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The AugerPrime Radio Detector will significantly increase the sky coverage of mass-sensitive
measurements of ultra-high energy cosmic rays with the Pierre Auger Observatory. The detection
of highly inclined air showers with the world’s largest 3000 km? radio-antenna array in coinci-
dence with the Auger water-Cherenkov detector provides a clean separation of the electromagnetic
and muonic shower components. The combination of these highly complementary measurements
yields a strong sensitivity to the mass composition of cosmic rays. We will present the first results
of an end-to-end simulation study of the performance of the AugerPrime Radio Detector. The
study features a complete description of the AugerPrime radio antennas and reconstruction of
the properties of inclined air showers, in particular the electromagnetic energy. The performance
is evaluated utilizing a comprehensive set of simulated air showers together with recorded back-
ground. The estimation of an energy- and direction-dependent aperture yields an estimation of the
expected 10-year event statistics. The potential to measure the number of muons in air showers
with the achieved statistics is outlined. Based on the achieved energy resolution, the potential to

discriminate between different cosmic-ray primaries is presented.
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1. Introduction

The AugerPime Radio Detector (RD) will explore radio detection of Extensive Air Showers
(EAS) on a very large scale with 1661 radio antennas covering an area of 3000km? [1], thus
providing sufficient aperture to collect sizable statistics of cosmic rays at the highest energies
beyond 10'°eV. The deployment of the radio antennas will extend the sky coverage of mass-
sensitive measurements with the Pierre Auger Observatory towards the horizon (6 ~ 65° — 85°), an
advantageous capacity for anisotropy studies.

The detection of highly inclined EAS with radio antennas allows a clean measurement of
the electromagnetic shower component. The radio emission, which propagates (almost) without
attenuation through the atmosphere, illuminates large areas. These properties allow for an accurate
determination of the cosmic-ray energy with a small dependency on the particle mass and with
a small theoretical uncertainty. In contrast, the Auger Surface Detector (SD) is sensitive to the
muonic shower component reaching the ground while the electromagnetic cascade is absorbed in
the atmosphere. The combination of the RD and SD provides a very pure electron-muon separation
which offers a wealth of information, in particular about the mass of the primary cosmic ray.

In this work, we investigate the expected performance of the AugerPrime Radio Detector on
simulated events and outline the potential of hybrid detections with the RD and SD.

2. Simulation study of the AugerPrime Radio Detector

The AugerPrime Radio Detector will consist of 1661 dual-polarized Short Aperiodic Loaded
Loop Antennas (SALLAs) mounted on top of the SD stations. The antennas are fully integrated with
the SD stations and will receive triggers from the water-Cherenkov detectors (WCDs). Currently,
four SALLAs are in operation in the 1500 m-grid, this entails the recording of the typical radio
background at the site, including ambient narrow- and broad-band radio-frequency interference
(RFI). A description of the technical design of the RD and calibration (used in this study), the
operation of the engineering array, and a first analysis of its data can be found in reference [2].

The operation of the RD and the analysis of its data builds on the longstanding expertise
acquired with the Auger Engineering Radio Array (AERA). For the following study, the Auger
reconstruction and simulation framework Offline [3], which has been extended to also serve the
needs of the RD, is utilized.

Complete end-to-end simulation study: First, the particle and radio-emission footprints of an
EAS are simulated for the location and detector layout of the Pierre Auger Observatory (cf. next
par.). This is followed by a detector simulation and event reconstruction with the SD [4, 5]. If
successful, a detector simulation of the RD is conducted for all stations for which the WCD is
triggered. Details about the simulation of radio antennas with Offline can be found in reference [3].
The signal are smeared in each antenna polarisation independently by multiplying the uncalibrated
signal traces with a normally-distributed factor N'(1, 04 = 0.05)" per antenna. The station timing is
smeared by adding a normally-distributed time jitter of N'(0, o; = 6) ns. This procedure adequately
describes antenna-to-antenna variation in the detector description. An antenna-to-antenna variation
in the amplitude of o4 = 5% was found for the AERA-Butterfly antennas [6, Fig. 4.8], however
it is still under investigation whether this value is sufficient to describe the variation in the overall

