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Status of RNO-G-7 neutrino search

1. Introduction

The Radio Neutrino Observatory in Greenland (RNO-G) is located at Summit Station and aims
to find ultra-high energy (> 100 PeV) neutrinos via the radio detection method [1, 2]. The detection
mechanism relies on the Askaryan effect [3] which arises when UHE neutrinos interact with ice
and the produced particles generate a broadband (0.1-1 GHz) radio pulse. RNO-G aims to detect
UHE neutrinos through these radio wave byproducts. The detector is proposed to have 35 stations
spaced approximately 1.25 km apart as shown in Figure 1.
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(a) The planned 35 station RNO-G array layout (b) The layout of a single RNO-G station

Figure 1: (Left) RNO-G 35 Station Array with currently deployed (orange) and future (blue) stations. (Right)
A single station of RNO-G with 3 strings/cables carrying antennas.

Currently, eight stations have been installed. Each station contains three vertical cables
("strings") carrying antennas embedded in ice. The strings are of two types: power and helper. The
power string is the primary string responsible for triggering on neutrino events while the helper
strings are used for neutrino event reconstruction (identifying neutrino energy/direction) and cali-
bration. The antennas attached to these strings are of 4 types as shown in 1b. HPols capture the
horizontal polarization of an incoming signal. VPols capture the vertical polarization. Calibration
pulsers emit pulses for testing purposes and the LPDAs (Log Periodic Dipole Antennas) are surface
antennas used to distinguish between signals going up through and down through the detector.
Signals captured by these antennas are transmitted via the strings to the digitizer, which reads out
the signal in blocks of 128 samples. These digitizers are run at 2.4 or 3.2 gigasamples per second.
The readout window is made of 2048 samples (one trace), corresponding to ~853 nanoseconds

(ns).

2. Data Processing Pipeline

The partially completed RNO-G detector has been collecting data since 2021. This data is
being used for RNO-G’s first neutrino search. Firstly, several cuts are applied to this data in order
to a create a "good run list" i.e. a dataset that can be used for the neutrino search. These cuts
exclude runs that are not classified as "Physics" runs, such as runs used for calibration purposes. In
addition, runs with a high trigger rate are excluded as they are usually composed of anthropogenic
noise. Additional cuts are made in order to remove runs with a high root mean square (RMS) noise.
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For each antenna ("channel"), the average RMS noise of the run is obtained. The runs are grouped
by year and an empirical cumulative distribution function (ECDF) is obtained for each year and
channel. This ECDF is fit to the ECDF of a normal distribution to identify fit parameters (mean
u and standard deviation 7). A cut at 60 is applied to remove runs with a significant deviation in
RMS noise from u. These cuts collectively remove approximately 1.4 % of the total data collected.

The good runs are then passed through several stages of filtering and processing. The first step
removes glitches. A glitch is a part of a trace in which a single sample deviates by a large amount
compared to the samples surrounding it due to a scrambling of the order of readout blocks. This
occurs due to occasional problems with the digitizer. If a glitch is found in a trace, the entire trace
is removed. After glitch removal, the good runs undergo block offset filtering which handles block
offsets i.e. deviations from zero of the average voltage in a block as read out by the digitizer (see
Section 1). To preserve uniformity across all 16 blocks of a single trace, block offsets from zero
must be corrected for. The offset is fitted for and then subtracted. Lastly, delays i.e. time delays
caused by the cables carrying the antennas and the readout chain, are subtracted. All of these steps
are encompassed in a single module within NuRadioMC [4], the software package used by RNO-G.

Additional processing is housed in a separate module within NuRadioMC. This module first
upsamples the data to SGHz to allow for better detection of the maximum signal amplitude and
timing. A bandpass filter between 100 and 600 MHz is then applied, corresponding to the fre-
quency band within which the RNO-G in-ice antennas are most sensitive. After this, the data is
dedispersed to remove the dispersion caused by the signal chain. Finally, a continuous waveform
(CW) emission filter is applied. CW emission is high-amplitude signals of anthropogenic origin
that are concentrated at a few frequencies. The CW filter uses a method called sine wave subtraction
in which a sine wave corresponding to the peak of the CW emission is constructed and subtracted
from the original waveform. This method removes CW emission at the frequency corresponding to
the sine wave, leaving surrounding frequencies of the signal intact. Comparing this with the more
well known notch filter, a notch filter removes all the power at a particular frequency while sine
wave subtraction removes just the sine wave component at that frequency. Thus, a notch filter is
more "unphysical" and a CW sine wave subtraction filter is used instead.

