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Ultra-high-energy neutrino detectors such as ARA and RNO-G rely on radio antennas deployed
in ice to detect particle cascades. In this context, the in-ice radio emission from cosmic-ray-
induced particle cascades constitutes both a major background and a valuable calibration source.
Accurate modeling of this emission currently relies on detailed Monte Carlo simulations, such
as FAERIE, which remain computationally too expensive to efficiently explore the full parameter
space. In this work, we present a semi-analytical parameterization of the in-ice radio emission
from cosmic-ray showers, based on a dense library of FAERIE simulations combined with scaling
laws that capture the dependence of the signal on shower parameters. This approach enables
order-of-magnitude estimates of the radio signal within seconds, making it possible to generate
large simulation datasets for in-ice neutrino experiments. Finally, we discuss possible approaches
for mass composition reconstruction with in-ice detectors exploiting specific features of cosmic

ray radio emission
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1. Introduction

Ultra-high-energy neutrinos (E > 10'7 eV) are unique messengers to probe particle acceleration
at the highest energies, as secondary messengers produced by the interaction of ultra-high-energy
cosmic rays (E > 10'8eV). Yet, their detection is challenging and requires building large-scale
experiments with innovative detection techniques [1]. Radio detection of ultra-high-energy neu-
trinos stands as a unique method. Existing or planned experiments like ARA [3], RNO-G [4], or
IceCube-Gen?2 radio [5] therefore deploy radio antennas deep in the South Pole or Greenland ice
sheets to target the Askaryan radio emission these particles emit when cascading in this medium.
This goal requires first characterizing the huge background constituted by cosmic rays, on the one
hand to calibrate the radio detectors, and on the other hand to perform cosmic-ray/neutrino dis-
crimination. Simulating cosmic-ray radio emission seen by deep in-ice radio detectors is complex
and relies on Monte Carlo tools such as FAERIE [6] or CORSIKAS [7] coupled with Eisvogel [8].
Yet, these tools are computationally expensive and require days to weeks of simulations to simulate
a single shower on a standard antenna grid with good enough precision. This motivates the need
to develop new tools to simulate this emission in a faster and more efficient way. In this work, we
present a semi-analytical model to simulate cosmic-ray radio emission. Our approach couples a
sample of a few reference FAERIE simulations with scaling laws derived from the physics of the
emission to generate order-of-magnitude estimates of the amplitude of cosmic-ray radio emission
within seconds. In the following, we describe our model and its possible applications.

2. FAERIE simulations

Cosmic ray radio emission seen by deep in-ice radio detectors can be decomposed into two
components. When a cosmic ray enters the atmosphere, it creates a particle cascade (air shower)
that emits an in-air radio emission which propagates into the ice. If the shower is energetic enough,
particles from the air shower can also penetrate into the ice and induce a secondary cascade that
emits an in-ice radio emission which can also reach deep in-ice antennas. The in-air component
should be dominated by the geomagnetic emission mechanism, while the in-ice component should
be Askaryan-like [9].

FAERIE is a Monte Carlo tool that couples CORSIKA7 [10] and GEANT4 [11] Monte
Carlo tools with the endpoint formalism [12] to simulate both the in-air and in-ice radio emission
from cosmic rays, as seen by in-ice observers. We used FAERIE to build a library of proton-
induced showers for various primary energies and arrival directions (Table 1) and characterize their
emission [13]. As shown in Fig. 1, we considered a polar grid with a dense core and sparser arms
(left-hand panel) to capture both the in-air and in-ice emission. The grid consists of three different
layers located at three different depths between O m and 100 m below the ice surface. Our goal is
then to use this library as a reference to derive the radio emission from cosmic ray showers with
different primary particle parameters.