IThis spread of o4 = 5% corresponds to a spread of oy = 10% on the energy fluence.
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Figure 1: Left: Detection efficiency for the RD as a function of the zenith angle for different energy bins.
Right: Stacked histogram of the aperture. Each layer shows the contribution of the corresponding zenith
angle bin to the overall aperture as a function of the energy. For illustration purposes, in both figures,
alternative binning (in energy and zenith angle) is used to calculate the event statistics (cf. Fig. 2).

antenna responses of the RD stations, including effects of a changing directional sensitivity due to
mechanical distortion, mechanical differences between the upgraded SD stations, and/or changing
reflection properties of the surrounding ground. The detector simulation includes the addition of
in-situ measured ambient background to the simulated radio signals?. Given the raw signal traces,
the electric field traces are reconstructed using the sensitivity pattern of the antenna and the SD-
reconstructed shower direction. From these calibrated signal traces, a set of quantities such as the
energy fluence f/eV m~2, i.e., the energy deposit of the radiation energy in the frequency band of
30 to 80 MHz per unit area, is reconstructed for each detector station. No signal cleaning or RFI
suppression procedures are applied. Employing a sophisticated cleaning algorithm will thus likely
improve the reconstruction in the future, especially at lower energies. In the following, we estimate
the detection efficiency and achievable event statistics (cf. Sec. 3) from the reconstructed signals
and conduct a full event reconstruction (cf. Sec. 4).

The set of inclined air shower simulations is generated with CORSIKA/CoREAS v7.7401 [7]. The
ambient conditions and the detector layout are chosen as relevant for the Pierre Auger Observatory.
The showers are initiated by four primaries: proton, helium, nitrogen, and iron and two different
high energy hadronic interaction models, QGSJETII-04 and Sibyll 2.3d, together with the low
energy model UrQMD are used. An optimized thinning level of 107 is set. For each of these
combinations, we simulated ~2000 showers with a total of 15969 showers. The showers cover the
energy range between 10'84eV and 10?%-! eV, uniformly randomized in log,,(E /€V). The arrival
directions are isotropic between zenith angles of 65° and 85°. The shower impact point at the
ground, the “core”, is randomly distributed within the finite 3000 km? SD array. For each shower,
all antennas are simulated within a geometry-dependent maximum distance to the shower axis. In
the following study, unless explicitly stated otherwise, only the 7972 QGSJET showers are used.

3. Detection of inclined air showers with the AugerPrime Radio Detector

To detect a cosmic-ray induced air shower with the RD, we require three “signal” stations

with a radio signal surpassing a signal-to-noise SNR = (A;ilix /Al“{f\i,[sg 2 > 10 with Arsliq%x being the

maximum of the Hilbert envelope of the horizontal electric field traces within a pre-defined signal

2In total 2738 traces of 8.2 us each per polarisation from one RD station are used for ~85000 simulated signals.
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window, and Aﬁ?\disg being the root-mean-square amplitude of the same traces in a time interval
detached from the signal region, i.e., a noise window. In addition to that, the underlying WCD had

to trigger and the SD event reconstruction had to be successful.

The detection efficiency is shown in Fig. 1 (left) as a function of the zenith angle (x-axis, binned in
sin® #) and energy (color-coded) for all events reconstructed by the SD. This aspect may overestimate
the true RD efficiency. However, due to the known muon deficit in the simulations [8], the SD
efficiency, and thereby the RD efficiency is underestimated. By normalizing the RD efficiency
to all SD-reconstructed showers, we mitigate this effect. From measurements, we know that the
SD is fully efficient beyond an energy of 10!8-6 eV [5]. The uncertainties are calculated assuming
binominal statistics.