3. Analysis Variables

After the data has been cleaned, higher level physics variables are calculated for each event in
arun. These variables will be explored in this section.

The first analysis variables calculated are the signal to noise ratio (SNR) and the root power
ratio (RPR) in order to identify impulsive events. The SNR is defined as the ratio between the peak
to peak voltage (difference between the maximum and minimum voltage in a trace) and the RMS
noise. Impulse neutrino-like signals are expected to stand out above background noise i.e. have a
high SNR. The RPR is the ratio of the power of the trace to the RMS noise. Just like the SNR, we
expect neutrino-like signals to have a high RPR.

After calculating the average SNR and RPR for each event as seen across all in-ice antennas,
the event is reconstructed. The purpose of interferometric reconstruction is to determine the vertex
location of an event using RNO-G’s array of antennas. The procedure can be broken down into 4
steps. Firstly, travel time maps are generated. The travel time is defined as the time taken to travel
from a potential source location to an antenna. This travel time accounts for signal propagation
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through the various layers of ice in Greenland and the transition from ice to air at the surface. Depth-

dependent refractive indices are used to solve the Eikonal equation at each potential source location.

n(z)
(&

c is the speed of light in vacuum in m/s, n is the refractive index as a function of depth (z) and VT

The Eikonal equation [5] connects the travel time to the refractive index through |VT| = where
is the spatial gradient of the travel time in units of s/m. This equation can be solved using Python’s
Pykonal package [6].

Secondly, the correlation is obtained as a function of lag for the Hilbert envelope of the event
traces. The Hilbert envelope is made by converting the real trace to a complex ("analytic") signal via
a Fourier transform. The envelope is smoother in cases where there is a lot of noise in the original
trace. Thus, it is better for reconstruction purposes. The correlation quantifies the similarity
between a pair of these Hilbert envelopes. It is calculated by shifting the envelope as seen in one
antenna by a lag, multiplying the overlapping values between envelopes, and summing over them

as shown in Equation 1. i=n i)y (i — k)
P v (1)
i=0 Ni

Where k is the lag and n is the number of samples in the envelopes (x,y). This sum is calculated
for multiple lags and divided by the number of overlapping values (N} ) between the two envelopes
at each lag (k). As seen in Equation 1, the correlation value diverges at the edge of the region of
support as the number of overlapping samples Ny becomes small. To avoid this, a Hanning window
[7] is applied to taper the edges of the correlation function to zero.

Given the travel time map for each antenna, lags can be calculated for each antenna pair as the
difference in the travel time between them (delay time). For each delay time, the corresponding
correlation can be found at each potential source location using the correlation function described
above. These correlation values are then summed over all antenna pairs to obtain a single correlation
value for each potential source location. Figure 2b shows the correlation map for a pulse emitted
by the calibration pulser. The blue star denotes the location of the pulser, which aligns with the
azimuth and elevation corresponding to the maximum correlation value. This maximum correlation
value and its corresponding source location is stored for each event.

Post reconstruction, the surface correlation ratio (SCR) is calculated in order to determine if
the event originates from the surface or within the ice. Neutrino interactions are in-ice events and
thus the SCR, alongside other analysis variables, can be used to identify them. The SCR is defined
as the ratio between the maximum correlation among potential source locations within a +/- 10
meter band around the surface (boundary between air and ice) and the maximum correlation across
all potential source locations. For each event, the SCR, the maximum surface correlation value and
the location corresponding to the maximum surface correlation value is stored.

Lastly, the coherently summed waveform (CSW) is made for each event by shifting traces by a
lag corresponding to the maximum correlation between a pair of traces. This correlation is found
within a small window around the lag corresponding to the maximum reconstructed correlation
value. The shifted traces are then summed to create the CSW. The SNR, RPR, peak, power and
impulsivity of the CSW is extracted. The impulsivity quantifies how sharply peaked the CSW is
and is calculated by the formula 2 x @ — 1 where CDF stands for the cumulative distribution
function and n is the length of the CDF [8]. To find the CDF, the absolute value of the trace is
firstly sorted from smallest to largest. For each value in the sorted trace, the fraction of values less
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than or equal to that value is given by the CDF. The mean of the CDF is lower for a spikier signal
as most values in the trace are near zero and only a few are large. By multiplying the mean of the
CDF by 2 and subtracting 1, the impulsivity is normalized to be between 0 and 1 with impulsivity
> 0.5 indicating a more "impulse-like" CSW.

