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Abstract

The Underground Muon Detector of the Pierre Auger Observatory features a calorimetric detection mode
that estimates the number of muons based on signal charge measurements. This contribution provides
an overview of the calibration procedure, revisiting the previously published strategy and identifying a
bias introduced by the triggers used to estimate the mean charge deposited by a vertical muon. We
demonstrate that calibrating underground detectors requires careful consideration of the interactions of
penetrating particles through matter. In devices based on plastic scintillators, energy deposition—and
thus the recorded charge—is significantly affected by knock-on electron production in the surrounding
ground as muons traverse the medium. To mitigate this effect, we propose a new calibration strategy that
ensures an unbiased muon estimator. This approach is applied to data collected from 2019 to 2024.
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The Underground Muon Detector of the Pierre Auger Observatory features a calorimetric detection
mode that estimates the number of muons based on signal charge measurements. This contribution
provides an overview of the calibration procedure, revisiting the previously published strategy and
identifying a bias introduced by the triggers used to estimate the mean charge deposited by a vertical
muon. We demonstrate that calibrating underground detectors requires careful consideration of
the interactions of penetrating particles through matter. In devices based on plastic scintillators,
energy deposition—and thus the recorded charge—is significantly affected by knock-on electron
production in the surrounding ground as muons traverse the medium. To mitigate this effect, we
propose a new calibration strategy that ensures an unbiased muon estimator. This approach is
applied to data collected from 2019 to 2024.
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Figure 1: Schematics of the UMD design.

1. Introduction

The Pierre Auger Observatory, the largest observatory for studying ultra-high-energy cosmic
rays, is undergoing an upgrade, AugerPrime [1], aimed at improving the separation between elec-
tromagnetic and muonic components of air showers produced by cosmic rays. The Underground
Muon Detector (UMD) plays a crucial role in AugerPrime, as it enables a direct measurement of
the muonic component, a key observable for determining the cosmic-ray mass composition.

The Pierre Auger Observatory consists of a 3000 km? Surface Detector (SD), equipped with
1660 water-Cherenkov detectors distributed on a triangular grid with 1500 m spacing, along with two
denser sub-arrays with spacings of 750 m and 433 m covering 23.5 km? and 1.9 km?, respectively.
These two denser arrays will be equipped with 219 UMD scintillator modules, of which 61% are
currently operational, with full deployment expected by the end of 2025. As shown in Fig. 1,
three UMD modules of 10 m? are buried at 2.3 m next to a water-Cherenkov detector. Each
module consists of 64 plastic scintillator strips of 400 X 4 X 1 cm containing wavelength-shifting
optical fiber connected to an array of 64 silicon photomultipliers (SiPMs). When a muon impinges
on the scintillator, the produced photons are collected and propagated along the fibers to the
photodetector [2].

The UMD operates in two complementary modes: binary and ADC, the latter being the
calorimetric acquisition mode of the UMD. The binary mode offers better resolution at low particle
densities (far from the shower core), while the ADC mode performs better at high densities (close to
the shower core). The former relies on the time-over-threshold of the signals from individual SiPMs,
processing each of the 64 channels independently via a discriminator [3, 4]; the latter integrates the
charge from the summed signals of all 64 SiPMs, digitised through high- and low-gain amplifiers
into 1024-sample waveforms at 6.25 ns intervals. In this work, the low-gain channel of the ADC
mode is used to estimate the muon content as follows:

ADC _ _4meas cos @ (1)
" (q1,(6=0°))’

where the quantity in the numerator is the total charge per vertical path length, with gpeys the total
measured charge in a 10 m?> UMD module and 6 the shower zenith angle, used to approximate the
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mean muon zenith angle. The quantity in the denominator, (g1,(6=0°)), is the average charge
deposited by individual vertical muons.

Reference [5] proposed a calibration method to estimate the mean charge deposited by vertical
muons using atmospheric muons detected when a UMD module receives a local trigger from its
associated water-Cherenkov detector. The algorithm identifies single-muon signatures in the binary
mode to build calibration histograms. However, the trigger condition introduces a bias toward
inclined, higher-energy muons, leading to asymmetries between module halves. Although the
atmospheric flux is dominated by near-vertical muons, the rate at which they trigger a coincidence
with the water-Cherenkov detector is an order of magnitude lower than the rate for single inclined
muons that traverse both detectors. As a result, the method is not a reliable estimator of the charge
deposited by vertical muons.

