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Radio-detection is now an established technique for studying ultra-high-energy (UHE) cosmic rays
with energies exceeding ~ 107 eV. The next generation of radio experiments, such as the Giant
Radio Array for Neutrino Detection (GRAND), aims to expand this technique to the observation
of Earth-skimming UHE neutrinos, which requires the detection of very inclined extensive air
showers (EAS). Currently, GRAND is validating its detection principle —autonomous radio
detection —in particular through the prototype array GRANDProto300, deployed in the Gobi
Desert. In this phase, the array is limited to detecting inclined EAS from cosmic rays. Neutrinos
cannot be observed because of the restricted detector size. We present a method to reconstruct the
arrival direction and energy of EAS with zenith angles above 60°, applicable as well to upward-
going trajectories. The approach combines a point-source-like description of the radio wavefront
with the so-called Angular Distribution Function (ADF), a phenomenological model describing
the angular pattern of radio signal amplitudes in the 50-200 MHz band. Applied directly to the
voltage traces, this method enables efficient event selection with accurate direction reconstruction
and a first-order energy estimate. We validate the approach with both simulations and experimental
data, and reconstruct the first cosmic-ray candidates detected by GRANDProto300.
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1. Introduction

Radio detection has become a promising technique for detecting ultra-high-energy cosmic
particles thanks to its continuous operation, robustness and cost-effective scalability over large
areas. Next-generation experiments focus on very inclined air showers, which produce large radio
footprints, enabling the deployment of sparsely spaced radio antennas to cover vast effective areas
and probe very low fluxes.

GRANDProto300 (GP300), one of the prototype arrays of the GRAND project [1], is currently
under commissioning. It offers a unique opportunity to develop and test reconstruction methods
directly with the experimental data. In this context, we explore the application of the ADF (Angular
Distribution Function) model [2] directly on voltage traces, as recorded by the detectors, bypassing
the full electric field reconstruction—although the model was originally developed for it.

First, we briefly review our reconstruction procedure and the ADF model. Then, we present
the application of the ADF method to both simulated and experimental GP300 data, consisting of
41 selected cosmic-ray candidates. We demonstrate that applying the fit directly to voltage signals
enables efficient event selection, accurate direction reconstruction, and a first-order estimate of the
shower energy. A cross-check with the electric field-based reconstruction confirms the consistency
and reliability of this voltage-based approach.

2. Reconstruction pipeline

The reconstruction procedure is based on the combined use of signal arrival times and peak
amplitudes of the electric field at individual antennas. The peak amplitude is defined as the
maximum of the Hilbert envelope of the electric field, computed as the modulus of its three
polarization components (East-West, North-South, and Vertical). Its time marks the wavefront
arrival. The reconstruction proceeds in three steps, described in [2, 3] and summarized below:

1. Initial direction estimate: A plane-wave fit to the arrival times yields a first estimate of
the shower direction (6y, ¢o) using the analytical approach of [4]. While optional, this step
reduces the parameter space and improves convergence in subsequent steps.

2. Emission point reconstruction: The wavefront is then fitted with a spherical curvature
model, relevant for very inclined showers [5], to determine the emission point X.. The fit
scans a 3D volume around the initial direction, accounting for atmospheric refraction along
each antenna’s optical path. The resulting X., combined with (6, ¢¢), defines an initial
shower axis.

3. Amplitude profile fit (ADF): With X, fixed, the shower direction is refined by fitting the
angular distribution of amplitudes in the shower plane using the Angular Distribution Function

(ADF). The ADF fit minimizes: R(6, ¢) = Zf.\’:f‘lm [Ai - fl.ADF(A, 0, ¢, 0w; Xe)]z, where A; is

the measured peak amplitude and fl.ADF models the expected amplitude as:

cosn 1
sin 1+4 ((tan u)/tanzu(,)z—l)2 ’
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(w, n) are angular coordinates of antennas in the shower plane relative to X,, with w the angular
distance to the shower axis and r; the azimuth relative to k x B, where k is the propagation vector and
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B the Earth’s magnetic field. The Cherenkov angle w, is computed from X, and refractive index
along each antenna’s line of sight [2]. The geomagnetic asymmetry depends on the geomagnetic
angle o and asymmetry strength G 4. The early-late effect is controlled by the geometric distance /
which accounts for antenna distance to X,.

