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The Askaryan Radio Array (ARA) is an in-ice ultrahigh energy (UHE, >10 PeV) neutrino
experiment at the South Pole, designed to detect neutrino-induced radio emission in ice. It
consists of five independent stations, each featuring a cubic lattice of in-ice antenna clusters
spaced 30 m apart and buried 200 m below the surface. The fifth ARA station (A5) is unique due
to its central phased array string, which employs an interferometric trigger to enhance sensitivity to
weak signals otherwise buried in noise. This low-threshold trigger makes ARA the first in-ice radio
neutrino experiment to demonstrate a significant improvement in detecting low signal-to-noise
ratio (SNR) radio signals.
We present progress toward the first UHE neutrino search utilizing A5’s hybrid detection capability,
incorporating advancements in data selection and background rejection. This analysis is the first
to fully apply dedicated event selection to both components of ARA’s hybrid detector, improving
directional reconstruction and significantly enhancing background rejection compared to previous
analyses. This approach paves the way for next-generation in-ice UHE neutrino experiments.
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1. Introduction

Over the past few decades, ultra high energy (UHE, >10 PeV) astrophysics has become a
critical frontier for exploring the most extreme and distant cosmic environments. UHE cosmic rays
(UHECRs) with energies above 1 EeV interact with cosmic microwave background (CMB) photons,
resulting in Greisen-Zatsepin-Kuzmin (GZK) suppression around 100 EeV [1, 2]. This limits their
propagation to ∼50 Mpc, reducing the observable flux at Earth to roughly one particle per square
kilometer per century, while magnetic field deflections obscure directional information.

In contrast, neutrinos, being electrically neutral and weakly interacting, can travel cosmological
distances undisturbed, preserving directional and spectral information from their sources. Because
they can penetrate deeply into otherwise opaque astrophysical environments, neutrinos provide
unique insights into the inner acceleration regions and structural properties of cosmic sources, not
just their edges. UHE neutrinos may be produced directly in astrophysical accelerators or via the
GZK mechanism. The Askaryan effect [3] enables detection of these neutrinos through coherent
radio Cherenkov emission in dense media such as Antarctic ice.

The Askaryan Radio Array (ARA) employs this technique by deploying in-ice radio antennas
to instrument large volumes with kilometer-scale radio attenuation lengths, allowing cost-effective
monitoring for neutrino interactions. Similar techniques were employed by the ANITA experi-
ment [4], which flew balloon-borne radio antennas over Antarctica to detect radio signals from
neutrino interactions in the Antarctic ice sheet. ARA deployed its first station in 2012 and has since
enhanced its sensitivity with a beamforming trigger system in its fifth station, lowering detection
thresholds and improving sensitivity to weak, broadband impulsive signals.

This contribution presents the first UHE neutrino search using ARA’s hybrid detector system,
which combines a traditional antenna cluster with a beamforming phased array string. It is the first
UHE neutrino search using this hybrid dataset, leveraging the phased array trigger to collect data
from both detector components. The methods and results from this analysis highlight the potential of
hybrid systems and inform the design of next-generation experiments, including IceCube-Gen2 [5].

2. ARA Detector Description and Experimental Data Set

The Askaryan Radio Array (ARA) comprises five autonomous detector stations deployed in
a hexagonal grid with 2 km spacing, optimizing the effective area for neutrino energies above
1018 eV while minimizing instrumentation requirements. Each station has four “measurement
strings” installed in vertical boreholes drilled to a depth of approximately 200 meters. Each string
houses two vertically-polarized (VPol) and two horizontally-polarized (HPol) antennas, all sensitive
to radio frequency (RF) signals in the 150–850 MHz band [6].

In addition to measurement strings, each station includes two calibration strings deployed at
similar depths, typically ∼40 meters from the station center. Each calibration string contains one
HPol and one VPol transmitter antenna capable of emitting broadband RF pulses or noise for in-situ
geometry and timing calibration. Stations operate at an average trigger rate of approximately 6
Hz, including 1 Hz from calibration pulsers and 1 Hz of forced triggers to monitor ambient noise
and detector performance. All five ARA stations (A1–A5) (Fig. 1, left panel) are fully calibrated
through dedicated digitizer and in-ice antenna position calibrations ensuring accurate reconstruction
of signal direction and timing [7].
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Figure 1: Left: Layout of the ARA station array and deployment timeline. Right: Layout of the two
subdetectors at ARA’s fifth station (A5). Traditional ARA antennas are shown in grey; phased array
antennas, closely spaced along a central string, are shown in red. All other stations (A1–A4) share the same
traditional antenna layout but do not include a phased array string.

