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The Radio Neutrino Observatory Greenland (RNO-G) is planned to be the first large-scale imple-
mentation of the in-ice radio detection technique. It targets astrophysical as well as cosmogenic
neutrinos with energies above 10 PeV. The deep component of a single RNO-G station consists of
three strings with antennas to capture horizontal as well as vertical polarization. This contribution
shows a model-based approach to reconstruct the arrival direction of the neutrinos with an RNO-G
station. The timing of the waveforms is used to reconstruct the vertex position. The shape and
amplitude of the waveform are used to reconstruct the viewing angle. Together with the signal
polarization it will add up to the neutrino arrival direction. We present the method used and the
achieved angular resolution using the deep component of an RNO-G station.
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Figure 1: Left: A single RNO-G station consists of three strings of antennas (Hpol and Vpol) plus surface
antennas (LPDAs), as well as three calibration pulsers located both deep in the ice and also at the surface.
The string containing the phased array trigger is designated as the power string, while the two additional
strings are designated as support strings. Right: The vector effective length of the RNO-G Vpol and Hpol.
The Vpol is more broadband and has a higher gain than the Hpol, which is limited by the borehole geometry.

1. Astrophysical neutrinos above 10 PeV

Astrophysical neutrinos have been detected up to 10 PeV energies [1] and promising corre-
lations of neutrino arrival directions with Blazars [2] and Tidal Disruption Events [3] have been
reported. For higher energies, the steeply falling flux requires large effective area neutrino detectors
with fiducial volumes on the cubic kilometer scale. Radio neutrino detectors can deliver such large
effective volumes by detecting the signals from particle showers in ice. The Radio Neutrino Ob-
servatory Greenland (RNO-G) will be the first large-scale neutrino radio detection experiment. To
contribute to multi-messenger astronomy at higher energies and to find potential source correlations
an accurate arrival direction reconstruction is needed. This will be discussed in these proceedings.

2. Radio Neutrino Observatory Greenland (RNO-G)

The start of the deployment of RNO-G is in June 2021 at Summit Station, Greenland. In the
coming years, a total of 35 stations will be deployed with a spacing between stations of 1.5 km.
The station spacing is optimized such that most events will be detected by only a single station.
Therefore, reconstructions and station design are optimized for inferring neutrino properties by just
using a single station. A single RNO-G station as shown in Figure 1 consists of a deep component
and a shallow component. The shallow component is reached less likely by a radio signal from
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Figure 2: Left: Schematic of regions on-sky obtained by restricting the direction of the neutrino due to signal
direction, viewing angle and polarization. A measure for the polarization is needed to limit the direction of
the neutrino from a full cone to a small region. Right: Schematic of a neutrino interaction. The interaction
point is referred to as the vertex position. The viewing angle, which is the angle between the shower axis and
the radio signal propagating to a RNO-G station, takes values ± 7 ◦ around the Cherenkov angle (56◦).

within the ice. Therefore the reconstruction in this work is focussed on the deep component. Also,
the performance of LPDA based stations has been shown previously by the ARIANNA experiment
[4] and is applicable to RNO-G stations.

The deep component consists of three strings with a horizontal spacing of 20 m from the
mid-point with a maximum depth of 100 m. The horizontal spacing of the strings is optimized
such that all three the strings need to see high enough SNR (signal-to-noise ratio) in order to get an
azimuth reconstruction. The efficiency for each string to record a signal of SNR>2.5 is shown in
Figure 7, right. One string is referred to as the power string and contains the trigger and is mainly
used for vertex reconstruction. There are 7 antennas for vertical polarized electric-field (Vpols)
and 2 for horizontal (Hpols). The other two strings have 2 Vpols, 1 Hpol and 1 calibration pulser.
These antennas are mainly for azimuthal reconstruction.

The antennas were optimized such that the geometry matches with the size of the borehole,
which is 5.7 inches in radius. For the Hpol, a vertically oriented quadslot antenna design has been
chosen. Figure 1 shows the antenna response of the Vpol and Hpol for the horizontal in terms of
vector effective length �eff. The �eff is the immediate conversion factor between the electric-field
and the voltage response in the antennas [5]. Clearly visible is the lower gain and smaller frequency
bandwidth of the Hpol with respect to the Vpol. A contribution in the Vpol as well as Hpol is
needed for a full polarization reconstruction.