3. Parametrization of the radio emission

In this section, we present our semi-analytical model to estimate cosmic ray radio emission.
Since cosmic ray radio emission is composed of two independent components, both components
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Energy [eV] 10'63; 10'7; 1017
Zenith [°] 0; 20; 28; 34; 39; 43;47; 50
Depth [m] 0; 60; 100

Table 1: Primary energy, zenith bins and depths of the FAERIE simulation set.
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Figure 1: Left: Polar grid of a given antenna layer used to generate FAERIE simulations. The grid combines a
dense inner region designed to capture the in-ice emission with outer arms with sparser spacing to encompass
the in-air emission. Right: Representative sketch of the antenna layer positions. The layers are placed at
three different depths: O m (surface), 60 m, and 100 m below the ice.

should be modeled to characterize the full radio signal.

3.1 Method principle

Our method couples a sample of reference FAERIE simulations with scaling laws based on
the physics of the radio emission to account for variations in the radio signal with the primary
particle parameters. The precision of our method is therefore tunable and can be adjusted simply
by increasing the number of showers in our reference library.

To derive our scaling laws, we investigated the dependence of the radiation energy E g on the
primary particle energy &,,, atomic number Z, zenith angle 6, and azimuth angle ¢. The radiation
energy is defined as [14]

Xmax Ymax
Evua = / / £ ), dv,dy (1)
x ¥

min min

where f(x,y) = €c ft;':“ E?(t,x,y) dtis the energy fluence and E (1, x, y) is the electric field
at a given antenna. As Ey,4 is a calorimetric observable, for a well-sampled footprint it is not
sensitive to the antenna positions, which makes it convenient to study global variations of the radio
signal with the shower parameters and derive order-of-magnitude estimates of the signal amplitude.
Our aim is therefore to rewrite the radiation energy as

Erg = K X f(ap) X f(e) X f(‘p) X f(Z)’ (2)
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where (&), f(0), f(¢), and f(Z) are the scaling functions related to each input parameter.
In practice, several input parameters can impact the same physical property of the shower. Hence,
if we instead consider the relevant physical shower properties, the radiation energy follows

Era = K’ x f(Npart) X f(a) X f(fxmax) P (3)

with Npa¢ being the number of charged particles in a layer transverse to the shower axis at
Xmax» @ the geomagnetic angle between the shower direction and the local Earth magnetic field,
and Xxmax referring to the in-air Xmax position. In this formulation, the introduced scaling
functions should be fully characterized by the knowledge of the input shower parameters (within
uncertainties related to shower-to-shower fluctuations). We also mention that this decomposition
does not currently incorporate any function related to the shower profile, which is a simplification
of our model. While such modeling is accurate for inclined air showers where Xp,x is located
relatively far from the Earth’s surface, this assumption can break down for more vertical showers,
as will be further discussed in Section 3.2.

3.2 Scaling of the in-air emission

The radio emission amplitude of the signal emitted by the in-air cascade should depend on the
number of electromagnetic particles in the cascade, the geomagnetic angle, and the air density at
Xmax- We describe below how each effect is modeled. We note that the radiation energy should, in
principle, not depend on the distance between Xp,,x and the antennas, since total energy is conserved
during propagation

Number of electromagnetic particles: When increasing the primary particle energy, we
expect the number of electromagnetic particles in the shower to increase by the same proportion,
Npart &« Ep. Yet, for coherent emission, the radiation energy is itself proportional to the squared
number of particles in the shower, Erad o N;

art*
relation is illustrated in the left-hand panel of Fig. 2. The radiation energy normalized by its value at

Hence, it follows that E.,q « 812?. This scaling

10'7 eV is shown for FAERIE simulations with various primary particle energies and zenith angles.
The red line shows the expected linear scaling, while the shaded area represents the uncertainties
related to shower-to-shower fluctuations. Almost all data points are included in the shaded area,
thus confirming the expected linear scaling.

