
P
o

S
(

A
R

E
N

A
2

0
2

6
)

0
4

4

Energy estimation of cosmic ray events recorded
aboard balloon-borne experiments

Sergio Cabana-Freire,𝑎,∗ Jaime Álvarez-Muñiz𝑎 and Matias Tueros𝑏

𝑎Instituto Galego de Física de Altas Enerxías (IGFAE), Universidade de Santiago de Compostela, 15782
Santiago de Compostela, Spain

𝑏Instituto de Fisica La Plata, CONICET-UNLP, Diagonal 113 entre 63 y 64 , La Plata, Argentina
E-mail: sergio.cabana.freire@usc.es, jaime.alvarez@usc.es,
tueros@fisica.unlp.edu.ar

Several balloon-borne radio experiments have targeted the detection of ultra-high energy neutrinos
interacting near the Earth’s surface. Radio pulses produced by cosmic ray air showers constitute a
relevant class of events among the recorded signals. Cosmic ray signals can be produced either by
downward-going air showers, where the signal reflects off the Earth’s surface before reaching the
payload; or by atmosphere-skimming air showers, that reach the detector directly. In this work,
we discuss an update of simulation-based energy estimation methods for reflected events, as well
as an adaptation of this method to atmosphere-skimming events. The performance of the method
is evaluated in different scenarios of angular resolution, primary mass and environmental noise.
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1. Introduction

The observation of radio pulses emitted by particle showers developing in ice or air, and
produced by ultra-high-energy (UHE) cosmic rays (CR) or neutrinos, is a well-established technique
to instrument large effective volumes and compensate for the small fluxes of these particles. In the
past, balloon-borne experiments like ANITA [1] have used a small array of radio antennas at high
altitudes to target the detection of UHE neutrinos interacting in the ice of Antarctica, achieving a
large field of view during month-long flights. The same approach has been followed recently by
PUEO [2], the successor of ANITA.

During the four flights of ANITA, multiple radio pulses were recorded showing spectral
features, incoming directions and polarizations consistent with air showers produced by UHECRs,
and emitting in radio frequencies mainly through the geomagnetic mechanism [3]. These events were
categorized into two classes: reflected events produced by downward-going air showers with a core
on the ground where the emitted radiation underwent a reflection on the ice surface before reaching
the payload; and direct events produced by atmosphere-skimming (AS) air showers [4], where
the radiation reached the payload directly. The reflected radio signals recorded during ANITA’s
first flight allowed the estimation of the energies of the primary cosmic rays and, consequently,
the measurement of the cosmic-ray energy spectrum around EeV energies [5]. The primary CR
energy was not estimated for direct events, since their radio emission could not be simulated and
characterized at the time.

The number of CR-like events recorded by PUEO is expected to increase significantly with
respect to the ANITA flights [6]. Future ballon-borne radio experiments like POEMMA - Balloon
with Radio (PBR) [7] also target the detection of AS air showers, with the simultaneous measure-
ments of optical Cherenkov, fluorescence and radio emissions. In this context, we reconsider and
improve in this work the energy estimation of reflected events in [5]. We have updated the simula-
tions of reflected radio pulses with ZHAireS [8] to account for reflections on a smooth spherical
surface. This allows for a more precise modeling of the radiation produced by very inclined air
showers after reflection. Also, we have extended the energy reconstruction method to direct events,
relying on simulations of AS air showers and their radio emission now available with the RASPASS
[9] program. The performance of the energy reconstruction method is evaluated against simulated
events, for both direct and reflected geometries and in different scenarios of primary mass, detector
pointing resolution and ambient noise.

2. Simulation of reflected and direct radio pulses

The CR-like events recorded during the ANITA flights, exhibited an electric field polarization
almost parallel to the ground, following the expectation for air showers emitting mainly through
the geomagnetic mechanism in the presence of the almost vertical magnetic field of the South Pole
[3]. Two features allowed to distinguish direct and reflected events: the incoming direction of
the radiation, pointing above or below the horizon respectively; and the signal polarity, with radio
pulses polarized parallel to the ground and reflecting off the surface, suffering a phase inversion
due to the sign of the Fresnel coefficients.
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Estimating the primary CR energy of the 14 reflected signals recorded by ANITA I, relied on
dedicated simulations of the radio emission for each event. This was done using a modified version
of ZHAireS that simulated reflected radio pulses modeling the Antarctic surface as a perfectly flat
and smooth layer of ice (neglecting the Earth’s curvature), and applying the appropriate Fresnel
coefficients to the emission of each individual particle track in the simulations [8]. Two corrections
had to be applied to the results of these simulations, to account for the decrease of electric field
amplitude due to the divergence of rays after reflection on a convex surface, and a frequency-
dependent correction to model the reduction of signal coherence due to surface roughness [5].