3. Direction Reconstruction

Loosely, there are three ingredients needed to reconstruct the direction of the incoming neutrino:
the radio signal direction, the polarization and the viewing angle. The viewing angle is the angle
between the radio signal and the shower axis, as shown in Figure 2. The radio signal adds coherently
on the Cherenkov angle (56◦ in ice). Higher frequencies fall off for viewing angles a few degrees
off of the Cherenkov angle, and the signal becomes less pronounced. Therefore, the slope of the
frequency spectrum can be used to determine the viewing angle.

3
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Figure 3: Schematic of steps taken in the fit.

Depending on the event, signals can typically still be observed with a viewing angle of ± 7◦

around the Cherenkov angle. The signal direction can be obtained using the time-differences of
the pulses in different channels. The Askaryan effect results in a polarization pointing towards the
shower-axis, and therefore a contribution in the Vpol as well as Hpol will pinpoint the neutrino
back to its origin. This is illustrated in Figure 2 left.

The neutrino simulations are performed with NuRadioMC [5, 6]. In the simulations, the
vertex position (position of neutrino interaction) is randomly generated. From this position, the
propagation path of the radio signal is calculated using the the refractive index of the ice to each
individual antenna. The density profile of the ice is not constant, and therefore besides the direct
raypath (if the depth is monotonically decreasing or increasing along the path between emitter and
receiver) a refracted raypath (if the path shows a turning point) can also be a solution. Due to the
ice-air interface, the radio signal can be reflected and cause a reflected solution.

For a specific neutrino direction, the viewing angles at each antenna can be calculated using
the raypaths. For the analysis presented in these proceeding, an analytic raytracing-solver is used,
which calculates the raypath for a given start- and end-point only allowing to solve for exponential
ice models. Other methods are currently being implemented in NuRadioMC, to support numerical
raytracing [7] and a parabolic equations solver [8] to calculate the electric-field immediate at the
antenna without the simplification of assuming ray optics.

Forward Folding To reconstruct the direction of the neutrino, an analytic model of the electric
field-pulse is fitted directly to the measured voltages in the time-domain. We refer to this method
as the forward folding technique. The performance of this method on cosmic-ray simulations is
shown in [5], but has been significantly adapted for the neutrino case. A j2 test statistic is used
which is minimized for the neutrino azimuth angle, zenith angle and energy. In this approach, a
model of the electric-field as emitted by the particle shower is used, the propagation effects and
detector responses are then applied to calculate the expected voltage traces. Consequently, the j2

is sample-wise minimized in the time-domain. This is schematically shown in Figure 3.

Fitting Procedure As a first step of the reconstruction, the vertex position is determined by
calculating the timing differences between channel pairs and comparing these timing-differences
with the expected timing-difference using ray-tracing. A 3D grid-scan is performed along a narrow
band in the ice, where the region is determined by fitting a plane wave to the bottom channels to
obtain the signal arrival direction. Second, the ray-tracing is performed from the reconstructed
vertex to determine the travel paths and travel times for each ray-tracing solution. For each neutrino
arrival direction, the viewing angles can be calculated using the ray paths of each raytracing
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Figure 4: The launch zenith angle as function of received zenith angle. The signal arrival direction at the
antennas can be reversed to the signal launch vector at the vertex position under the assumption of the ray
type. The figure shows the mapping for a depth of -97 m, which is the depth of the reference channel used in
the fitting procedure.

solution. The analytic-model of the electric-field (parametrized dependent on viewing angle and
shower energy) is calculated for each pulse at each antenna. Each calculated electric-field trace
is corrected for the propagation effects (such as attenuation) and convolved with the antenna and
amplifier response to calculate voltage traces. Using the reconstructed signal direction via the plane
wave fit, the ray type of can be determined of the triggering pulse as shown in Figure 4. The phased
array channels are used as reference channels: by running a neutrino voltage-trace template through
the traces, the position of the triggering pulse is determined, which sets the global timing. Also,
the rough position of the other pulses in the other channels using the calculated travel times from
the ray-tracing can be determined. The exact pulse positions are determined using correlation.