Geomagnetic angle: When changing the shower direction (zenith or azimuth angle), the
geomagnetic angle @ between the shower direction and the Earth’s magnetic field also changes.
Since the in-air radio emission is dominated by the geomagnetic mechanism, its electric field
amplitude scales as E geo « sin@. Then, since we have Erad oc |E|2, this yields Erq o sin® @,
where we neglect the in-air charge-excess emission as a subdominant component.

Air density at X,,,x: Modifying the shower zenith angle, mass composition, or primary particle
energy will change the position of X,;x and hence the density pxmax at which the shower develops.
For a standard atmosphere and magnetic field amplitude, the geomagnetic emission amplitude
should be inversely proportional to the air density of the medium in which the shower develops,
since a lower density favors a larger drift velocity and a stronger transverse current [ 14, 15]. To model
this dependence, in the right-hand panel of Fig. 2, we show the in-air radiation energy, normalized
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Figure 2: Left: In-air radiation energy from FAERIE simulations, normalized to its value at a primary energy
E = 10" eV, as a function of the squared primary particle energy, for different shower zenith angles (colored
squares). The red line shows the expected linear scaling, while the shaded area represents the uncertainties
related to shower-to-shower fluctuations. Right: Dependence of the in-air radiation energy on the air density
at Xmax. The results are fitted with a law in 1/p2,... The grey shaded area delimits a region where the fit
fails because of clipping effects for too vertical showers.

by Ep?sin®

an inverse-squared law, following Ey.q/(Ep?sin® @) « k/pxmax2, with k ~ 74, MeV kg2 m°.
Interestingly, this scaling breaks down for the highest densities, i.e., the most vertical showers. This

a, as a function of pxmax. For most data points, this dependence can be fitted with

is likely related to the fact that we neglect the in-air charge-excess emission in our current modeling
and to shower clipping effects when the shower develops very close to the surface [14]. These
effects will be investigated further to improve the accuracy of our model.

3.3 Scaling of the in-ice emission

Similarly, we can identify the relevant physical parameters for the radio emission from the
in-ice cascade and evaluate their dependence on the shower parameters.

Ground particle energy: The radio signal emitted by the in-ice cascade should directly depend
on the energy injected into the ice. Following reasoning similar to that for the in-air component, we
thus expect E'¢ = C (ng;fm »)?- This relation is confirmed in the left-hand panel of Fig. 3, where
we show the in-ice radiation energy from FAERIE simulations for showers with various primary
particle energies. The results can be fitted with a linear law, which yields C = 2 x 1073 MeV.

Scaling with the distance to Xy,,x: In contrast to the in-air component, the in-ice component
of the radio emission should be sensitive to the distance between the in-air X,,x and the shower
core, which itself depends on the shower primary particle energy, mass composition, and zenith
angle. Indeed, as an air shower develops, its particles lose energy as they propagate. Hence, the
ground particle energy of the in-ice shower core should increase with decreasing distance from Xpax
to the shower core. This behaviour is illustrated in the right-hand panel of Fig. 3, where we show
the ground particle energy normalized to the energy of the primary particle initiating the shower.

. . . . part
Interestingly, the results can be fitted with an exponential decay law, following Egmun 4(Ep,0,¢p)
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Figure 3: Left: In-ice radiation energy as a function of the squared ground particle energy within a radius
of 1, m around the in-ice shower core. The results are shown for three different primary particle energies
(colored crosses) and fitted with a linear law (red line). Right: Ground particle energy within a radius of 1, m
around the in-ice shower core as a function of the distance between the in-air X,,x and the core. The results
are fitted with an exponential decay law (black line).
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Figure 5: In-ice radiation energy for gamma-ray-
induced (orange dots) and proton-induced (blue dots)
showers from FAERIE simulations, as a function of
the shower zenith angle. The error bars show the un-

Figure 4: In-ice radiation energy normalized to the
squared primary particle energy as a function of the
distance between the in-air X,,x and the shower core
for different primary particle energies. The results

. . . certainties related to shower-to-shower fluctuations.
are fitted with an exponential decay law (red line).