In this work, we have updated ZHAireS to simulate reflections on a spherical surface. For
each particle track and observer in the simulations, an iterative method is applied to locate the
specular point on the spherical surface from which radiation emitted by the track is reflected toward
the observer. Once this point is found, the reflection on a spherical surface is modeled by applying
first the appropriate Fresnel coefficients to the emission of each particle track, and then correcting
its amplitude with a term that accounts for the divergence of rays, independently deriving the
same analytical expression for this term as in [10]. Including frequency-dependent corrections due
to surface roughness on a track-per-track basis is out of the scope of this work, instead and for
consistency with the ANITA I analysis, the total electric field received by each observer is corrected
with the same roughness term as in [5]. A comparison between these new simulations, and those
performed assuming a flat reflector, is shown in Fig. 1. While the effects are barely noticeable
for showers up to 𝜗𝑆 ∼ 80◦, the difference in radiation patterns is significant for more inclined
showers. The main feature of reflections against a spherical surface is the widening of the reflected
Cherenkov ring as can be seen in the right panel of Fig. 1.
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Figure 1: Lateral distribution of the peak electric field in the 50 − 1200 MHz band, observed at an altitude
of 36 km along the early-late direction, after a reflection on either a flat (solid blue line) or spherical (dashed
orange line) surface. The showers simulated for each geometry and the antenna placement, are identical
regardless of the shape of the reflecting surface. Simulations using a flat reflector are corrected for the ray
divergence term.

On the other hand, the radio emission produced by AS showers, observed as direct events with
ANITA, exhibits some features that are specific to the geometries of these events [11]. These showers
develop entirely in low density layers of the atmosphere without intercepting ground. Under such
conditions, cascades develop over hundreds of kilometers while the Earth’s magnetic field produces
a significant spread and asymmetry of the shower front along the direction of the Lorentz force [4].
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Figure 2: RASPASS simulation results for an Atmosphere-Skimming (AS) air shower produced by a proton
of 𝐸0 = 1018 eV. The closest distance between shower axis and the Earth’s surface is 𝑏 = 11.6 km. Left
panel: Longitudinal development of the number of 𝑒± as a function of distance traveled from the point of
first interaction. Middle panel: Lateral distribution of 𝑒± observed in a plane perpendicular to shower axis,
placed at the depth of 𝑋max. Right panel: Lateral distribution of peak electric field amplitudes around the
shower axis (red dot), at a distance of ∼ 900 km away from 𝑋max. A dashed white line indicates points 5 km
away from shower axis.

The increased length scales of these showers and the asymmetry of the shower front, produce radio
pulses with reduced high-frequency content compared to more compact downward-going showers,
and with an asymmetric radiation pattern around shower axis. Due to the difference in optical paths
above and below axis, the radiation LDFs are also not symmetric around axis and appear displaced
towards lower altitudes [4]. These effects are exemplified in Fig. 2.

3. The energy estimation method

The method to reconstruct primary cosmic ray energies followed in [5], relies on a single
radio-pulse waveform per event received at the location of the payload at a given incoming direction
(𝜃, 𝜙). The observed electric field amplitude cannot be used directly as a proxy for the primary
energy 𝐸0, since it also depends on the angular position of the observer 𝜓 with respect to the
Cherenkov angle 𝜓𝐶 where signal coherence is maximal.

The signal frequency spectra recorded during the first flight of ANITA follows an exponential
shape 𝐴( 𝑓 ) = 𝐴0 exp [𝛾( 𝑓 − 𝑓0)]. Simulations of reflected [8] and direct [11] events reproduce
this shape and predict that the spectral slope 𝛾 correlates with the observer angular position 𝜓,
while having a weak dependence on energy. Measuring 𝛾 of the received signal is thus enough to
constrain the angular position of the detector 𝜓. Once the value of 𝜓 is estimated, the observed
electric field amplitude 𝐴0 can be corrected for the angular offset with respect to the Cherenkov
cone to obtain the equivalent amplitude 𝐴𝐶

0 that would have been observed, were the detector at the
Cherenkov angle 𝜓𝐶 . The amplitude 𝐴𝐶

0 correlates directly with the primary energy and allows to
estimate 𝐸0. The procedure is sketched in Fig. 3. For further details the reader is referred to [5].