In this work, we show that even when the charge deposited by a single vertical muon is
correctly measured, the previous calibration method remains inadequate. In Section 2, we show
that calibrating the ADC mode using the average charge from single vertical muons, as proposed by
Eq. (1), introduces a bias in the reconstructed muon number due to an increased energy deposition
per muon, especially near the shower axis, where higher-energy muons produce more knock-on
electrons. In Section 3, we present a calibration method based on simulations that accounts for the
variations in the charge deposited with the energy of the incoming muons. The same methodology
is applied to data using the observables available in measured events.

2. The effect of knock-on electrons

In an inelastic collision with atoms, an energetic charged particle, such as a muon, transfers
energy to the electrons bound in orbitals. When the energy transferred to the electron is higher than
its ionization energy, the electron is ejected from its atomic orbital. When the ejected electron has
sufficient kinetic energy to travel a significant distance from its point of ejection [6], it is referred
to as a knock-on electron. The higher the energy of the muon, the greater is the average energy
transferred to the knock-on electrons, enabling them to traverse longer distances and enhancing
their chances to reach the underground scintillators. The main source of bias in the ADC mode
arises from the energy deposited by such electrons generated from the interaction of muons with
the surrounding soil of the UMD [7]. A detailed analysis of these effects and their impact on muon
reconstruction is provided in Ref. [7], and only a brief summary is presented here.

Proton showers were simulated with the hadronic interaction model EPOS-LHC at energies
of 1017, 10'8, and 10!3-3 eV and zenith angles of 0, 12, 22, 32, and 38 degrees. The secondary
particles of the shower that reached ground level were propagated through the soil and the energy
deposition in the UMD was calculated using Geant4 [8]. The response of the detector was simulated
in Offline [9], the official software of the Pierre Auger Observatory. Saturated modules were
excluded.

The bias in the reconstructed muon number, computed using Eq. (1) under the assumption that
the mean charge deposited by individual vertical muons is constant, is shown as unfilled circles in
Fig. 2a for the different shower energies. The bias, displayed as a function of the number of injected
muons per 10 m? module (N :lnj), increases with the muon number, reaching up to 20% for showers
of 10'7-3 eV with ~300 muons/10 m?. The bias is attributed to the increase in the energy deposition
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per muon with the muon energy, a dependence not captured by the constant calibration factor in
Eq. (1). As shown in Fig. 3a, the average muon energy, computed across all zenith angle bins,
increases with the muon density and is higher for lower-energy showers for a given muon number.
For muon energies above ~0.3 GeV, the total energy deposited per muon per vertical path length
(Eg;;’(l)site gcos(dy) /| N ilnj) increases with the muon energy, while the purely muonic contribution
remains nearly constant, as illustrated in Fig. 3b. In the ADC mode, the measured charge reflects
the total energy deposited in the scintillator, including contributions from secondary particles such
as knock-on electrons, which are more likely to be produced and are more energetic as the kinetic
energy of the muon increases. Within the range where the detector is not saturated, knock-on
electrons dominate the non-muonic contributions, although protons and other particles like pions
and kaons can also contribute slightly. For 10!7-> eV showers at the highest muon density (~30
muons/m?), non-muonic particles contribute up to 31% of the total deposited energy—23% from
knock-on electrons and 8% from other particles [7]. Because these effects are more pronounced near
the shower core, where higher-energy muons are concentrated, the resulting bias in N ﬁDC becomes
strongly density-dependent, as seen in Fig. 2a. To address this bias, we propose in Section 3 an
improved calibration method based on a parametrisation that accounts for the energy dependence
of the deposited charge.

3. Improved calibration

In this section, the same simulation procedure described in Section 2 was employed, with
the addition of iron primaries to the dataset to study the composition dependence of the proposed
calibration method. From these simulations, the charge deposited per muon per vertical path length,
q1y, can be obtained for each 10 m? UMD module by means of

_ Gmeas COS 6

qip = N, )

using (1) gmeas from the ADC mode, (2) cos(f) from the SD geometry reconstruction, and (3)
N,. It is worth noting that Eq. (2) can be seen as a reformulation of Eq. (1), where the calibration
factor—originally defined as the constant average charge deposited by simulating individual vertical
muons—is now redefined as a parameterised quantity derived from shower events, incorporating
information from multi-muon signals. The proposed calibration method involves estimating g,
based on a measurable quantity (m) that correlates with the muon energy and is accessible even in
high muon-density regions where the ADC mode is intended to be used. We select the distance
to the shower axis, r, as the measurable quantity m, as it is directly related to the muon density.
Two cases are considered in Eq. (2): the charge deposited per injected muon, qllni , computed using
the true (Monte Carlo) number of injected muons to assess the validity of the method; and the
reconstructed charge per muon, qlfsc, derived using the reconstructed muon number from the binary
mode, N, Ein, in the low-density regime, which can then be used to estimate higher muon densities
by extrapolation.

