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The Askaryan Radio Array (ARA) is a neutrino experiment at the South Pole, designed to detect radio-
frequency emissions produced by interactions of ultra-high energy (UHE) neutrinos with the Antarctic ice.
The array consists of five autonomous stations, each equipped with deep in-ice antennas sensitive to both
vertically and horizontally polarized radio signals. With nearly 30 station-years of livetime accumulated,
ARA is now conducting its first comprehensive array-wide search for diffuse UHE neutrinos. This analysis
is expected to deliver the most stringent constraints from any in-ice radio-based detector up to 1 ZeV and is
capable of probing flux levels suggested by KM3NeT around 220 PeV. The results from this analysis marks
a critical step toward establishing scalable techniques for next-generation detectors.
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1. Ultra-high energy neutrinos: origin and motivation

(a) (b)

Figure 1: (a) Schematic diagram of a traditional ARA station (Stations 1–5), showing antenna geometry and deployment
depth. (b) Cumulative data volume collected by all ARA stations during 2013–2023.

Ultra-high energy (UHE) neutrinos are direct probes of the most energetic particle acceleration processes
in the universe. They are produced when UHE cosmic rays interact with ambient photon fields such as the
cosmic microwave background and the extragalactic background light. These interactions, primarily through
the 𝑝𝛾 and 𝑝𝑝 channels, generate charged pions that decay into neutrinos, photons, and leptons [1]. Because
neutrinos interact only weakly and are unaffected by magnetic fields, they can propagate over cosmological
distances while preserving both their energy and direction, making them unique messengers of the extreme
astrophysical accelerators.

Despite their expected abundance at EeV energies, no diffuse cosmogenic neutrino flux has yet been
observed. The IceCube Collaboration currently sets the most stringent upper limits, constraining the proton
fraction of ultra-high energy cosmic rays and excluding several optimistic cosmogenic models [2]. These
results imply that either the dominant sources evolve weakly with redshift or that heavy nuclei dominate the
composition at the highest energies. Recently, the KM3NeT Collaboration reported a 100 PeV-scale neutrino
candidate [3]. Though below the EeV cosmogenic range, this event provides clear evidence of a neutrino
flux at ultrahigh energies.

The extremely low flux and interaction probability of UHE neutrinos require detectors with vast instru-
mented volumes. Radio detection offers a scalable approach by exploiting coherent Askaryan emission from
particle cascades in dense media. The kilometer-scale attenuation length of radio waves in Antarctic ice
enables detection over large effective volumes. These advantages motivated the construction of the Askaryan
Radio Array (ARA) at the South Pole, extending sensitivity well beyond the PeV regime and enabling
exploration of the EeV-scale cosmogenic flux.

2. Askaryan Radio Array
ARA is a radio-frequency neutrino detector located near the South Pole, designed to observe nanosecond-

scale Askaryan pulses produced by neutrino-induced cascades in ice. Each of the five stations operates
independently and contains four vertical strings of broadband antennas deployed to depths of approximately
200 m (Figure 1(a)), covering frequencies between 150 and 850 MHz [4]. Station 1 is an exception, with an
average antenna depth of about 70 m. Each string hosts both vertically and horizontally polarized antennas,
arranged as two pairs located near the bottom of the borehole, with the upper pair positioned about 20 m
above the lower pair. This configuration provides polarization sensitivity and the overall station geometry
establishes the baselines required for three-dimensional reconstruction of neutrino vertex positions and arrival
directions. Station 5 is distinctive in that it includes an additional phased-array string, which gives the station
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a lower effective trigger threshold than the standard four-string layout.
During operation, each station employs a multi-level trigger and digitization module optimized to capture

impulsive signals while suppressing thermal backgrounds. Coincidence logic across multiple antennas further
reduces noise, and embedded calibration pulsers continuously monitor timing stability and signal-chain gain.

Analyses of multi-year datasets from the first ARA stations yielded diffuse-flux limits consistent with de-
tailed detector simulations and noise modeling [5, 6]. These results demonstrate stable detector performance
confirming the feasibility of large-scale radio-based neutrino detection in Antarctic ice. Building on this
established performance, the present work extends the search to the full five-station array.

3. First array-wide neutrino search
This work presents the ongoing array-wide search for UHE neutrinos using all five ARA stations. The

analysis includes data collected between 2013 and 2023 (Figure 1(b)). A unified data analysis framework has
been developed to process all stations consistently. This integrated approach improves statistical precision
and enables identification of correlated background populations. Applying identical reconstruction and cut
definitions across stations minimizes systematic differences and simplifies livetime accounting, producing a
coherent dataset suitable for deriving an array-wide flux limit. The analysis is finalizing the optimization
of selection cuts using a 10% blinded subset of data, with full unblinding planned once the final cuts and
background estimates are validated.

3.1 Data cleaning strategy
For a given station, the events in every run are calibrated and interpolated to uniform time steps.

Frequency-dependent phase corrections are applied using the simulated signal-chain response, followed
by a 150–850 MHz band-pass filter defining the analysis band. Events affected by readout errors, saturation,
or incomplete data are excluded. Runs that coincide with surface activity, calibration pulser operation,
or unstable triggers are also removed. A dedicated event-level cut is implemented to remove impulsive
background events from cosmic-ray interactions and other anthropogenic sources. Continuous-wave (CW)
contamination from anthropogenic and instrumental sources is mitigated using a sine-subtraction algorithm
applied per-channel [7].

