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The Radio Neutrino Observatory in Greenland (RNO-G) aims to detect ultra-high-energy neutrinos
via Askaryan radiation; however, in-ice cosmic-ray (CR) cores produce similar radio signatures
and are expected to dominate the trigger rate of RNO-G’s deep, in-ice antenna channels. Using
a previously reported fast-simulation method to build a simulation pipeline with the FAERIE
framework, we report results from our first large-scale production campaign of in-ice shower-
core simulations. We present the trigger efficiency as a function of primary energy, zenith
angle, and viewing angle, along with updates to our simulation methodology since the preliminary
conference results. This work shows how the fast simulation method makes it possible to efficiently
approximate effective areas and event rates.
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1. Introduction

RNO-G is designed to detect ultra-high-energy neutrinos (UHE-vs) through Askaryan radia-
tion observed by antennas deployed both near the ice surface and within boreholes down to ~ 100 m
depth [1, 9]. Cosmic-ray (CR) air showers generate secondary particles that reach the ice surface,
producing further cascades in the ice called shower cores, with a charge-excess mechanism similar
to that of in-ice neutrino-induced showers, but with a different geometry [2]. These in-ice showers
are expected to dominate the trigger rate of the in-ice antenna (deep) channels that form the primary
neutrino trigger. Distinguishing these CR-core signals from neutrino-induced events and using them
as an opportunity to validate the radio detection technique requires simulations that can reproduce
both the coherent radio pulse and a realistic detector response with high fidelity.

FAERIE (Framework for the simulation of Air-shower Emission of Radio for In-ice Exper-
iments) calculates in-air emission using CORSIKA and CoREAS [8] and in-ice emission using
GEANT4-based module, with analytic ray tracing in combination with look-up-tables [4, 11]. At
default settings, simulating the in-ice emission of a single 100 PeV, vertical proton-induced shower
core with O(100) antennas required close to 3000 CPU-hours [5]. This cost is prohibitive for the
large dataset needed for statistical-based studies such as CR candidate classification, neural-network
training, and background identification within RNO-G’s deep-CR search. We previously described
a modification method that reduce this cost by up to three orders of magnitude while preserving
the physical observables of the coherent signal [10]. In this study, we report the results from the
application of the method in a large scale production simulation only for in-ice shower cores along
with corrections made to the sampling and methodology since our preliminary results shown at the
conference.

2. Summary of FAERIE Modification

This section summarizes the modification concept used for the simulation campaign, and full
derivations and single-shower validation are given in Ref.[10]. Starting from FAERIE’s default
treatment, only ground-level particles within 1 m of the shower axis from CORSIKA are passed
along to the next step of the simulation with the GEANT4-based module. We found that imposing
an energy cut Ey = 10 GeV and an electromagnetic particle filter can reduce the simulation cost (in
CPU-hours) by a factor of 3 — 4 while maintaining simulated electric field quality at the antennas.
This became our new baseline for further testing of later modifications. We additionally scale each
surviving particle’s energy by a factor 8 (E’ = E/B, weight w' = Sw) and displace its starting
or injection point along its momentum direction by a slant depth drawn from I'(gipject, b)) With
@inject = bIn B, s0 that the ensemble of rescaled sub-showers statistically reproduces the original
longitudinal energy deposition profile. This method targets and reduces the total simulated energy
that drives coherent Askaryan emission rather than the particle list by conventionally thinning or
reducing the number of particles. Particles that would otherwise fall below the critical energy in an
electromagnetic cascade (E¢i; ~ 80 MeV) after scaling are handled with an additional conventional
thinning step, at thinning probability ¢ = min(E¢y/(Ecrit- 8), 1). The final modification reproduces
baseline amplitude and timing for on-cone antennas within 15% in pulse amplitude error and within
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a few nanoseconds error for pulse timing up to 8 = 1000, with decreasing accuracy as 8 increases.
This motivates the construction of a simulation campaign described below.

3. Simulation Setup

The simulation pipeline starts with CORSIKA air-shower simulation, and we use proton
primaries as the starting point before extending to heavier nuclei in future studies. The primary
energy is drawn uniformly in log,,(E/eV) between 106 and 10'8-0 eV, with 10 bins per decade of
energy and 1000 showers per bin from CORSIKA. Azimuth is sampled uniformly over 0° — 360°.
The Summit Station site information is used for the magnetic field and atmospheric profile. A simple
exponential Greenland ice model is used for in-ice ray propagation [6]. We correct the zenith-angle
sampling used for the results shown at the conference. For a horizontal detector under an isotropic
sky assumption, the number of incident primaries per unit zenith angle () is proportional to the
projected detector area, cos(#), and the solid-angle element, sin(6) d6;

dN
20 o sinfcosf = %sin(29). )

This distribution is uniform in cos? §: with u = cos? 0, du = —2sin6 cos 0 df, so dN « —du. We
therefore sample zenith as such, and the zenith angle is restricted to 8 € [0°,60°].