The aperture is calculated based on the estimated efficiency €(61, 6>, E1, E) according to Eq. (1),
A(61, 602, E1, E2) = 3000km*x [cos® ) — cos® 62 €(01, 62, E1, En). (1)

This equation accounts for the fact that with an increasing zenith angle the array projection into the
shower frame becomes smaller (~ cos 8). Hence the aperture is, as we consider only “contained”
events, limited at higher zenith angles3. Fig. 1 (right) shows the aperture A (6,05, E;, E>) as a
function of energy in a stacked histogram in which each (colored) layer shows the contribution of the
corresponding zenith angle bin to the overall aperture. If the layer is flat, full efficiency over the full
energy range for this zenith angle range is achieved. A maximum of around 1600 km? sr is reached.
The 10-year event statistics are calculated with the estimated aperture and the Auger-measured
flux of ultra-high energy cosmic rays [9]. The integrated event number above a given energy
Eqy is shown in Fig. 2. We find that the RD will detect 41055 (8976%)3}) events for energies
above 10'% eV (10'8-83 ¢V) in a 10-year life span with full aperture. The uncertainties are obtained
by systematically shifting the efficiency by its 1-sigma statistical uncertainty and re-evaluating the
event statistics. No Poisson uncertainty, as appropriate when measuring the event statistics, is folded
in. These results are in good agreement with the study published in Ref. [1] which estimated the
achievable event statistics with an analytical model of the radio emission and without conducting a
detector simulation or adding ambient background noise. With the Sibyll-2.3d showers, we obtain

comparable numbers: 404743 (8839*139).



AugerPrime Radio Detector Felix Schliiter

20.00

19.75

~19.50

/ eV

19.25 600

rec
em
g

19.00 a

Ig(E

18.75

4 resolution bias

18.50

-4 -2 |0 2 4 b . . o

18.25 (Eess - Eon )/ 0z

1825 1850 18.75 19.00 19.25 19.50 19.75 20.00 18.50 1875 19.00 191\-/123 19.50 19.75  20.00
1g(Eeny / eV) log10(EMS / eV)

Figure 3: Left: Scatter of the radio-reconstructed electromagnetic energy vs the true electromagnetic energy
(dashed black line indicates the diagonal). Right: Violin histograms of the energy reconstruction as a function
of the true cosmic-ray energy (top). The reconstruction bias and resolution are shown in the bottom panel.

4. Event reconstruction of inclined air showers

The arrival direction is fitted with a model which assumes a spherical expansion from a point-
like source. Initial values for the fit are taken from the reconstructed SD shower axis. We found
good agreement between the radio-reconstructed and true arrival direction with a resolution of
068% (£(drp, dmc)) = 0.19° for all showers with Ogp > 68° and at least 5 signal stations. To
reconstruct the shower energy, we fit a lateral distribution function (LDF) which describes the
asymmetric signal distribution of the radio emission in the ¥ X ]_'_é—polarisation4 by an explicit
decomposition of symmetric and asymmetric components and an individual description of them.
For a given geometry (core and axis), the LDF describes the entire footprint with two fit parameters:
the geomagnetic radiation energy Eg,, and the geometrical distance between the core and the shower
maximum dpx. More information regarding the LDF model can be found in Ref. [10]. In practice,
the core is also fitted (starting from the SD-reconstructed core) with fixed RD-reconstructed arrival
direction amounting to a total of 4 fit parameters. Initial values for Ege, and dpayx are derived using
the reconstructed SD energy and RD arrival direction. Furthermore, the y> minimisation features
several steps in which the core and/or dy,«x are fixed to improve the robustness on the fit. For the
reconstruction, the simulated atmospheric model and magnetic field are known. However, both can
be modelled with high accuracy and will not significantly affect the reconstruction when relying on
their models. Furthermore, we add the lowest signal f z(SNR > 10) to the uncertainty of each
signal to mitigate the effect of thinning artifacts [10].