Calibration simulations like the ones in Fig. 3 require an appropriate description of the shower
geometry and magnetic field, to correctly model the properties of the radiation in both direct and
reflected events. Since the radiation is beamed in a cone of opening ∼ 𝜓𝐶 around shower axis,
a measurement of the radio emission at a single position is however not enough to determine the
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Figure 3: Dependence on observation angle of the spectral parameters 𝐴0 (markers in left panel) and 𝛾

(markers in right panel). These are shown for a direct event, with radio pulses reaching a detector at an
altitude ℎ = 36 km at an angle 𝜃 ∼ 94.9◦ above the horizon. Calibration Atmospheric-Skimming showers
are simulated at three different energies. A mock measurement of 𝐴0 and 𝛾 is represented by the horizontal
red dashed lines. The value of 𝛾 is used to deduce the position of the observer 𝜓 − 𝜓𝐶 (vertical blue dashed
line), assuming 𝜓 > 𝜓𝐶 in this example. The dependence of 𝐴0 with 𝜓 can be extrapolated (dotted red line
in the left panel) to estimate the amplitude 𝐴𝐶

0 at 𝜓 − 𝜓𝐶 = 0◦ (red circle in left panel), i.e. produced at the
Cherenkov angle 𝜓𝐶 . The amplitude 𝐴𝐶

0 is proportional to primary energy 𝐸0.

direction of the shower axis. Instead, the true shower axis can have an ambiguous angular offset
of order 𝜓𝐶 around the pulse incoming direction (𝜃, 𝜙). This situation is accounted for in the
energy estimation method by averaging the energies reconstructed under different assumptions of
the shower geometry. The spread between these individual estimations measures the uncertainty
due to the ambiguous shower direction.

To ensure consistency between the simulations used for the energy calibration and the observed
radiation direction in both direct and reflected events, we first assume that the incoming radio signal
points back to the shower maximum. A scan along the direction of the radiation, allows to find
shower geometries with a compatible 𝑋max position. This is done assuming average cosmic-ray
events and targeting the mean depth of 𝑋max at each energy to be simulated. Next, we reject shower
geometries where the observer position 𝜓 cannot be close to the Cherenkov angle 𝜓𝐶 , and as a
consequence have smaller chances of detection. For each geometry, the Cherenkov angle 𝜓𝐶 is
estimated numerically to consider refractive effects, as those shown in the right panel of Fig. 2. The
selection of the appropriate shower geometries is sketched in Fig. 4 for the case of direct events,
and is analogous for reflected events.

This procedure guarantees that the observed incoming direction of the radiation is fixed in the
simulations. In the case of reflected events, this is crucial to reproduce the incidence angle 𝛼 of the
radiation on the surface and the corresponding reflection corrections. Simulating reflections on a
sphere is also needed for very inclined events. In the case of direct events, this method allows to
select the calibration simulations in a way that accounts for the specific asymmetries of radiation
patterns around axis, and their large variability depending on the shower geometry [11].
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Figure 4: Selection of shower geometries used for calibration that are compatible with a direct event. A scan
of shower geometries allows to find trajectories such that the average 𝑋max depth lies along the incoming
direction of the radiation (dashed black line). A numerical estimation of 𝜓𝐶 (sketched in a light color around
axis) allows to reject shower geometries where the observer position 𝜓 is too separated from the Cherenkov
cone. Following this condition the geometry in the left panel would be rejected.

Figure 5: Distribution of the bias in the reconstructed primary energies, after applying the energy estimation
method to a simulated set of reflected (left panel) and direct events (left panel). See text for details.

4. Performance of the energy reconstruction

We validated the energy estimation method by applying it to a simulated set of 250 reflected
and 250 direct events observed at an altitude of ℎ = 36 km a.s.l., initiated by protons uniformly
distributed in log10(𝐸0 / eV) ∈ [17.5, 20]. The sample of direct events has incoming directions
distributed uniformly in 𝜃 ∈ [93.5◦, 96◦]; whereas the reflected sample contains radio pulses with
incidence angles on the surface between 𝛼 = 60◦ and 𝛼 = 90◦, also distributed uniformly. This
first validation was done assuming a perfect reconstruction of the radiation direction, targeting the
average 𝑋max depth of proton primaries and in the absence of noise. In this way, the energy resolution
achieved is dominated by uncertainties in the shower axis direction and event-to-event fluctuations.
The spectral parameters were estimated in the 100 − 450 MHz frequency range, contained in the
Low-Frequency range of PUEO [2] and PBR [7]. Results are presented in Fig. 5.

