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The Radio Neutrino Observatory – Greenland (RNO-G) is an in-ice neutrino detector, using radio
emission to target the first measurement of neutrinos beyond PeV energies. In total 35 stations
are planned for the detector, resulting in a detection volume of around 100 km³. Each of these
stations is equipped with deep antennas embedded ∼ 100 m into the ice and downward-pointing
log-periodic dipole antennas (LPDA) buried ∼ 3 m into the snow. At each station, three additional
buried LPDA are pointing towards the sky and thus can be used to look for cosmic-ray induced
air-showers. These air showers are a background for the RNO-G detector and therefore important
to understand, but they also can be used as a calibration tool. In order to find the air-shower
signals, we apply an analysis based on template matching to the data.
We present the current status of the analysis targeting the detection of cosmic-rays induced air
showers. This includes the presentation of a method to create a complete template set and a first
look at RNO-G data.
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1. Radio Neutrino Observatory Greenland (RNO-G)

The Radio Neutrino Observatory Greenland [1] is an in-ice neutrino detector, which is currently
under construction and is located at Summit Station, Greenland. The goal of the detector is the
detection of astrophysical and cosmogenic neutrinos above PeV energies. Additionally, RNO-G is
a pathfinder to help inform the planned radio array of IceCube-Gen2 [2]. When ultra-high energy
neutrinos interact in the ice, they produce particle showers, which create radio emission mainly via
the Askaryan effect [3]. The resulting radio emission can be measured and used to reconstruct the
energy and direction of the neutrinos [4, 5]. At these high energies, a large detection volume is
needed to measure neutrinos. Thus radio emission is the preferred detection method, because due
to the larger attenuation length a larger effective volume can be reached with fewer instrumentation
compared to optical neutrino telescopes. For RNO-G, in total 35 independent stations, with a
grid spacing of 1.25 km are planned, resulting in a total detection volume of around 100 km³ of
ice. The construction started in July 2021 and since August 2022 seven stations are installed and
operating. Each of the stations is equipped with 24 antennas. A drawing of a single station can
be found in Figure 1a. The station can be separated into a deep and a shallow component. The
deep component consists of 15 antennas (4 horizontally polarized (Hpol), 11 vertically polarized
(Vpol)) grouped into three strings, reaching a depth of ∼100 m. Both antenna types are necessary
to achieve a good direction reconstruction. The shallow component consists of 9 Log-Periodic
Dipole Antennas (LPDA), which are buried into the snow at a depth of ∼3 m. Six of the LPDAs
are pointing downward and thus can be used for neutrino detection. The other three LPDAs are
pointing towards the sky and can be used to measure and tag background from above. The upward
facing antennas will be used in the following to find cosmic-ray induced air-showers candidates.

2. Backgrounds

The backgrounds can be grouped into two classes, physical and anthropogenic origin. In the
latter category falls noise created by e.g. radio communication and snow mobiles driving by. A
possible background of the first category is coming from events created by the triboelectric effect
during high wind periods [6]. The other backgrounds of this category are connected to cosmic
rays. When an ultra-high energetic cosmic ray (UHECR) hit the atmosphere, a particle air shower
is created. This particle shower produces radio emission via the Askaryan and dominantly via the
geomagnetic emission [7, 8]. The resulting radio emission can be measured and can act as a possible
background to neutrino detection. In addition, high energetic muons are created inside the particle
showers and can interact in the ice and yield large localized energy losses, creating particle showers
and thus radio emission [9]. As RNO-G is located at an altitude of ∼ 3000 m a particle air-shower
with a small zenith angle can hit the ice before it is fully developed. In this case, the particle shower
further develops in the ice, creating radio emission [10]. Finally, all the created radio emission
described above can be reflected by reflective layers in the ice [11]. The analysis, presented in this
work, aims at the detection of the direct radio emission of air showers. The possibility to detect air
showers can be used to tag these events and to better understand the background and the detector.
Due to the similarity of the air shower signal to a potential neutrino signal (both are bipolar and only
of a few nanosecond length), the air showers can be used to test the complete detection chain under
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Figure 1: a): A drawing of an RNO-G station with all 24 antennas and the calibration pulsers. b): 1) The left
panel shows the time domain of a simulated cosmic ray signal, while the right panel shows the corresponding
frequency domain. 2) The plots show the signal after the LPDA, but before going into the amplifier and
trigger logic. 3) The plots show the signal how it looks for the trigger and how it is saved (in ADC).

realistic conditions. A simulated cosmic ray signal and what it looks like after running through
the electronic chain can be found in Figure 1b. Moreover, the signals can be used for an in-situ
calibration and to increase confidence in the reconstruction algorithms.