Ep xexp(—Dxmax/A), which yields an attenuation length 2 ~ 1800, m. Combining both relations,
we finally obtain that the in-ice radiation energy should scale as E rad'®® o §p? exp (—2Dxmax/1).
In Fig. 4, we compare this relation with the results from FAERIE simulations and show that most
data points follow this law with reasonably good agreement.

4. Applications of the parametrization

The radio emission model developed in the previous section can then be used to generate
cosmic ray templates or to identify relevant parameters for cosmic ray reconstruction.
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4.1 Generating cosmic ray templates

From the scaling laws developed in Section 3.2 and Sec. 3.3, we obtain

Eg = K& pimasin’a, @)
Epi = K'&,exp(-2Dxmax/4) , (5)

where K and K’ are constants, while all other variables can be derived from the shower input
parameters, given that the local Earth magnetic field and atmospheric model are known. Using
these relations, we can hence derive the radio emission of any target shower using the reference
signal of a given shower in our library, following

Eair/ice((Sptargc:t7 Qtarget7 ()Otarget) — Eradair/ice(S;’ef’ gref’ goref) x Sair/ice , (6)

rad

where S¥/i¢¢ i5 a scaling factor that can be derived from Eqs. 4 and 5. It is worth noting that
the reference shower should be chosen to be as close as possible in parameter space to the target
shower in order to minimize the error induced by the scaling procedure. Using this formalism, one
can then generate cosmic ray templates in a fast and efficient way. Since the method is analytical
once the reference library has been simulated, the generation of a hundred events should be possible
within seconds, which makes it relevant for event rate estimation and for characterizing the cosmic
ray background in the context of neutrino searches with in-ice radio detectors.

4.2 Mass composition studies

Our model can also be used to identify relevant parameters for cosmic ray reconstruction.
From Eq. 4, it can be seen that the in-air radiation energy is inversely proportional to the squared
air density at Xnyax. Yet, as lighter primaries penetrate deeper into the atmosphere than heavier
ones, this implies that the in-air radiation energy should increase with increasing atomic mass of the
primary particle initiating the air shower. On the other hand, Eq. 5 shows that the in-ice radiation
energy decreases with increasing Dymax and should therefore increase with decreasing atomic mass
of the primary particle. This implies that the ratio between the in-air and in-ice emission is a
promising observable for mass composition studies. As preliminary illustration, in Fig. 5, we show
the in-ice radiation energy simulated with FAERIE for proton- and gamma-ray-induced showers with
various zenith angles while the error bars correspond to uncertainties related to shower-to-shower
fluctuations. It appears that the two primaries exhibit significantly different radiation energies,
independently of the considered zenith angle. Still, we note that the results shown here correspond
to an ideal background-free case. In practice, including instrumental and background effects would
make the discrimination more challenging. We also note that the radiation energy is an integrated
quantity over the whole footprint, while in practice radio detectors will only sample a limited part
of the footprint. The impact of such effects will be further investigated, but our results are still
encouraging for mass composition reconstruction with in-ice radio detectors.

5. Conclusion

In order to prepare future large-scale radio experiments, it is necessary to develop new tools to
simulate the background from cosmic ray radio emission in a fast and efficient way. We developed
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a semi-analytical model of cosmic ray radio emission seen by in-ice radio detectors. Our model
combines a reference library of a few FAERIE Monte Carlo simulations with scaling laws that
account for how the in-air and in-ice radio emission scale with the shower parameters. This model
provides order-of-magnitude estimates of the radio emission, making it suitable for building large
libraries of events with limited computation time. This will be an asset for characterizing and
quantifying the cosmic ray background in neutrino searches with in-ice radio detectors. Eventually,
our model shows that the ratio between the in-air and in-ice radio emission is a promising observable
for mass-composition reconstruction with in-ice detectors.
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