The fit adjusts four parameters: the shower direction (8, ¢), a global amplitude scaling A, and
the width of the amplitude profile 6w, which reflects the lateral spread of the radio signal around
the shower axis. Although only A and dw appear explicitly in the ADF, the antenna angles w and n
depend on (8, ¢) and X,.

An additional step is required to estimate the electromagnetic energy of the shower. The key
quantity is the scaling factor A from the ADF fit (Eq. 1), which directly reflects the amplitude of the
radio signal. To obtain an energy estimator from A, we apply the following correction factors: i) a
sin(a) term, accounting for the impact of the shower geometry on the efficiency of the geomagnetic
emission; ii) a factor f(p, sin @), which primarily depends on the air density p at the emission point
and includes a secondary dependence on sin(«), capturing coherence effects [6]. This factor is
determined from simulations.

Our energy estimator can thus be written as: EZ, = m.

3. Testing the ADF fit to Voltage Signals

3.1 Motivations

The ADF model is initially tailored to be applied to the electric field to reconstruct the direction
and energy of cosmic rays. Since detectors directly measure voltage signals, we investigate applying
the ADF fit directly to these voltages. This approach not only enables event identification directly
from raw data but also bypasses the electric field reconstruction step.

This approach is motivated by the characteristics of the GRAND Horizon antennas [7], which
feature a wide and relatively flat gain at zenith angles 70°-85°. In this regime, the EAS source is
distant and the viewing angles across the array are thus nearly uniform. As a result, the antenna
response varies little from one antenna to another, and the voltage is expected to scale approximately
linearly with the electric field. It has been checked with simulations presented in the following
section, by comparing the amplitudes of electric field traces with those of ADC traces. This should
make a direct application of the ADF model to voltage data plausible.

Finally, timing differences between voltage and electric field signals are negligible aside from
a global offset, preserving arrival time reconstruction accuracy.

3.2 Reconstruction performances on simulations
3.2.1 GP300 layout and simulation set

To validate applying ADF to voltages, a dataset of 13,000 air showers (proton and iron primaries,
0.1-3.98 EeV) was simulated with ZHAireS. Arrival directions are uniform in azimuth and follow
—log(cos 6) in zenith (60°-88°), with cores randomly distributed in the planned GP300 layout: a
hexagonal array of 150 antennas spaced by 1 km, with a denser infill of 134 antennas at 250
m spacing. The simulated electric field traces are passed through a modeled electronics chain to
generate realistic voltage signals [8] and are filtered in the 50-200 MHz band, the nominal operating
frequency range of the GRAND experiment.

To model the realistic conditions, the simulated voltage traces are superimposed with measured
on-site stationnary background noise, with an additional Gaussian jitter of ~ Sns added to the GPS



Reconstruction of inclined cosmic rays on GRAND Marion Guelfand

timing. An event is considered triggered if at least five antennas record peak amplitudes exceeding
100 ADC counts (~ 60 above noise), a condition met by roughly 3 000 events.

3.2.2 Direction and energy reconstruction

The distribution of reduced X% = x?/ndf values obtained from the ADF fit on simulations is
shown in orange in Figure 2 Left. In the following, we select only events with y2 < 25, which
keeps 86 % of the triggered events. The relatively high y?2 values likely result from the model being
originally designed for electric field, not voltage.

The angular resolution ¢, defined as the angle between the true shower direction and the one
reconstructed using the process presented in Section 2, is shown in Figure 1. We find a median
resolution of 0.09°. These results are comparable to those obtained using the electric field directly.

In the standard ADF treatment, the quantity A /sin(a)—where A is the ADF scaling factor—has
been shown to correlate linearly with the electromagnetic energy E.p, to first order [2], with second-
order effects discussed in Section 2. Figure 1 (Right) presents the equivalent distribution obtained
from voltage-derived scaling factors. A clear first-order linear correlation between A/sin(«) and
Eem is observed.

While we do not compute a full energy estimator here, this result demonstrates that the quantity
A/sin(a@) derived from voltage can serve as a robust proxy for estimating the electromagnetic energy
of the shower.

