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The Radio Neutrino Observatory Greenland (RNO-G) is an in-ice neutrino detector currently
under construction on top of the Greenlandic ice sheet. Its primary goal is to achieve detection of
neutrinos beyond energies of ~ 10 PeV. Each station is equipped with log-periodic dipole antennas
(LPDA) oriented toward the sky, which play a crucial role for background reduction in the neutrino
search. Furthermore, these antennas enable the detection of radio emission from cosmic-ray air
showers. Other experiments have already shown that the radio emission of air showers allows for
precision measurements of cosmic-ray properties. Upon completion of its planned 35 stations,
RNO-G will be covering an area of ~ 50 km?, making it a medium-sized cosmic-ray detector as
well. A unique feature of RNO-G is its high-altitude location (~ 3000 m), which allows the study
of shower cores impacting the air/ice interface and further developing in the ice itself. Moreover,
RNO-G provides an opportunity to study high-energy muons, created in cosmic-ray induced air
showers.

In this contribution, we will present the final results of the first analysis utilizing the shallow LPDAs
to detect radio emission from cosmic-ray air showers. We will show the analysis methodology
and discuss the detected cosmic-ray events, including their reconstructed properties.
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Cosmic-ray air showers as detected with the shallow antenna of RNO-G

1. Introduction

The Radio Neutrino Observatory - Greenland (RNO-G) is a neutrino detector, currently under
construction on top of the Greenlandic ice sheet, that targets the detection of neutrinos with an
energy above ~ 10 PeV [1]. It has a modular design and upon completion, will consist of 35
independently operating stations. Construction began in 2021 and following the 2024 deployment
season, 8§ stations are operational. Due to the power mainly coming from solar panels, the main
data-taking period is limited to the months with sufficient daylight. Some stations are equipped with
wind turbines to develop a system that would extend the data-taking period. Each station consists
of a deep and shallow component. The antennas of the deep component (custom-built Vpol and
Hpol antennas) are deployed in three boreholes up to a depth of 100 m and are optimized for a
neutrino detection. In contrast, the shallow component consists of 9 commercially available log
periodic dipole antennas (LPDA), which are buried roughly 0.5 m in the firn. Three of the LPDAs
are upward facing and the other 6 are downward facing (a single station has a different design, but
it will not be used in this work). The downward-facing antennas can be used for neutrino searches,
while the upward-facing antennas are mainly used as a background veto or for dedicated cosmic-ray
(CR) air-shower analyses. In this work, we mainly use the three upward-facing antennas (channel
13, 16 and 19). More information about the performance of the detector can be found here [2].
With an inter-station spacing of 1.25 km, the fully completed array will cover an area of ~ 50 km?,
leading to a good sensitivity for CR air-showers detection. Additionally, RNO-G is built at a slant
depth of ~ 700g/cm2, which is close to the X, of air showers with an energy of 10'8eV [3].
This yields the unique opportunity to study air-showers reaching into and further devolving in the
ice. Also, due to the short time span of the air-shower electric fields, the pulses are similar to
neutrino electric fields and thus help to understand the detector response to such signals. As result,
CR air-shower signals can be used to better understand the detector, which is crucial for a future
neutrino analysis.

2. Methods

The main analysis strategy is to perform a template search, which is inspired by an ARIANNA
analysis [4]. For the template search, we create a template set and correlate it with the data
waveforms to identify CR candidates. Previous analyses have used large template sets (~200000
templates) that were created using CORSIKA and CoREAS simulations [5, 6]. In contrast, we will
utilize the fact that our signal is impulsive and primarily shaped by the antenna vector effective
length (VEL) and the response of our amplification and digitization system. To do so, we first
mimic the electric field that arrives as a very short pulse (O(ns)) at the antennas by a Gaussian
function for two polarization components (theta and phi). Then, the artificially created electric
field is propagated through the hardware response (VEL, amplification, and digitization chain)
using NuRadioMC [7]. After applying the hardware response, the group delay of the system has
dispersed the signal, such that the result is an oscillating pulse of O(100 ns). The described method
allows us to artificially create a set of three templates that covers the simulated parameter space
sufficiently, and a fourth template for background tagging. All four templates can be seen in Figure
1 and more information about the template creation can be found in [8].
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Figure 1: The figure shows the three analysis templates and the background tagging template (o = 2.1875 ns).
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Figure 2: The figure shows a schematic of the analysis and simulation pipeline.
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Correlation calculation: As a metric of similarity between data and templates, we are using the
correlation score, which is normalized such that the values range from O to 1, with 1 being identical.
The correlation score is calculated using the following formula.