The fifth ARA station (A5) is unique, featuring two integrated subdetectors: the traditional
ARA array described above and an additional “phased array” (PA) detector (Fig. 1, right panel).
The PA consists of a single string of nine closely spaced antennas (seven VPol and two HPol),
deployed at a depth of approximately 180 m. This hybrid setup, combining traditional and phased
array antennas, has directly influenced the design of next-generation UHE neutrino detectors, such
as the proposed radio component of IceCube-Gen2.

2.1 The Hybrid Detector System of ARA Station 5
The A5 station is unique as it integrates two subdetectors, each with its own data acquisition

(DAQ) and trigger system [8]. The phased array (PA) subdetector uses an interferometric trigger that
coherently sums signals from its seven VPol channels using predefined timing delays corresponding
to 15 plane wave arrival directions, referred to as “beams.” Impulsive signals aligned with these
directions add coherently, while thermal noise remains incoherent across beams. The PA issues a
trigger when the power in any beam exceeds a threshold within a 10 ns window, maintaining a global
trigger rate of approximately 11 Hz. This beamforming trigger significantly improves sensitivity to
low SNR signals, enhancing the detector’s ability to observe faint neutrino-induced events [9].

Initially, the traditional ARA and PA subdetectors (see Fig. 1, right panel) operated indepen-
dently. In 2020, six VPol channels from the traditional antenna cluster were integrated into available
inputs on the PA DAQ, creating a unified system. The analysis presented in this paper uses data
from this configuration, referred to as the A5/PA hybrid system, collected during 2020–2021. First
implemented by ARA, this hybrid design serves as a prototype for future UHE neutrino detectors
that combine phased array and traditional detection techniques within a single system.

2.2 Advantages of a Hybrid Detection Approach
A previous UHE neutrino search with data recorded only by the PA subdetector demonstrated

that an interferometric trigger improves both trigger and analysis efficiency [9]. Building on this,
the A5/PA hybrid system combines the PA instrument with the traditional ARA antennas, enhancing
sensitivity and signal reconstruction.
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Figure 2: Reconstructed 𝜙 (left) and 𝜃 (right) of a calibration pulser relative to the true position (dashed
line). The A5/PA hybrid system (blue) shows improved angular reconstruction in both 𝜙 and 𝜃 compared to
the PA-only configuration (orange).

The PA-only system has very limited azimuthal resolution due to the PA antennas being arranged
on a single vertical string (see Fig. 1, right), resulting in a standard deviation of approximately 105◦

in the reconstructed 𝜙 distribution (Fig. 2, left). Adding the traditional antennas breaks this
azimuthal symmetry, significantly improving the resolution to a standard deviation of about 0.016◦,
as shown in Fig. 2 (left). The zenith angle reconstruction is also improved by roughly a factor of two
(Fig. 2, right) for high-SNR events. This enhanced angular precision greatly improves the detector’s
efficiency in UHE neutrino searches by aiding the rejection of anthropogenic backgrounds clustered
in azimuth. These improvements, first demonstrated by ARA, highlight the advantages of a hybrid
detection approach for future UHE neutrino experiments.

2.3 Livetime

This analysis uses data collected by the A5/PA hybrid system over two years, totaling 504 days
during 2020 and 2021. The dataset starts after integrating the traditional ARA VPol channels into
the PA DAQ, marking the beginning of the hybrid configuration. To ensure an unbiased analysis,
we employ a blind approach [10], randomly selecting 10% of the full dataset as a representative
sample. Because this subset is randomly chosen, it captures the time-dependent noise variations
expected in the full dataset and is used to develop quality cuts and background rejection techniques.

3. Simulation
We simulate neutrino interactions and detector response using the ARA Monte Carlo frame-

work, AraSim [11], incorporating recent improvements for greater accuracy. One major improve-
ment in AraSim is the implementation of data-driven noise models constructed from forced trigger
events (see Section 2). Additional improvements include updated signal chain gain models that
incorporate amplifier properties and thermal noise based on local ice temperature, as well as refined
antenna gain patterns derived from recent anechoic chamber measurements of all antenna types:
horizontally polarized quadslot antennas and vertically polarized dipole antennas at the top and
bottom of each string. This modified version of AraSim simulates both the traditional antennas and
the phased array trigger string [12].