These results validate the hypothesis that the ADF model can be applied successfully to
voltage traces, enabling event selection (via y2), direction reconstruction, and a first-order energy
estimation—all without requiring antenna response deconvolution and electric field reconstruction.

4. Reconstruction of GRAND cosmic-ray candidates

4.1 Commissioning data from GP300: context

The GP300 detector is currently in its commissioning phase, with 65 out of the planned 289
antennas deployed as of January 2025. During this phase, extensive efforts are being carried out
on various aspects, including thermal regulation, suppression of radio self-emission, and detector
calibration. In particular, the antenna-level trigger system (described in [9]) is undergoing testing
and optimization. This trigger uses six parameters—such as a minimum amplitude threshold—to
identify radio pulses within the ambient background, which are recorded as Unit Data (UD).

Since December 2024, when at least five antennas trigger within a coincidence window (set to
10 us), the data are stored as Coincident Data (CD). Between December 2024 and March 2025, these
CD events were analyzed by the GRAND Collaboration, leading to the selection of 41 cosmic-ray
candidates, as detailed in [10].

In this work, we apply the ADF reconstruction method to these candidate events. We first
use the voltage traces to refine the initial selection, and then apply the method to the reconstructed
electric field signals to obtain a more accurate energy estimate.

4.2 Candidate selection with ADF

The ADF fit was applied on random CD events, without preselection —thus mostly background,
though some cosmic-ray events may be present. Their x2 distribution (Figure 2 Left) is clearly
separated from the one associated with cosmic rays from our simulation set, with a 16% fraction
only passing the cut y2 < 25. A detailed analysis showed that, in the vast majority of cases, these
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Figure 1: Left: Angular resolution ¢ obtained directly from voltage using the ADF fit on simulations. Right:
Corrected scaling factor A/sin(«@) extracted from voltage as a function of the electromagnetic energy in
simulations. A first-order linear dependence is observed, with a small spread.

selected background events exhibit similar amplitudes on all antennas, with reconstructed angular
distances w close to the Cherenkov angle. It is expected that a larger detector, with optimal trigger
efficiency, will allow for a better background rejection, as background sources then will trigger
more antennas on a wider w range.

To study further the potential of the amplitude pattern for background rejection, we defined
a very simple amplitude fit A = x/I —where [ is the distance from the antenna to the source and
k an adjustable parameter— corresponding to an istropic emission from the point source X.. This
background fit was applied to both simulated (see section 3.2.1) and CD data. Figure 2 shows
that the 2 populations follow quiet distinct trends. Once the detector is fully commissioned and
optimized, a combined cut on y2(ADF) and y2(bckgd) could allow for a powerful rejection of
background, even more when the detector is extended to its final 289-units configuration.

4.3 ADF fit applied to candidate

Finally the ADF fit was applied directly to the cosmic-ray candidate. As in simulations, only
events with a reduced ADF chi-squared y2 < 25 were retained, representing 85% of the sample
(see Figure 2, Left), comparable with the fraction obtained for simulated events.

Figure 2 (Right) illustrates an example of well-reconstructed candidate where the fitted profile
(black line) closely matches the measured amplitudes (blue dots) from triggered antennas. A clear
enhancement at the expected Cherenkov angle is observed, consistent with previous studies [11-13].
The agreement between the predicted Cherenkov angle (which is a fixed parameter of the ADF fit)
and the observed enhancement supports the cosmic-ray origin.

Figure 3 (Left) shows the position of active antennas on site during the relevant data acquisition
period for the same candidate, with circles indicating the peak amplitudes of triggered antennas.
The reconstructed footprint —derived from the Cherenkov angle (from the toy model), the core
position, and the shower axis— is also displayed. The pattern is overall consistent, though a few
antennas within the expected footprint did not trigger, likely due to the trigger system not yet being
fully optimized. Figure 3 (Right) shows the positions of the triggered antennas projected onto the
reconstructed shower plane.
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In contrast, Figure 4 (Left) shows an example of a candidate with y2 = 321 from the ADF fit,
falling within the background distribution and thus rejected.