The geomagnetic radiation energy Ege, can be used to reconstruct the electromagnetic shower
energy Eey via an approximately quadratic relationship Eéeo ~ Eem. However, Eg, also has
a second-order dependency on the magnetic field (strength and orientation) and the atmospheric
density pmax at which the bulk of the radio signals are emitted (=~ shower maximum) [11]. Therefore,
we define the corrected geomagnetic radiation energy Sgeo which is then calibrated to the (simulated)

3If this condition can be lifted in the future, i.e., considering also showers for which only a part of the footprint
overlaps with the array, the aperture will significantly increase at higher zenith angles.
4With ¥ being the direction of the shower particles and B the orientation of the magnetic field vector.
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electromagnetic energy with a power law (cf. Eq. (2)),
0

- B 1.8\ 1
Egeo | sin “(23.759mG)
0 (14 po (exp [p1 (Pmax — ()] — 1)

The angle between the shower axis and the magnetic field vector is donated by a. For a given

Eem = (S%0/S10) " 10EeV. )

atmospheric model and shower axis, pmax is determined from the fitted dy.x. The parameters Si9,

¥, Po, and py can be found with a combined fit of the reconstructed Egeo, Pmax» and the simulated

3

Eem while fixing (pmax) = 0.3kgm™. However, we found that with the reconstructed Ege,, @,

and pmax, we do not achieve an unbiased reconstruction of Ee,, when fitting the 4 parameters
all together. Therefore, we fit only S19 = 3.095 + 0.005GeV, y = 2.0046 + 0.0010 and fix
po = 0.497 and p; = —2.737/ (kg m~3)3. Before evaluating the reconstruction accuracy, a selection
is applied with the main criteria being: nXP(SNR > 10) > 5, frp > 68.0°, arp > 20.0°,

stat

£(drp, dsp) < 1.50°6. The total selection has an efficiency of 57.4% (of this 69.2% are cut by
Sat
of the simulated electromagnetic energy demonstrating a good correlation. The inset shows the

ng(SNR > 10) > 5)7. Fig. 3 (left) shows the reconstructed electromagnetic energy as a function
pull-distribution with a standard deviation of o = 2 indicating that the uncertainties are currently
underestimated. They are calculated using the statistical uncertainties of Egeo and ppmax derived
from the y? minimisation and propagated to E.p, using Gaussian error propagation and Eq. (2). This
may also affect the statistical uncertainties of the fit parameter S19, ¥y which seem underestimated.
The resolution and bias, together with the distribution of Ecm/ENC binned in log,o(EMC) is shown
in Fig. 3 (right). The resolution improves with energy to below 10%, as expected as the impact of
the ambient background decreases. Furthermore, we do not find any bias in the reconstruction for
the different primaries and no significant variation in resolution.

Finally, the cosmic-ray energy is estimated from the electromagnetic energy with Ecr =
Eem(1.1426 — 0.0327log;((Eem/10EeV)), which is derived from simulations. We note that this
function is not universal for all primaries and that it introduces a mass-dependent bias to the
reconstructed cosmic-ray energy of below +3 % and hence a slight worsening of the resolution.

We found no difference in the reconstruction of the electromagnetic energy for the showers
simulated with Sibyll-2.3d. Applying an amplitude smearing of o4 = 10% instead of o4 = 5% as
part of the detector simulation (cf. Sec. 2) has a mild effect on the overall energy resolution which
degrades from 6% (for o4 = 5%) to 9%.

5. Hybrid measurements of inclined air showers with AugerPrime

To demonstrate the potential of RD-SD hybrid measurements, we mimic the energy spectrum
the RD will measure in the future by a energy-dependent reweighting of our simulations with the
estimated 10-years event statistics. This procedure necessitates the use of the same reconstructed
shower several times at lower energies and introduces a randomness to the results.

5The values for pg and p are obtained from a combined fit to data reconstructed without any detector simulation,
for which no noise was added to the simulated radio signals, and the true arrival direction was known, Ref. [10]

¢In addition, we ensure an sufficient sampling of the LDF around the shower axis.