On average, the true energy of the primary cosmic ray is recovered, with negligible bias. The
achieved energy resolution is comparable for both geometries, and corresponds approximately to
∼ 10% relative to the primary energy 𝐸0. The resolution is slightly larger for direct events. In
this case, showers develop in very low densities and fluctuations of a few g/cm2 in 𝑋max, can
change significantly the distance between shower maximum and the detector. This effect enhances
the impact of event-to-event fluctuations around the average CR shower. No significant bias as
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Figure 6: Results of the energy reconstruction method, applied to a simulated sample of reflected and direct
events, in the presence of possible systematics. From left to right: Reflected events, including a bias in the
observed incidence angle 𝛼. Direct events, including a bias in the osberved pulse direction 𝜃. Reflected
events, under a wrong assumption of the primary mass. Direct events, under a wrong assumption of the
primary mass.

a function of the primary energy or the radiation incoming direction was found in the energy
reconstructions, for both direct and reflected events, as summarized in Figure 5.

In a real measurement, the finite pointing resolution of detectors, or an inadequate description
of the average depth of 𝑋max and its evolution with 𝐸0 might affect the results of the energy
reconstruction. We studied these two effects separately, still considering the 100 − 450 MHz
frequency range.

The impact of a finite pointing resolution was evaluated by reconstructing the energy of a
subset of direct and reflected events, adding a bias of ±0.25◦ in the pulse direction 𝜃 (or equivalently
incidence angle 𝛼 for reflected events). This bias, comparable to the pointing resolution of ANITA
[1], implies that the calibration simulations will target shower maxima in positions slightly deviated
w.r.t. the true 𝑋max. Results are presented in the leftmost and center-left panels of Fig. 6. The
introduced bias has a very minor effect on reflected events, since the radio emission of downward-
going showers is weakly sensitive to sub-degree changes in the shower geometries. The effect is
larger for direct events, since the properties of AS showers, and in particular the distance between
𝑋max and the observer and the asymmetry of the radio LDF, change abruptly with minimal differences
in shower geometries [4].

The impact of an inadequate description of the average CR event was studied in a similar
fashion by applying the energy reconstruction method to a set of direct and reflected events induced
by protons while using for calibration showers induced by iron primaries; and vice-versa. The
difference in 𝑋max between both types of primaries modifies the distance between the shower
maxima and the observer in simulations changing the primary energy 𝐸0 needed to reproduce the
observed electric field amplitude. Results of this extreme case are presented in the center-right and
rightmost panels of Fig. 6. The difference in 𝑋max between iron and proton primaries, in g/cm2, is
enhanced when showers develop in low atmospheric densities. Therefore, the effect is significantly
larger for direct events developing in the upper layers of the atmosphere than for reflected events.

We finish our evaluation of the energy reconstruction method, by incorporating noise into the
reference events before estimating the spectral parameters 𝐴0 and 𝛾; and by changing the frequency
range where the analysis is performed: 100− 450 MHz and 300− 1000 MHz, matching the ANITA
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Figure 7: Distribution of the bias in the reconstructed primary energies, after applying the energy estimation
method to a simulated set of direct events under different SNR levels and in different frequency bands. A
similar result is found for reflected events.

[5] band and the Main Instrument of PUEO [2]. The results in these to ranges are shown in Fig. 7,
for the case of direct events. The most significant effect is the increase of resolution when higher
frequency components, more sensitive to random noise fluctuations due to the exponential shape of
spectra, are included.

5. Conclusions

We have improved and validated with simulations the CR energy reconstruction method of
[5] for reflected events, and extended it to direct events observed by ANITA. This was enabled by
updated ZHAireS simulations and the availability of RASPASS. Accurate CR energy reconstruction
requires sub-degree pointing of the radio signal and realistic simulations of the average CR event
as a function of energy, particularly for direct events.

These results demonstrate the feasibility of reconstructing CR energies with balloon-borne
radio detectors, including the recently flown PUEO [2] and the future PBR [7].
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