Prior to in-ice simulation, launch angles from a designated radiation origin along the shower
axis to a dense 100-meter-deep grid were calculated for several incident zenith angles. This
estimates the launch angle from any shower geometry to antennas at depth, defining a contour
that bounds positions with launch angles under the Cherenkov angle plus 20 degrees. For each
thrown air-shower in the CORSIKA stage, we reuse the shower to generate six deep-CR events by
randomizing the placement of 6 RNO-G stations, which comprise 6 X 24 antennas per shower. The
area in which these random positions were sampled is determined by the incident zenith angle. We
note this reuse scheme as a known, currently unquantified systematic because the six derived events
per shower share a common air-shower core and in-ice cascade realization and are not independent
trials. The efficiency and rate uncertainties reported below are propagated as though all events were
independent, which likely underestimates the true statistical uncertainty.

Figure 1 shows the distribution of simulated events and detected amplitudes in one of the 4
trigger channels for the zenith bin. Antennas located near the Cherenkov ring of the given event
geometry detect stronger signals, and triggered events are those with strong signals near or on the
Cherenkov-ring pattern. A small number of triggered events occur at the edge of the Cherenkov
ring pattern while having amplitudes near the noise level (~ 20mV). These are consistent with
noise-driven coincidence triggers rather than genuine Askaryan-signal triggers. At inclined zenith,
different antennas across the footprint see the pulse arrive from meaningfully different angles, so the
observed amplitude pattern is a convolution of the radiation pattern with each antenna’s directional
gain response.

The simulated waveforms are passed through NURADp1IoMC for the RNO-G station response
and trigger simulation, using a high/low-threshold trigger with 2-of-4 channel coincidence, with
noise from randomly sampled RNO-G forced-trigger events [7].
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(a) Scatter plot of normalized amplitudes of channel-0. (b) A subset of events from fig.1a where only triggered
Color indicates waveform amplitude in logarithmic scale. events are shown.

Figure 1: Scatter plot of the amplitude seen in channel 0 (ChO) from all simulated event with zenith angle
26° — 32°. Color indicates waveform amplitude and triggered events are mostly located on the Cherenkov
ring pattern.

4. Results

After completing the new simulation set, we have simulated ~ 1000 air-shower cores (~ 6000
deep-CR events after the x6 reuse) out of the full planned campaign. A small fraction of jobs
failed for reasons not yet diagnosed and are excluded from the sample below, resulting in a slightly
different number of simulated event Ng;,, for each bin. The results shown in the later section should
be read as preliminary, based on partial statistics from the corrected zenith sampling. A weight is
assigned to each event based on primary energy, zenith angle, and the number of simulated events
in each bin. Trigger efficiency is the ratio of the total weight of triggered or detected events Wy to
the total weight of simulated or thrown events Wiprow-

To reduce the contamination from the noise-driven coincidence triggers, a preliminary quality
cut was applied in the (zenith,energy) plane before computing Wy, and trials are retained only if

(1 —cos(0)) — %(loglo(E/ 10PeV)) <0

This defines a diagonal boundary in (cos(6), log;,(E)) that excludes highly inclined showers at
the lowest simulated energies, where the expected in-ice signal is weakest and trigger is least likely
to be an Askaryan signal. This cut is preliminary and empirically motivated rather than derived
from an independent noise sample, and its threshold has not yet been optimized or validated.

4.1 Trigger Efficiency vs. Proton Energy and Zenith Angle

016- eV as shown

Trigger efficiency increases as primary proton energy increases above ~ 1
in fig.2a. The efficiency is higher for near vertical showers than for inclined showers, as shown in
fig.2b. This trend is expected from the reduced ground particle energy reaching the ice at larger
zenith angles. These curves confirm that triggered events are recovered across the full simulated

primary-energy and zenith range.
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(a) Trigger efficiency as a function of proton energy (b) Trigger efficiency as a function of proton zenith angle

Figure 2: Trigger efficiency plots shown in primary proton energy and zenith angle. Solid curves representing
subsets of simulation within specific ranges of incident zenith angles in fig.2a and initial energy in fig.2b.