SV - (Va)isan
VIR0 EE vy

with V1, V, being the voltage traces of the templates and data, and Arn is the number of samples

x = max (y(An)) = max €))

by which the two traces are shifted relative to each other. For the calculation, we are using a
200 ns window around the template pulse to reduce the influence of noise on the correlation score.
Additionally, we perform a scan of An but only consider the absolute maximal value of this scan. For
each analyzed event, we have for each upward-facing antenna (channel 13, 16 and 19) a waveform.
Each waveform is correlated with all four templates and as the correlation value of this event the
maximum correlation score over all channels and templates is taken. As a result, each event is
associated with a single correlation score. For the signal-to-noise ratio (SNR) per event, the SNR
of the channel with the highest correlation score is used. The SNR value is calculated by dividing
the maximal amplitude by the noise root-mean-square (RMS), where the noise RMS is always
calculated from the first half of the waveform (the trigger condition forces the signal to the second
half of the trace).

Analysis and simulation pipeline: A flow chart showing the analysis and simulation pipeline can be
found in Figure 2. As an input for the analysis pipeline, all events triggered by the shallow antennas
(LPDAs) are used. The first step is to apply a cut to reject all events that have the largest signal
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amplitude in a downward-facing antenna (up-vs.-down cut), which will ensure that the signal comes
from above. With this cut, mainly thermal noise is rejected, leading to a reduction of the overall
computation time. In the next step, the correlation score is calculated for each event (calculate
template correlation). Afterward, three different cuts for background reduction are applied.

Time cluster cut: The time cluster cut ensures that time clustered impulsive events (e.g. events from
airplanes [9]) are rejected. For this cut, only events above a certain correlation threshold (minimal
correlation score) are considered and if the time difference of two (or more) events is smaller than
At (time period), the whole time span covered by these events is rejected.

Half trace RMS cut: For the half trace RMS cut the RMS of the first half of the trace is considered.
The trigger condition forces the CR signals to the second half of the trace, such that we only expect
thermal noise for the first half. If the first half RMS score exceeds a certain threshold, the event will
be excluded. As a result, the cut will reject, e.g. solar flare events [10, 11].

Template cut: A lot of impulse backgrounds with a high correlation score have a low frequency
content (lower than expected for the majority of CR signals); thus, a fourth template with very low
frequency content was introduced to the template set to tag these backgrounds. If an event has the
highest correlation score with this template (or with the template with the second-lowest frequency
content), it will be rejected in the last background rejection cut (template cut).

After applying all background reduction cuts, the analysis cut is applied to select the final CR
sample, for which the energy, direction and polarization will be reconstructed. The analysis cut line
is calculated from simulations, which go through the same pipeline as discussed above (although
not all cuts are applied, e.g. per definition the first half of the trace only contains thermal noise)
and systematic effects are taken into account as well (see section 3). An example simulation with a
threshold of 30 mV and the resulting analysis cut lines can be found in Figure 3. The analysis cut
lines are calculated such that e.g. 99% of the simulated events are above this line. For the final CR
selection, the lines will be rescaled due to systematic effects.

Reconstruction: For all events selected as a CR candidate, a reconstruction of the main properties
(direction (zenith & azimuth angle), energy and polarization) is performed. The reconstruction is
done using a forward folding approach. More information can be found here [13].

3. Systematic uncertainties

To ensure that possible systematic effects are covered, many checks have been performed. In
these proceedings, the dominant systematic effect, the uncertainty on the index of refraction close
to the surface, is highlighted. More information about the other systematic uncertainties will be
published soon. The uncertainty of the index of refractions has an influence on the VEL and thus
on the signal shape. Therefore, we created template sets for different index of refractions within
the expectations from the ice models and correlated them with simulations where the signal is
calculated using the standard index of refraction, which is n = 1.3 for the analysis. From these
mismatched simulations, analysis cut lines are created which are compared to the standard case
(with matching index of refractions for both signal and template) and the difference is taken as
the systematic uncertainty. The resulting systematic uncertainty is SNR dependent, with a range
of 0.04 — 0.075 in correlation score. Multiple efforts are ongoing to get a better estimate of the
index of refraction close to the surface (e.g [14]), which will reduce the dominant uncertainty in the
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future.

Also, we want to highlight the importance of having a good understanding of the detector’s hardware
response. Simulations have shown that slightly different hardware responses can have a huge impact
on the correlation score. If the hardware response for the template is slightly different compared
to the one used to create the signals in the simulation, it can lead to a reduction of the correlation
score of O(0.1) compared to the case where both are created with the same response. Therefore, it
is crucial for the analysis to have a good understanding of the detector response, which we achieved
by taking response measurements of the full digitization chain.

4. Results for Station 13

In these proceedings, we will show the detailed results for station 13. More stations are
analyzed and the results will be published soon. The station was deployed in July 2022 and data
taking started after a short commissioning phase. For the analysis, the full data from the time
periods 25.7.2022 - 01.10.2022 and 24.04.2023 - 11.10.2023 will be used.