Simulated events are generated according to a power-law spectrum proportional to 𝜙 ∝
𝐸−1 [13], with isotropic arrival directions and vertex locations uniformly distributed within 8 km
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of the detector. The phased array (PA) trigger efficiency is estimated based on the event’s observed
SNR and the deviation of the signal emission angle from the Cherenkov angle. For each event,
a random number between 0 and 1 is drawn; if this number is less than or equal to the estimated
trigger efficiency at that SNR, the event is considered triggered. This trigger model reproduces
in-situ performance within 15%.

4. First UHE Neutrino Analysis with a Hybrid Instrument

This section presents the first UHE neutrino analysis using the A5/PA hybrid system of ARA,
the first in-ice radio detector to combine traditional ARA channels with a phased array trigger.
Building on the blind analysis framework described in Section 2.3, we use the designated 10%
sample to develop event selection criteria that efficiently discriminate potential neutrino candidates
from backgrounds. The optimized selection is then applied to the remaining 90% of the data to
set limits on the diffuse UHE neutrino flux. The methods and results from this pioneering analysis
demonstrate the utility of a hybrid system and pave the way for future radio neutrino experiments.
The following sections provide an overview of the analysis methodology.

4.1 Background

Although ARA is located at the remote South Pole, far from most human activity, the dataset
remains dominated by backgrounds. To reliably identify rare UHE neutrino candidates, a thorough
understanding of these backgrounds is essential before unblinding the full dataset. For characteriza-
tion and mitigation, we use the 10% blinded sample described in Section 2.3. Tagged forced trigger
events (Fig. 3, left, cyan points), which capture snapshots of the noise environment independently
of RF triggers (Fig. 3, left, blue points), are removed as they do not originate from ambient noise
fluctuations in the ice.
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Figure 3: Left: Distribution of all three trigger types in a subset of A5/PA hybrid data from the analysis
livetime: calibration pulser events (orange), RF-triggered events (blue), and forced trigger events (cyan),
overlapping with the RF-triggered distribution. Right: RF-triggered events remaining after removing cali-
bration pulser events, forced triggers, and impulsive backgrounds, dominated by thermal noise.

The remaining backgrounds fall into two broad categories: impulsive and non-impulsive, each
described in the following sections along with dedicated rejection techniques designed to preserve
potential signal candidates.
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4.1.1 Impulsive Backgrounds

Dominant impulsive backgrounds arise from calibration activity, anthropogenic radio signals,
and cosmic ray-induced signals. Tagged calibration pulser events (Fig. 3, left, orange points) are
removed using timestamp information, while untagged calibration pulser events are rejected via a
geometric cut of ±3◦ in zenith and azimuth around the known in-ice calibration pulser location
(see Section 2). Since untagged calibration pulser events typically reconstruct within 1◦ of the true
pulser position, this cut efficiently removes all calibration pulser events from the 10% sample.

Anthropogenic radio signals, typically originating above the ice surface, manifest as high
average SNR outliers distinctly separated from the dominant low average SNR thermal noise
distribution in the RF-triggered event dataset (Fig. 3, left, blue points). These events cluster in time
and space above the station and are removed using spatio-temporal clustering cuts.

Cosmic ray air showers produce broadband impulsive signals via geomagnetic and Askaryan
emission [14] that can mimic neutrino signals. Since neutrino signals originate within the ice, all
downward-going impulsive events originating above the station are assumed to be cosmic rays and
are removed, resulting in a ∼10% reduction in signal efficiency.

4.1.2 Non-Impulsive Backgrounds

The primary non-impulsive backgrounds in this analysis are continuous wave (CW) contami-
nation and residual RF-triggered thermal noise events (Fig. 3, right, blue points) that remain after
removing the impulsive RF-triggered events described in Section 4.1.1. CW backgrounds arise from
narrow-band signals at known frequencies, most notably around 410 MHz from weather balloons
launched twice daily at the South Pole and approximately 210 MHz from satellite communications.
To suppress these spectral features, we apply a sine-subtraction filter originally developed by the
ANITA Collaboration [15].

