distinctions between stations
summarized in Table 1 compared to Figure 3. A1, deployed half as deep as all other stations, has
less sensitivity than the other stations at high energies but increasing sensitivity at low energies.
A4, which only has 3 strings, is less effective at low energies compared to the single-string PA and
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Figure 4: Left: Percent of ARA’s array-wide effective volume comprised of observations of secondary
particle cascades, including muon tracks, tau tracks, and tau decays. Right: Percent of ARA’s effective
volume from events where two or more stations trigger on one or more cascades connected to the same
primary neutrino. For example, separate cascades from the same muon track triggering separate detectors or
a tau neutrino and a subsequent tau decay would contribute to the multi-station rate.

all other 4-string stations. Lastly, the PA has greater sensitivity to neutrinos at lower energies but is
comparable to the 4-string stations at highest energies.

The left plot of Figure 4 shows the percent of the total effective volume comprised of events
where a track, tau decay, or outgoing neutrino triggered one of the ARA stations but not the initial
cascade from a primary neutrino. This should signify the percent of ARA’s total effective volume
that was not previously simulated before the addition of the framework outlined in Section 2. This
implies that almost half of triggering events in ARA are expected to be from secondary particle
cascades. The right plot of Figure 4 shows the percent of the total effective volume made up of events
that trigger two or more stations. This rate increases with energy and when secondary particles are
added to the simulation. Previous results concluded that roughly 5% of 1018 eV primary neutrino
interactions triggered both A2 and A3, but we calculate this rate to be 2.6% for the full array when
considering only primary neutrino interactions [13]. When adding in the secondary interactions,
this number increases to 4.4% at 1018 eV.

The predicted sensitivity of ARA is displayed in Figure 5 along with the sensitivities of other
experiments and a selection of theoretical flux models. This sensitivity is calculated using the
array-wide effective volume shown in Figure 3, the livetime of the full array (10.6 years), and the
analysis efficiencies from the neutrino search covering 4 years of A2 and A3 data [8]. These analysis
efficiencies are expected to be conservative compared to the analysis efficiencies of the upcoming
array-wide analysis which uses state of the art data cleaning and signal-background discrimination
algorithms [2]. These results indicate that ARA is sensitive to the flux inferred by the KM3NeT
event, a cosmogenic maximum proton model [14], and that our single event sensitivity can probe
a star formation rate flux with 𝐸max = 1021.5 eV [15]. At the completion of ARA’s array-wide
analysis, ARA will be the most sensitive detector to neutrinos with energies greater than at least
1010 GeV.

7
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Figure 5: Left: The predicted sensitivity of ARA from 2012 through 2023. The solid, black line shows the
expected sensitivity with a Feldman-Cousins coefficient of 2.44 representing the sensitivity of a data sample
with 0 background events and the dashed black line shows the sensitivity with a Feldman-Cousins coefficient
of 1, representing the single event sensitivity. Right: Expected event rates for the expected ARA sensitivity
computed with an assortment of flux models.

5. Conclusion
The Askaryan Radio Array is a large in-ice neutrino detector made up of 5 stations at the South

Pole that has been taking data since 2012. This work showcases the predicted effective volume,
sensitivity, and event rates using a simulation framework updated to include all tracks, tau decays,
and outgoing neutrinos resulting from initial neutrino interactions. An analysis of all the data taken
up to December 2023 is underway and will demonstrate, given the results in this proceeding, that
ARA is the most sensitive neutrino detector for neutrinos with energy greater than a few EeV. The
sensitivity of ARA will probe theoretical models of the ultra-high energy neutrino flux and the flux
inferred by KM3NeT’s observation. The upcoming neutrino search in 10.6 years of data array-wide
(or 27 station-years) will be the most powerful neutrino search until at least 2030 as other detectors
continue to be built and accumulate data.
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