Selection of final cut parameters: First, the two parameters of the time cluster are defined. The
time period was determined by looking at a small subset of burn sample data and is chosen to be
At = 60s. The minimal correlation score is chosen such that the majority of forced triggers are
not contributing to the cut (minimize the rate of random coincidences), meaning they have a lower
correlation score. As aresult, a cut value of 0.55 is chosen. A histogram showing the distribution of
the forced trigger event’s correlation scores can be found in Figure 4. The forced trigger correlation
score distribution is stable over time and thus a constant cut value can be applied. A toy simulation
(time cluster cut applied to multiple toy data sets, which are a realistic number of thermal noise
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Figure 4: The plots show the correlation score (left) and half trace RMS (right) distributions of forced trigger
events at the beginning and end of the 2022 and 2023 data taking period.

and CR events with toy correlation values and random time stamps) showed that 0.12 + 0.07% of
expected CR events are cut due to random coincidences. Additionally, there is a lifetime loss of
0.3% (1.1%) in 2022 (2023) due to the time clusters cut.

Next, the cut value for the half trace RMS cut is defined using thermal noise (forced trigger). The
forced trigger half trace RMS distribution for 2022 and 2023 is shown in Figure 4. A half trace
RMS consistent with thermal noise should pass the cut, while everything else should be rejected.
For 2022, the half trace RMS distribution is relatively stable, such that a constant cut value of 17
ADC is chosen for the whole time period. However, in 2023, the half trace RMS distribution is not
stable enough. Therefore, a time dependent cut value is calculated by dividing the time period in
chunks of 5 days. For each time bin, a constant cut value is estimated by fitting the main part of the
distribution with a log normal function and taking the 0.99999 quantile.

As the last cut, all events that have the highest correlation score with the two lowest frequency
templates (o = 1.5625 ns and o = 2.1875 ns) are rejected (template cut). From simulations, it is
expected that besides background, 1.7 % of cosmic rays are cut as well.

Simulation and expected number of events: The simulations used for the analysis are created
with the same set as shown in Figure 3, with the main difference being the trigger threshold. The
simulation trigger threshold per channel was estimated using the measured thresholds from the field,
translated into the simulation threshold by utilizing lab measurements. With this technique, two
sets, a best and worst case scenario, of trigger thresholds (one for each channel) are obtained. For
the analysis cut, the best case scenario is used, while both are considered to get a range of expected
CR events. From the simulations, we expect to find between 2-5 (4-14) CR air-shower events for
the 2022 (2023) data. Due to large uncertainties on the LPDA trigger, only rather large expected
ranges can be obtained. These large uncertainties lead to a redesign of the trigger logic and digitizer,
which was deployed in the 2024 season. Therefore, we can expect lower trigger thresholds and
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Figure 5: The figure shows all events that survived the cuts, the selected CR candidates and the analysis cut
line incl. systematic uncertainties for 2022 (left) and 2023 (right).

more accurate prediction in the future.

Cosmic-ray candidates: Finally, the analysis cut is applied, leading to the selection of 4 (8) CR
candidates for the 2022 (2023) data with a total lifetime of 1412 (3929) hours. In both years, the
number of found candidates is in agreement with the estimated number from simulations. A plot
showing all events after the cuts, as well as the analysis cut line including systematic uncertainties
and the selected CR candidates can be found in Figure 5.

Figure 6 shows the reconstructed properties of all CR candidates compared to simulations from
[13], which use a lower threshold (8c0) than station 13 has. Generally, the reconstructed parameter
distributions for the CR candidates agree with the simulated distributions. Existing differences
can arise from systematic effects (e.g. a slightly different antenna position), which are currently
investigated. Additionally, the differences in energy are driven by the different thresholds, and the
reconstructed energy might not be completely correct due to the lack of absolute gain calibration.

5. Conclusion

In these proceedings, we have presented an analysis to detect CR air-showers with RNO-G. We
applied the analysis to two years (2022 and 2023) of data for stations 13 and identified 4 candidate
events for 2022 and 8 candidate events for 2023, both of which are compatible with what we
expect from simulations. In addition, we demonstrated that RNO-G is capable of reconstructing the
direction, polarization and energy of these events, which underlines the hypothesis that these events
stem from cosmic-rays. The analysis was performed for additional stations, which will be reported
on in a forthcoming publication together with more information about the systematic effects that
were encountered in the analysis. Additionally, RNO-G is working on an analysis to detect CR
events with the deep component, which also will enable the study of air-shower cores hitting and
further developing in the ice [15].
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Figure 6: The figure shows the reconstructed parameters (zenith, azimuth, difference between geomagnetic
polarization and measured polarization, and energy) for all identified CR candidates in station 13 and a
simulation with a 8¢ threshold (normalized to the number of CR candidates).
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