7We note that this selection is not completely equally efficient for all primaries with a variation on the %-level. An
unequal efficiency poses problems when studying the cosmic-ray composition (cf. Sec. 5) and has to be addressed in the
future.
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The relative number of muons (R,)/(Ecr/10EeV) and their (physical) fluctuations og,, /(R)
in inclined air showers are composition-sensitive observables. Measurements of these observables
with the Auger Fluorescence Detector (FD) and the SD have been shown to disagree with the
theoretical predictions and hint at a heavier composition at the highest energies [8, 12]. However,
the present data of FD-SD lacks statistics at the highest energies due to the lower exposure of
the FD. Thus, data with RD-SD will increase the available statistics by more than one order of
magnitude at energies above 10'° eV. Here we adopt a simplified analysis strategy®: The mean
u(x) and variance V(x) of the relative muon number is obtained from x = R, /(Ecr/10EeV) in
bins of log;o(Ecr/€eV). The physical fluctuations o~ are estimated by subtracting the detector sg,,
2 2

R, ~ SE Fig. 4 shows

an example RD-SD measurement for two different astrophysical reference scenarios with different,

and energy resolution s from the variance o2/ (R#)2 ~ V(x)/u(x)* = s

energy dependent, abundances for p, He, N, and Fe, the so-called maximum-rigidity (1) and photo-
disintegration (2) scenarios [13, Fig. 2.10]. The green markers show the measurement with the
FD-SD. No systematic uncertainty is shown for the RD-SD measurements but it is expected that
they are at the same level as for the FD-SD (indicated by the errorcaps). It can be seen that with
the statistics expected for the RD, this analysis can be extended to higher energies. Discrimination
between these scenarios is especially possible using the physical fluctuations, which are much less
affected by the systematic uncertainty in the energy scale.

The isolation of protons at the highest energies (> 10'? V) would, if they exist, enable cosmic-ray
astronomy as these particles are less deflected by Galactic magnetic fields and thus indicate source
directions. Protons, on average, produce fewer muons for a given energy than any other charged
hadron. Thus (R, Eem) = R,/ E2- can be used to discriminate protons from other primaries®. In
Fig. 5 (left), r(Ry, Eem) is shown as a function of E.y, for a (randomly drawn) set of simulations
of 50% / 50% proton and iron, following the expected RD energy spectrum. The transparency
of the marker signifies how often a particular shower was drawn. The histograms on the y-axis
show the projection of all showers onto this axis. The figure of merit (FOM) [13, Eq. (3.1)] for the
separation of these two distributions with 7(R,,, Ecry) is FOM = 1.48. For 1000 random instances

8This ansatz is only strictly correct when R, scales linearly with Ecr. For data this assumption is accurate, for
simulations, not.

9The exponent of 0.9 is necessary because the R, does not scale linearly with Eep, (in simulations) and will slightly
depend on the hadronic interaction model.
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Figure 5: Left: Proton-iron separation via r (R, Ecm) as function of E.y,. The transparency of the markers
reflects their weight. Event number are shown at the top. The histograms indicate the energy independent
separation of the two distributions. Right: Proton selection purity for 7 (R,,, Eem) as function of the efficiency.
The grey lines show the expectation for toy data with a FOM of 1 to 2.

of the dataset, we find (FOM) + o = 1.51 £ 0.05. A FOM of 1.5 corresponds approximately to a
separation of proton and iron with the shower maximum Xp,,x measured with a detector resolution
of 15gcm™. In Fig. 5 (right), the proton selection purity for r(Ry, Eer) as a function of the
selection efficiency is shown, a ~ 90% proton purity with a efficiency of 80% is achieved.

6. Summary and conclusions

We presented a first Monte-Carlo driven end-to-end simulation study of the AugerPrime Radio
Detector. The use of COREAS showers, a complete (radio) detector simulation, the addition of
measured noise, and the complete radio-reconstruction of the air shower observables constitute a
major improvement with respect to previous studies. The expected event statistics for the RD are in
good agreement with previous studies and will enable an accurate measurement of the number of
muons in inclined air showers in conjunction with the Auger Surface Detector, allowing a discrim-
ination between different astrophysical scenarios. The first results of a full event reconstruction
with a newly developed LDF model with the RD predict an energy resolution < 10%, given current
assumptions. This resolution allows for a separation of proton and iron primaries with a proton
purity of ~ 90% at an efficiency of 80%.
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