The CSW has a higher SNR compared to the individual signals seen in each channel as shown
in Figure 2a. Thus, the CSW helps identify low SNR i.e. weaker neutrino-like signals.
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4. Initial Reconstructions

In order to test the interferometric reconstruction, calibration pulses and simulated neutrino
signals were reconstructed and the position associated with their maximum correlation values were
compared to their actual positions.

Calibration pulses are impulsive signals emitted by a single antenna on the helper string.
Approximately 300 calibration pulses were reconstructed for testing. Figures 3b and 3a compare
the actual and reconstructed elevation (6) and azimuth (¢) of these calibration pulses.

As seen in Figures 3a and 3b, the actual position marked by the gray dashed line agrees within
1 degree with both distributions. The reconstruction resolution is 0.1 degrees in ¢ and 0.9 degrees
in 6 as quantified by the gaussian fits shown.

A similar test was done for simulated neutrinos. Electron neutrinos were simulated together
with noise at an energy of 10'® eV, undergoing neutral current interactions. Figures 3c and
3d shows a histogram of the difference between the actual and reconstructed 8 and ¢ of these
simulated neutrinos. Only neutrinos that used a direct ray tracing solution are shown because the
interferometric reconstruction currently only uses direct ray tracing. Reflected and refracted ray
tracing will be included soon.

The simulated neutrino distribution is centered at 0 degrees for ¢ and -1.5 degrees for 6, with
a o of approximately 1 degree for both distributions. This is comparable to other radio-based
neutrino detectors like ARA [9] and ARIANNA [10]. The outliers in these plots correspond to
weak neutrino signals dominated by background noise.
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Figure 3: The distributions of reconstructed arrival directions for calibration pulses and simulated neutrinos

5. Results

After testing the reconstruction, the analysis variables were calculated for all events from the
good run list in 2021 for station 11. Figure 4a shows a 2D histogram of the surface correlation
ratio as a function of elevation for data (blue) and for simulated neutrinos (red). This plot was
used to qualitatively create a cut in elevation and surface correlation ratio that minimized surface
backgrounds while saving the majority of neutrinos. The cut is shown in Figure 4a as a black box
with boundaries at an elevation of 0.25 radians and a surface correlation ratio of 0.6. These cuts
were determined qualitatively and will be optimized in the future. This cut was applied to 2021 data
and Figure 4b was made post-cut. Figure 4b shows a 2D histogram of the maximum correlation as
a function of the CSW SNR for data (blue) and simulated neutrinos (red). A clear separation can
be seen between simulated neutrinos and data, with data clustering at low SNR and low maximum
correlation. Thus, the maximum correlation and CSW SNR, alongside other analysis variables,
can be used to separate data which is primarily composed of background noise, from neutrino-like
signals.
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6. Background and Signal Separation

Once all the 2021 data was processed for station 11, a linear discriminant analysis (LDA) [11]
was developed to separate noise from neutrino-like signals as was done in ARA. The LDA currently
uses all the analysis variables listed in Section 3 and will be optimized, including the addition of
more variables. The LDA develops a single variable (linear discriminant) for each event that is
defined by a combination of the analysis variables to maximize the separation between noise and
neutrino-like signal distributions. Neutrino-like signal distributions are simulated as described in
Section 4. The LDA maximizes the separation between this simulated neutrino distribution and the
2021 processed data (noise) as shown in Figure 5. The 2021 processed data is considered to be
primarily noise, based on the separation between data and simulated neutrino distributions shown

in Figures 4a and 4b.
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Figure 5 contains the survival functions for the data (blue) and simulated neutrino (red)
distributions as a function of the linear discriminant developed by the LDA. The survival function
gives the probability of an event passing a cut at a particular value for the linear discriminant. By
eye it is clear that a linear discriminant value of approximately 3 would remove most of the noise
(data) and preserve neutrinos. The determination of a precise cut to separate the two distributions
is ongoing work.
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7. Conclusion

These proceedings outline progress that has been made towards RNO-G’s first neutrino search.
A data processing pipeline has been set up and analysis variables have been calculated for processed
data taken by Station 11 in the year 2021. Neutrinos have also been simulated at an energy of 10'8 eV
and those that utilize a direct ray tracing solution were used to test the interferometric reconstruction
and train an LDA. The LDA maximizes separation between data and simulated neutrinos and will
be used to create a cut between these distributions. In the future, the analysis will be applied to
additional stations and years of data to set a limit on the diffuse neutrino flux.
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