3.2 Detector modeling and noise simulation
The analysis divides the total dataset from all stations into 39 configurations corresponding to different

readout settings and hardware states. For each configuration, noise spectra are obtained from forced triggers
and fitted with Rayleigh distributions to reproduce the measured thermal baseline. The fitted spectra are
then used to model the frequency-dependent gain of the signal chain and also in the Monte Carlo to generate
realistic noise waveforms. Gain and noise responses are derived separately for each antenna, for both vertical
and horizontal polarizations. The simulated noise events agree closely with recorded noise data [8].

3.3 Neutrino simulation and effective volume estimation
Neutrinos of all flavors are generated isotropically within a 15 km radius and 3 km deep cylindrical ice

volume centered on the array, including charged and neutral current interactions modeled with standard
high-energy cross sections. Askaryan emission from each cascade is computed using semi-empirical pa-
rameterizations that include angular dependence, frequency coherence, and shower energy scaling. Signal
propagation through the ice follows the measured depth-dependent refractive index profile at the South Pole,
and full ray tracing accounts for refraction and attenuation. The simulated electric fields are convolved with
the measured antenna and amplifier responses, digitized at 3.2 GSa/s with 12-bit precision, and superimposed
with noise sampled from models based on forced trigger data.

The effective volume, 𝑉eff (𝐸𝜈), is obtained from the fraction of simulated neutrinos that trigger the
detector and pass all analysis cuts, scaled by the generation volume and solid angle. Livetime weighting for
39 detector configurations yields the combined array exposure for the full dataset. The resulting energy-
dependent effective volume for the full array is shown in Fig. 2(a), where contributions from individual
stations are also indicated. The figure illustrates the gain in acceptance from the array-wide combination
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(a) (b)

Figure 2: (a) Effective volume of the full array compared with individual stations. (b) Projected 90% C.L. upper limit
(solid) and single-event sensitivity (dashed) [8, 9].

compared to single-station analyses. Systematic uncertainties are evaluated by varying the refractive index
model, calibration constants, and trigger thresholds within their measured ranges. Secondary cascades from
muon and tau tracks, tau decays, and outgoing neutrino interactions, as well as multistation coincidences,
are included to increase acceptance at the highest energies. The resulting exposure defines the diffuse flux
sensitivity presented in this analysis [9].

4. Event selection optimization
The final stage of this analysis focuses on optimizing the selection of events to maximize sensitivity while

constraining backgrounds. The dominant background after earlier cleaning remains thermal noise events,
whose rate greatly exceeds any expected neutrino signal. To address this, a linear discriminant (LD) is trained
separately for each station and each livetime configuration using cleaned samples of recorded RF noise and
simulated neutrino events. The LD assigns every event a score 𝑡, and then a cut is applied on 𝑡 to remove
residual backgrounds while retaining as large a fraction of simulated neutrinos as possible. The optimization
is currently ongoing and will be finalized prior to unblinding the full dataset.

The optimization objective is to minimize the expected 90% confidence-level upper limit on the neutrino
flux, 𝜙UL

0 , evaluated for each array-wide configuration 𝑐 of stations and years. Formally, one computes

𝜙UL
0 =

FC
(∑

𝑠 𝑏𝑐,𝑠 (𝑡𝑐,𝑠)
)

4𝜋
∫

d𝐸 𝑓 (𝐸)∑𝑠 𝑇𝑐 𝐴eff,c (𝐸) 𝜀𝑐 (𝐸, 𝑡𝑐)
,

where 𝑏𝑐,𝑠 (𝑡𝑐,𝑠) is the expected background leakage from station 𝑠 in configuration 𝑐, 𝑇𝑐 is the livetime,
𝐴eff,c (𝐸) is the effective area for that configuration, 𝜀𝑐 (𝐸, 𝑡𝑐) is the signal efficiency for cut threshold 𝑡𝑐, and
𝑓 (𝐸) is the assumed neutrino spectrum shape. The FC term refers to the Feldman–Cousins upper limit for
the summed background.

By scanning threshold values 𝑡𝑐,𝑠 across all configurations spanning the 2013–2023 period, the analysis
identifies the combination of cuts that yields the lowest expected flux limit under the chosen spectral
assumption. The optimization also accounts for differing station livetimes and effective volumes, ensuring
that the final configuration provides an array-wide optimum rather than one biased toward individual stations.

The outcome of the optimization is summarized in Figure 2(b), which presents the projected sensitivity
of the full five-station array. The figure shows the expected 90% confidence-level upper limit on the diffuse
neutrino flux and the corresponding single-event sensitivity derived from the optimized selection. The curve
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reflects the combined livetime and exposure of all configurations and represents the analysis-level performance
prior to unblinding. For reference, previous limits from earlier ARA analyses and other experiments are
shown together with representative cosmogenic flux predictions. The projection indicates that the full-array
search will extend the sensitivity of in-ice radio detectors to energies approaching 1 ZeV.

The optimized set of LD thresholds, fixed prior to unblinding, maximizes signal efficiency across the
array while keeping residual background leakage at a level consistent with a statistically robust flux limit [8].

5. Conclusion
The ARA Collaboration is conducting the first array-wide search for UHE neutrinos using all five traditional

stations, encompassing nearly thirty station-years of livetime. The unified calibration, simulation, and analysis
framework developed for this work enables consistent treatment across the full array. It also demonstrates the
feasibility of performing array-wide searches in radio in-ice detectors. Final analysis of the complete dataset
is underway and is expected to yield either candidate UHE neutrino events or the most stringent flux limits
from any radio-based experiment to date. This effort establishes the foundation for next-generation detectors
such as RNO-G and IceCube-Gen2 Radio.
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