Simulation set The event set used to show the performance of the forward folding technique is a
combination of an extension of the spectrum measured by IceCube and a GZK flux model [9]. For
the simulations, the signal parameterization from [10] is used. The noise on the signal is dominated
by thermal noise of the antennas itself. Currently, Rayleigh distributed noise is used. Once in-situ,
more complete noise models can be obtained from measurements. In the simulation set, no charged
current electron neutrinos are used. The current method depends strongly on an accurate model of
the signal, which causes complications for electromagnetic showers, due to the LPM effect at high
energies.

Results Figure 5 shows the resolution for the radio signal arrival direction, viewing angle and
polarization. While signal zenith angle and viewing angle can be relatively accurately determined,
this is not the case for the polarization. The polarization is the limiting factor for the neutrino arrival
direction reconstruction. The signal arrival direction can be reconstructed at sub degree level, and
the viewing angle at ± 0.5◦.

Figure 6 shows the reconstructed space angle as function of energy and source zenith (90 deg
is horizontal). For events with a large signal contribution in the Hpol, a f68% of 1.7◦ is obtained.
For small source zenith angles, due to geometry only the top of the cone is visible, and therefore
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Figure 5: Reconstruction of the event parameters of the signal set for signal direction (left), middle (viewing
angle) and polarization (right).

Figure 6: Obtainable space angle resolution as function of energy (left) and zenith (right) bins. Results
for all events (blue) and a subsection of events with detectable Hpol contribution (orange, defined as signal-
to-noise ratio of 3) are shown. The thick lines correspond to f68% and the shaded areas to f95%. The
resolution improves with increasing energy and increasing source zenith (90◦ horizontal). The events with
Hpol contribution (orange) are grouped in one bin only.

the electric field contains no horizontal polarization. Therefore, the fraction of Hpol contribution
events goes up for higher zeniths, resulting in a better angular resolution. For higher energies,
Figure 7 left, shows an increasing fraction of events with SNR > 2.5 for each zenith bin. Because
of the large attenuation length in Greenland (O(1km)), compared to the thickness of the ice-sheet,
most events at high energies will have amplitudes significantly higher than the trigger threshold.
Therefore, the resolution for higher energies also improves.

4. Implications for RNO-G science case

RNO-G is sensitive to neutrinos from PeV energies and is therefore exploring a new parameter
space. RNO-G has the potential to resolve the high-energy neutrino sky, identify sources or set
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Figure 7: Left: Analysis efficiency for RNO-G versus energy and for different zenith bins. Right: Analysis
efficiency forRNO-Gversus energy. Signal in each string is needed in order to obtain azimuthal reconstruction
(red) Addition of Hpol contribution is needed for neutrino direction reconstruction (green).

limits on the high-energy flux. RNO-G covers most of the northern hemisphere and is sensitive to
among others the TA hotspot [11] and TXS 0506+056 [2]. Furthermore, RNO-G can exclude or
verify the most optimistic cases for cosmogenic neutrino as shown in Figure 24 of [12]. More work
needs to be done for a full study of the systematic uncertainties, besides only the noise fluctuations
accounted for in this work. With the results shown here, an angular resolution of f68% = 1.7◦

for events with Hpol contribution and a f68% = 8.5◦ for all events, RNO-G will be suitable for
the discovery of transients. The sensitivity of RNO-G to transients in shown in Figure 28 of [12].
When no timing constraint can be made, RNO-Gwill be dependent on multi-messenger approaches.
Since the significance goes with 1/(space angle2) that a multi-messenger observation belongs to the
neutrino, having a large Hpol contribution is very important.

Regarding fundamental physics, mainly cross-section studies depend on angular resolution.
Since the deep station is less sensitive to near horizontal events, a significant part of the sensitivity
for cross-section measurements will also come from the surface component, which is not studied
in this work.
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