These results validate the ADF fit’s robustness on experimental voltage data, with reliable
direction reconstruction and consistent footprints. This sets the stage for the use of ADF in energy
reconstruction.
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Figure 2: Left: Distribution of the y2 from the ADF and background fits for cosmic-ray simulations, random
CD (interpreted as background events), and cosmic-ray candidates. A clear separation is observed between
background and cosmic-ray events. Most CR candidates fall within the cosmic-ray distribution, while those
with y2 > 25 are excluded from further reconstruction, as they are considered likely background. Right:
Amplitude profile of one of the cosmic-ray candidates (CR0: 6 = 78.3°, ¢ = 137.8°) with the ADF fit,
with y2 ~ 1. Blue points show the measured peak amplitudes at each antenna as a function of their angular
coordinate, with error bars representing the estimated 7.5% uncertainties on the amplitude. The vertical blue
line indicates the Cherenkov angle predicted by the toy model, at which the expected amplitude enhancement
occurs. Black crosses correspond to the ADF fit at each antenna position and the black line represents the
averaged ADF model across all 7 directions.

—4000 260
260
- ou O —
+ = =+ = . 240 a 8
g 5000 4= e = w 240 =
o0 ~ e 290 = a=h =
£ Soion okl 220 2 M E
Tg o + o+ /A- ‘:’/ + 2 » o k=
— 7’ = < L4 =
P2 3 /z N P ‘;)(vo e + 200 f o} E
7’ 4 4 - g
, = 5 . =
4 T a 200 ¢
/ 7
—T7000 ¢ s 180
& 180
/,'
1000 2000 3000 4000 K: 0.0 0.5
Easting [m] k x B [deg]

Figure 3: Left: Map of active antennas on site for the cosmic-ray candidate (CR0O), with amplitudes shown
at triggered antennas. The reconstructed radio footprint is displayed. Right: Triggered antennas projected
onto the reconstructed shower plane.

4.4 Reconstruction on Voltage and Electric Field

As shown in Section 3.2.1, ADF treatment of voltages offers excellent angular resolution in
simulations. Figure 5 (Bottom) displays the reconstructed direction from voltages of the selected
cosmic-ray candidates.
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Figure 4: Left: Amplitude profile of a cosmic-ray candidate (CR16: 6 = 80.8°, ¢ = 178.5°) fitted with
the ADF model, which does not meet the selection criterion /\/‘2, < 25. Right: Amplitude profile of the
same event using the background fit. Blue points represent the amplitudes at triggered antennas, plotted as a
function of their distance / to the reconstructed source, with error bars representing the same estimated 7.5%
uncertainties on the amplitude

The electric field is then reconstructed using the deconvolution procedure described in [14], with
an example of an ADF fit on electric-field traces shown in Figure 5 (Top Left). The electromagnetic
energy of each event is then estimated from this fit with the method described in Section 2.

As a cross-check, the energy is also reconstructed directly from the voltage traces using the
empirical scaling law derived from simulations (Section 3.2.1). Figure 5 (Top Right) compares the
reconstructed energies from both methods. A good agreement is observed, with a relative resolution
(defined as (E:m,voltage - E:m’eﬁel 2/ E;‘m’eﬁel 4 Where E;‘m’eﬁel 4 18 the reconstructed energy from the
reconstructed electric field and E;m’voltage is the reconstructed energy from voltage) of about 32%,
indicating that voltage-based reconstruction provides a reliable first-order energy estimate.

Moreover, the reconstructed energy distribution spans from 10'7 eV to 5 x 10'® eV, matching
expectations based on our exposure calculations (see [15]), which further confirms the method’s
robustness. It should be noted that the amplitude calibration has not yet been applied to either
voltage traces or electric field reconstructions, so these results remain preliminary.

5. Conclusion

In this work, we have demonstrated the successful application of the ADF method directly to
voltage signals recorded by the GP300 detector. By bypassing the full electric field reconstruction,
this approach enables efficient cosmic-ray identification, accurate direction reconstruction, and a
first-order estimation of the shower energy from raw voltage data.

The study underlines the potential of voltage-based reconstruction for large-scale radio arrays
like GRAND. Future work will focus on including amplitude profile studies into the cosmic-ray
candidate selection process, refining the energy calibration and extending this technique to larger
datasets as GP300 continues its commissioning phase.
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