3. Cosmic-ray analysis

In the following, we will introduce the strategy of the cosmic-ray analysis and present the
current status. In the end, we will show a first look at the data, by applying the analysis to data from
two stations.

3.1 General strategy

For the analysis, the general strategy is to use template matching, meaning that the data is
correlated with templates of cosmic-rays waveforms. Noise events, correlated with the templates,
should give a rather small correlation value, while cosmic-ray events should give a high correlation
value. The correlation value is a measure for the agreement of the data with the compared template
(see Equation 1) As a result, the correlation value can be used to discriminate noise from signal
events. A similar analysis was used by the ARIANNA collaboration for their cosmic-ray analysis
and was successful [12]. For the analysis done by ARIANNA, the templates were created by
using the waveforms from cosmic-rays simulations. However, they did not exploit the similarities
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of different simulations and thus had numerous templates (∼ 200,000), which is computationally
expensive, in particular for a steadily increasing data-set. Additionally, the RNO-G waveforms
(2048 samples) are longer than the ARIANNA waveforms (256 samples) [12]. For the RNO-G
analysis, the first step is to create a template set which covers the parameter space completely. By
using the similarities of the different signals, a smaller template set will be created. Using the
template set a correlation value can be calculated for each event, on which a cut is then applied.
Another set of cosmic-ray simulations can then be used to determine the sensitivity of the analysis.
Thereafter, the analysis is applied on the experimental data set. As the current status of the analysis
we can report, that we have created a complete template set (explained in detail below). The further
steps described above are currently ongoing.

3.2 Complete template set

Before creating the template set, the parameter space needs to be defined. For this work, the
parameter space will be 5 dimensional and consists of the following parameters: cosmic-ray zenith
angle, azimuth rotation angle of the LPDA, x and y position of the detector relative to the air-shower
and 𝑋max. The energy dependence of the simulated waveforms was investigated and it was found
that the energy mainly changes the amplitude of the signal. The correlation is independent of
scaling factors and therefore, the cosmic-ray energy does not need to be taken into account.

In total 85 air-shower simulations for Greenland are picked such that they span a grid over
the complete parameter space. The simulations are performed with CORSIKA [13] and the radio
emission is calculated with CoREAS [14]. Only proton primaries are used for the simulations,
since they cover the widest range of heights of shower maximum. Additionally, all simulations
are performed with the same azimuth angle. The magnetic field is very vertical at Summit Station
(inclination 81.12°) and therefore, the air showers are expected to have a negligible azimuth angle
dependency. Before using the simulations, they are ’denoised’, by rejecting simulation artifacts and
simulations containing no physical signal.

The signal is short in time and can occur anywhere on the waveform. As a result, a scan of
the complete waveform with the template is performed by shifting the waveforms relative to each
other. The correlation value is defined as the maximal value of the scan and is calculated with the
following formula:

𝜌 = max (𝜌(Δ𝑛)) = max
©«

∑𝑚
𝑖 (𝑉1)𝑖 · (𝑉2)𝑖+Δ𝑛√︃∑𝑚

𝑖 (𝑉1)2
𝑖
·
√︃∑𝑚+Δ𝑛

𝑗=Δ𝑛 (𝑉2)2
𝑗

ª®®¬ (1)

with 𝑉1 (𝑉2) being the recorded voltage waveforms of the template (signal), Δ𝑛 the number of
samples by which one waveform is shifted relative to the other and m the length of the template
waveform. In order to mitigate the influence of the noise before and after the signal, only a 200 ns
window around the maximal amplitude will be used as template.
Check for completeness:
For a template set to cover the parameter space completely, it needs to describe all possible signals
in the parameter space. In this analysis, this is the case if the correlation of the template set with all
simulations in the parameter space is larger than 0.8. If multiple templates are used, it also needs
to be checked that all templates are overlapping each other.
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Figure 2: Visualization
of the template creation
for two different events.
The upper plot shows
Gaussian functions with
a very small width 𝜎 =

0.31 ns. The lower plot
shows a Gaussian func-
tion with a width of 𝜎 =

3.13 ns.

