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A major upgrade of the Pierre Auger Observatory, AugerPrime, whose main purpose is to improve

mass sensitivity studies, will soon be completed. The role of the AugerPrime Radio Detector is

to extend the mass-sensitive measurements to high zenith angles above 65 degrees. The power to

discriminate between different cosmic ray species in the reconstruction depends on the systematic

and statistical uncertainties of the reconstruction algorithm. The main cause of systematic uncer-

tainties of the Radio Detector is the difference between the antenna model and the actual practical

implementation. To determine this uncertainty, we reconstruct CORSIKA/CoREAS Monte Carlo

air shower simulations using an antenna model geometry, slightly modified in various ways. In

addition, we also study the influence of different ground conditions. This work aims to determine

a realistic systematic uncertainty of the electromagnetic energy reconstructed from the Radio

Detector.
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1. Introduction

The much-expected AugerPrime upgrade of the Pierre Auger Observatory will soon be com-

pleted [1]. After the upgrade, the Surface Detector stations will comprise of a Radio Detector (RD),

a surface scintillator detector (SSD), and an additional small photo-multiplier tube for the water-

Cherenkov detector (WCD). The main goal of this upgrade is a precise measurement of the mass

composition of cosmic rays. The role of the RD is to provide electromagnetic energy measurements

above 65◦ zenith angles providing a tool that, in tandem with the WCD, will allow studying mass

composition at these high zenith angles. Currently, ten out of the planned 1661 stations have been

upgraded with RD antennas, forming an engineering array. We expect to complete the RD upgrade

in 2023. For more technical information about the RD antenna, see [2, 3].

It is obvious to expect small differences between the (ideal) antenna model and the actual

(practical) setup. For example, the antenna can be a little tilted or rotated, or other components of

the WCD, such as the SSD or solar panel, can be slightly shifted. Moreover, the whole station could

be tilted due to soil settlement. These types of deviations we refer to as geometrical uncertainties.

They may randomly vary from station to station. Another important factor that can cause a deviation

is the physical performance of the ground. In the Pierre Auger Observatory’s 3000 km2 array, the

ground conditions change from place to place and also with the weather and seasons. For instance,

the conductivity of dry and wet sandy soil changes from 10−4 − 10−2 to 10−2 − 10−1 [S/m],

respectively and relative permittivity from 4 − 6 to 15 − 30 [F/m].

In this contribution, we aim to determine the RD systematic uncertainty caused by deviations

(systematic uncertainties) between the antenna model and the actual construction, which affects

the event-to-event reconstruction and the absolute calibration. In the first part, we objectively

quantify the propagated effect of this uncertainties on the reconstructed electromagnetic energy.

In the second part, we evaluate the uncertainty caused by the geometrical uncertainties on the

absolute calibration. Ultimately, we report about our efforts on the absolute galactic calibration on

a day-to-day basis.

2. Event-to-event reconstruction and related uncertainties

2.1 Method

When reconstructing simulated data, the hardware response (including the antenna model) has

to be applied twice - first on the so-called "forward" and then on the so-called "backward" response.

On the forward response, we get the simulated response at our hardware, in particular the ADC

traces in the digitizer. This stage simulates measured data. The process then continues as with the

measured data, the backward response is applied, the stations’ electric fields and energy fluencies

are reconstructed, and the electromagnetic energy is derived from the lateral distribution function

fit.

Using the same antenna model for forward and backward responses represents our "ideal

scenario" where all antennas in the field are assumed to be identical and fully agree with the

idealized antenna model used on the backward response. In our "realistic scenario", we randomly

change station parameters within their expected systematic uncertainties and assign modified models

to stations on the forward response. For the backward response, we use the idealized model for
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Table 1: Antenna models with modified geometrical parameters to study the effects of systematic geometrical

uncertainties.

modification direction of the modification magnitude total # of models

tilted antenna cardinal and intercardinal 1◦, 2◦, 3◦, 4◦, 5◦ 40

rotated antenna clockwise, counterclockwise 1◦, 2◦, 3◦, 4◦, 5◦ 10

tilted station cardinal and intercardinal 1◦, 2◦, 3◦ 24

shifted SSD cardinal and vertical 20 cm (E,W,N), 0.8 cm (S), 10 cm "up" 5

solar panel cardinal and vertical ("up") 20 cm 5

Table 2: Permittivities and conductivities of the ground used to study the resulting systematic uncertainties.

permittivity conductivity [S/m] description

default 5.5 0.0014 AERA standard ground condition[5]

ground 1 3 0.0004 Extremly poor ground

ground 2 5 0.001 Very poor ground

ground 3 10 0.002 Poor ground 1

ground 4 13 0.002 Poor ground 2

ground 5 13 0.005 Average ground

ground 6 20 0.0303 Very good ground

ground 7 81 5 Excellent ground

all stations. We used the modified models listed in Tab. 1 to the study effects of geometrical

uncertainties. For the influence of different ground conditions, we use seven different sets of

parameters as listed in Tab. 2. In total, we used 91 antenna models for this study. The antenna

model simulations were performed in 4NEC2 software [4]. The modified models are used to mimic

simplified cases of possible systematic variations in the station set-up. In reality, one might expect

various combinations of these variations and others, e.g., deformation of the circular antenna loop.

We reconstructed 2000 proton Corsika/Coreas simulations for realistically spaced energies,

azimuth, and zenith angles for ideal and realistic scenarios and compare the reconstructed electro-

magnetic energies on event-to-event basis. For each studied systematic deviation, we repeated this

procedure for five different random seeds.

For geometrical uncertainties (tilt and rotation), we assume either linearly decaying or uniformly

distributed probability of the degree of deviation. The linearly decaying probability is more

realistic for the geometrical parameters since, for example, the antenna will be more likely to

be tilted by just one degree rather than five. For the ground parameter variations, we used a

uniform probability for the deviations from the default values within the expected systematic

uncertainties. We investigated the effects of the variations separately and, to obtain an overall

systematic uncertainty, we investigated a mixture of all geometrical and ground conditions together.

2.2 Results and findings

We list the results of the reconstructed electromagnetic energy uncertainty caused by various

systematic deviations in Tab. 3. We used two approaches to deal with a few outliers that drag the

mean and standard deviation. First, we calculated the mean and standard deviation on 1 to 99

percentile values and, second, within the interval between ±15%. We consider the truncated mean

and standard deviation the most objective ones, but to be complete, we also give all the other values.

3












	Introduction
	Event-to-event reconstruction and related uncertainties
	Method
	Results and findings

	Effect of the geometrical systematic uncertainties on the antenna calibration
	Method and results
	Outlook – Towards a daily absolute Galactic calibration

	Conclusion