4.2 Trigger Efficiency vs. Viewing Angle and Shower Core Energy

Trigger Eff. vs. Simulated Core Energy
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Figure 3: Trigger efficiency shown (3a) as a function of the ray’s estimated launch angle relative to the
Cherenkov angle, assuming a point-source origin 10 m along the shower axis, and (3b) as a function of the
GEANT4-simulated in-ice shower-core energy.

Trigger efficiency as a function of viewing angle 6. relative to the Cherenkov angle 6.,
00 = Oyiew — 6, peaks close to, but not exactly at 56 = 0 as shown in fig.3a. Since the shower cores
can be considered an extended source and electric fields arrive from a broad angle at the receiver,
the viewing angle and Cherenkov angle were estimated as if the radiation were emitted from a point
source located along the shower axis where its distance from the surface-axis intersection is 10 m.
The viewing angle was computed by interpolating pre-tabulated ray-tracing solutions at a coarse
set of discrete zenith angles. This introduced a discretization artifact, which we believe accounts
for part of the asymmetry and offset reported previously.

We find that trigger efficiency shares a similar trend across different primary incident zenith
angles when plot against simulated shower core energy as shown in fig.3b. This energy is the total
energy of ground-level electromagnetic particles given to the GEANT4 stage.
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The highest-energy bin in the [0° - 18°] zenith curve shows a decrease in trigger efficiency
rather than a continued rise. This is an edge effect of the finite simulated primary-energy range
rather than a physical turnover. Since primary energy is capped at 10'8- eV, the highest shower-core
energy bins are necessarily filled only by the rare highest-primary-energy showers near that cap,
and are under-sampled by construction but not because of any detector or geometric effect.

4.3 Effective Area and Event Rate

We bin simulated events in zenith (cos #) and proton energy (log,, E). Within each zenith i
band, the solid angle is
Q; = 27 (cos B; — cos 0i41) ,

and within each i’ zenith bin and jM energy bin, the weighted trigger efficiency is &;, i =
Waet/ Winrow, With statistical uncertainty propagated via the Cowan subset-efficiency formula

2
2 Vet + Vinrow &~ 23ij Vet

gij w2

throw

o

’

where W and V are the summed weights and summed squared weights of triggered (det) and thrown
(throw) trials within each i ' bin [3]. The effective area follows as Acg(6;, E j) = &ijAsim(0;), and
the expected number of triggered events per energy bin

Nij= (I)(Ej) Aerr (6, Ej) Q; TyeaIA(logIO(Ej))‘

We also correct the calculation of the thrown area Ag;y, used to produce the effective-area result
shown at this conference: the earlier version mixed inconsistent contour-level conventions and used
a step-interpolated scalar area in place of a per-event thrown area.

Effective Area vs. Proton Energy
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Figure 4: Figure on the left (4a) shows single-station effective area for different zenith ranges and individual
points (and zenith bins) with effective area less than 107> km? are not shown. The figure on the right (4b)
shows an expected number of events per station per year of live-time for each energy bin.

The single-station effective area is expected to increase monotonically with primary energy,
dominated by near-vertical acceptance. The expected event rate should increase, plateau, and then
decrease as the CR flux rapidly decreases faster than the effective area grows as shown in fig.4.
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5. Summary and Outlook

We applied the fast-simulation-method to a first production-scale campaign with primary proton
energy spanning 10'% — 10'8-0¢V and 0° — 60° zenith. Since presenting preliminary results at the
conference, we corrected two parts of the methodology. First, the zenith-angle distribution is now
correctly sampled that matches flat-detector exposure model. This correction required regenerating
the full production sample. Second, the thrown-area calculation was corrected and Cherenkov
and viewing angles were re-computed on shower-by-shower basis rather than using an interpolated
values from a small set of zenith angles.

While the effective area and expected event rate are still preliminary values, this work demon-
strates that the fast simulation method enables a large-scale simulation effort that was previously
unfeasible. We note that the X6 stations-and-antennas placement reuse of each air-shower introduces
statistical correlation not currently accounted for in this report.

Since this work’s primary focus is the in-ice shower cores simulation as they are expected to
be the primary background to neutrino signals in deep-channels and the validation opportunity for
in-ice radio technique, the immediate next steps are to include the signal from in-air shower that
propagate across the ice surface to in-ice antennas and to include heavier nuclei as protons are
not dominating CR composition at the energies near 100 PeV. Next is to quantify the correlation
introduced by shower reuse and propagate it into reported uncertainties.
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