Final template set:
As visible in Figure 1b, the air-shower signal is strongly influenced by the hardware response of
the detector. Indeed, the main features are created by the hardware response. Therefore, simple
Gaussian functions are assumed for the electric field components, except for the component in
the direction of propagation (𝐸r) which is set zero. Two examples of a Gaussian function with a
different sample width can be found in Figure 2. Already in this figure, it is visible that the approach
is capable of recreating some of the main features of the signal. The influence of different relative
amplitudes of the two E-field components was investigated and showed no major influence. As a
result, the relative amplitudes are estimated from a single point in parameter space. Two templates
with the width of the Gaussian functions of 𝜎temp1 = 1.56 ns and 𝜎temp2 = 1.25 ns are chosen as
a template set. Out of the 55040 simulations spanning the parameter space, only 30 simulation
(0.05 %) are not found by the two templates. An investigation of these events showed that they can
be excluded from parameter space, because they are either simulations artifacts from close to the
shower axis or slipped through the denoising cut. The denoisning cut is constructed conservatively
and thus let more simulations through than a realistic trigger would trigger on. In addition, it was
shown that each time the template 𝜎temp1 = 1.56 ns does not find a simulation, the other template
finds it and all its neighboring points in parameter space, thus showing that they overlap. As a result,
the two templates are covering the complete parameter space and are a complete template set. The
mean correlation score of the template set with all simulations (always choosing the maximal of the
two correlations scores) is �̄� = 0.89. To increase the mean correlation score an additional template
with a width of 𝜎temp3 = 0.62 ns is included, raising the mean correlation score to �̄� = 0.94.
Before including the last template, it was checked that the additional template is not increasing the
correlation of the template set with noise significantly. A plot showing the three templates can be
found in Figure 3.

3.3 Insight into RNO-G data

In the following, an insight into RNO-G data is provided by showing the results of the template
matching with some data of station 22 (deployed in 2021) and station 13 (deployed in 2022). The
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sample used is the data sent to DESY in real-time via satellite, which is randomly selected ∼ 3%
of the total data. In addition, only events triggered by the LPDAs (radiant trigger) or a software
trigger (forced trigger) are selected. For the time period, August 3rd till the August 10th 2022 is
chosen. In Figure 4 a plot for each station with the correlation value plotted against the trigger time
can be found. The plot shows some time clustered features. For example, in both plots, there are
spikes going to smaller correlation value (see e.g. 2022/08/04). The corresponding events show
a continuous wave with most of them having a frequency of 403 Hz, which can be related to a
weather balloon released at Summit Station. In addition, the noise from the solar panels, charging
the batteries can be seen as a strong day night variations in the plot of station 22. This specific
kind of noise was mitigated for the new stations by redesigning the charging system of the stations.
Sometimes there are correlation spikes going to higher correlation values (see e.g. plot of station
13). These events are harder to relate to a specific source, but a potential origin is e.g. a snowmobile
passing by. Cosmic rays are not time clustered and can be excluded as origin of the events in the
spikes. Further, the rate of UHECR at energies RNO-G is expected to be sensitive is low, only a
few UHECR per day in the complete array of 35 station.

A plot showing the correlation plotted against the signal-over-noise-ratio (SNR), for the two
example stations, is shown in Figure 5. The SNR is defined as the maximal amplitude A of the
signal divided by the voltage RMS (VRMS) of the noise (SNR = A

VRMS
). The VRMS of the noise

is calculated by selecting 100 random events with a forced trigger and calculating the mean RMS
for each channel. From simulation cosmic-ray events are expected to populate the region above
the red lines shown in Figure 5. The line indicates where the expected cosmic-ray region starts.
It was created by estimating the template-signal correlation behavior for small SNR, by adding
noise with different amplitudes to a small set of cosmic-ray simulations and then calculating the
correlation with the template set. For high SNR the line is set to a correlation value of 0.8 (boundary
used to show that the template set is complete). A precise study of the expected cosmic-ray event
distribution is still work in progress. In conclusion, for both station there is no major leakage of
noise into the cosmic-ray region, making it very likely that this analysis will work for the RNO-G
experiment.
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Figure 4: Correlation vs time for the data in the time period of August 3rd till the August 10th 2022. The
upper plot shows the result for station 13 and and the lower plot shows the result for station 22. The forced
trigger is a software trigger taken very 10 seconds and the radiant trigger is triggering on the signals from the
LPDAs.

4. Conclusion

In conclusion, we have presented the general plan of an analysis to find cosmic-ray induced air
showers with the Radio Neutrino Observatory - Greenland (RNO-G). In more detail, we presented
a method to find a set of templates covering the complete parameter space. With this method we are
able to find a complete template set which only contains two templates. By adding a third template,
the overall correlation score can be increased. Additionally, we gave an insight into the analysis
by showing the application of the template set to 8 days of data for two stations. It was shown
that no major leakage of noise is visible into the region of interest. Thus the presented method is
very promising for RNO-G. For the future, it is planned to study the expected cosmic-ray event
distribution and to analyze more data to find the first cosmic-ray events with RNO-G.
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