Thermal noise events, triggered by random RF fluctuations from the ambient ice and detector
electronics, are especially prevalent in this dataset due to the use of a beamforming trigger in
the hybrid system. While the phased array trigger improves sensitivity by lowering the effective
SNR threshold and increasing the likelihood of capturing weak UHE neutrino signals, it also
increases the rate of low-SNR thermal events compared to other ARA stations that use higher
trigger thresholds. These near-threshold thermal noise events can closely resemble weak neutrino
signals. However, unlike thermal noise, genuine neutrino signals, even at low SNR, are expected
to be impulsive Askaryan signals. To distinguish between these dominant non-impulsive thermal
noise backgrounds and potential neutrino events, we use several analysis variables, including signal
impulsivity metrics, which are described in the following sections.

4.2 Analysis Variables and Multivariate Selection
A central component of this analysis is reconstructing event arrival directions using two-

dimensional correlation mapping in zenith (𝜃) and azimuth (𝜙) relative to the phased array string.
For each event in the 10% sample, we generate a 𝜃-𝜙 correlation map by coherently summing signals
across channels with relative time delays for plane-wave arrival directions. An example correlation
map showing elevation versus azimuth for a local calibration pulser event is shown in Fig. 4 (left);
elevation (el) and zenith (𝜃) relate as 𝜃 = 90◦ − el. The correlation peak indicates the most probable
incoming signal direction.
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F

Figure 4: Left: Correlation map of a calibration pulser event showing reconstructed direction relative to the
true source (black lines). Right: CSW SNR distribution for simulated thermal noise (orange, ∼100k) and
real A5/PA hybrid data (blue, ∼10M), dominated by thermal noise.

Using the time delays from the peak of the correlation map (Fig. 4, left), we form a coherently
summed waveform (CSW) for each event. From the correlation map and CSW, we extract key
analysis variables, including maximum correlation value, radius of maximum correlation, recon-
structed 𝜃 and 𝜙 angles, average SNR, CSW SNR, Hilbert envelope SNR, signal impulsivity, and
others. These variables provide strong discrimination power between potential neutrino signals and
backgrounds described in Section 4.1.

4.3 Linear Discriminant Analysis and Sensitivity Projection
To distinguish neutrino signals from the dominant thermal noise background, we apply linear

discriminant analysis (LDA) [16]. This method combines multiple variables from Section 4.2 into
a single discriminant (the LDA value), optimized to separate simulated neutrino events from back-
ground. Figure 4 (right) compares simulated thermal noise with A5/PA hybrid data, demonstrating
excellent data-MC agreement and validating the underlying simulation framework. Neutrino events,
simulated using the same configuration, are used to train the LDA and evaluate signal efficiency.

Figure 5: Projected single-event sensitivity of the A5/PA hybrid analysis (dashed), compared to previous
ARA analyses and other experiments.

We optimize the LDA selection cut to yield the strongest expected 90% Feldman-Cousins upper

7
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limit [17], balancing signal efficiency and background leakage. Optimization assumes a neutrino
flux consistent with the union of existing limits from IceCube [18] and ANITA [19]. The resulting
cut is applied to the remaining 90% of the data to derive the final flux limit.

The projected single-event sensitivity (Fig. 5) surpasses previous ARA results, enabled by the
hybrid system’s combination of low-threshold triggering and enhanced directional reconstruction.
This approach improves background rejection and overall analysis efficiency. Final results will
follow after unblinding the full dataset.

5. Conclusion
In recent years, the ARA Collaboration has demonstrated the advantages of a low-threshold

beamforming trigger system for detecting ultrahigh energy neutrinos via radio techniques. This
work presents a pioneering analysis that unifies advanced tools and combines data from a hybrid
detector system integrating traditional ARA antennas with a phased array beamforming instrument.
This first-of-its-kind analysis significantly improves ARA’s sensitivity in the sub-EeV energy range.
The phased array’s efficient triggering enhances both trigger and analysis efficiencies [9], while its
combination with traditional antennas in a hybrid setup provides further gains.

This analysis reflects years of dedicated effort by the ARA collaboration, incorporating im-
proved background rejection techniques and enhanced detector and neutrino simulations, which
lead to better data–Monte Carlo agreement and increased overall sensitivity. This hybrid approach
will inform the design and analysis strategies of next-generation radio observatories, such as the
proposed IceCube-Gen2 radio component. The recent 220 PeV neutrino candidate reported by
KM3NeT [20] underscores the need for improved sensitivity below 1 EeV. The hybrid detector
method presented here marks a crucial step forward, boosting the discovery potential of in-ice radio
detectors in the near future.
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