The charge deposited per muon, qllnd, is shown as a function of the distance to the shower axis
r in Fig. 4a for the three different energy bins, in Fig. 4b for the two different primaries, and in
Fig. 4c for the five different zenith angle bins. A logarithmic dependence on r is observed and
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Figure 2: Bias in muon reconstruction using the ADC mode for different (a) energies, (b) masses, and (c)
zenith angles, comparing the calibration method (filled circles) with the previous approach (unfilled circles).
(d) Bias and resolution in muon reconstruction for both the binary and ADC modes.
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Figure 3: (a) Average muon energy as a function of injected muons per 10 m? module. (b) Energy deposited
per muon per vertical path length as a function of average muon energy, comparing muon-only and total
contributions.
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per muon using the reconstructed number of muons in a 10 m?> module from the binary mode as a function
of the distance to the shower axis.

parametrised as
QIp(”) = Alogy(r/m) + B, 3)

with A and B fitting parameters. The solid lines represent the obtained fits, which performed very
similarly, showing that the proposed method has no significant dependence on energy (less than

4%), mass, and the incidence zenith angle (less than 2%) of the primary.
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. I
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The reconstructed charge per muon, g7°¢, derived from using in Eq. (2) the reconstructed
in Fig. 4d, using a global fit to all data with cuts at ¥>100m. A cut of ~70 muons per 10 m?
module was applied to ensure the binary mode operates within its optimal range (see Fig. 2d).
Additionally, stations within <100 m of the shower core were excluded to avoid inaccuracies in
distance reconstruction. This global parametrisation is then used to reconstruct N, ﬁDC, by means of
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In Fig. 2, the proposed method (filled circles) achieves a reconstruction bias below 5% across
all (a) energies, (b) masses, and (c) zenith angles, significantly improving upon the single-muon
calibration method (unfilled circles) based on Eq. (1). The bias does not show a significant
dependence on primary energy, mass, zenith angle, and muon number. In Fig. 2d, the bias and
resolution in muon reconstruction for both the binary and ADC modes are shown. The results
were obtained using the full dataset. The binary mode provides the best performance at low muon
densities, while the ADC mode is more accurate at intermediate and high densities. For muon
counts above ~70 muons/module, the ADC mode yields superior bias and resolution.

The calibration method was applied to the UMD data in a six-year period. The data utilized
were divided into two different periods depending on the electronics of the SD array: Phase I,
i.e. acquired using the former electronics from 2019 to 2022, and Phase II, i.e. acquired using the
new electronics, between 2023 and September of 2024. Calibration curves were obtained for each
period, covering 76 modules of 10 m? in Phase I and 99 modules of 10 m? in Phase II. Each module
was calibrated individually. As is customary for the UMD, the showers reconstructed were required

to have energies larger than 10!7-3

eV and zenith angles smaller than 45°.

In Fig. 5a, an example of the calibration method is shown for an individual UMD station,
illustrating the calibration curves for Phase I (blue) and Phase II (black). The charge deposited
per muon increases at small core-distances due to the energy deposition of the knock-on electrons,
reproducing the effect observed in simulations. The average values of the parametrisation coefficient
A, obtained by averaging over all deployed modules, were A = (—28.8 +0.9) a.u. (arbitrary units) in
Phase I and A = (-26.1 £ 0.9) a.u. in Phase II, compared to A = (-27.4 + 1.1) a.u. in simulations.
The close agreement indicates that simulations reproduce the increase in the charge deposited per
muon with the particle density, as described by Eq. (3), and accurately account for the contribution
of knock-on electrons.

Due to the extended deployment timeline and uneven data availability across modules, the
calibration stability could only be evaluated in a subset of stations with sufficient statistics during
Phase I. In these cases, a long-term performance effect was observed, with lower measured charges
in the later period. An ageing rate of ~-2.5% per year for the ADC mode was previously reported in
Ref. [10]. This trend is consistent with the ageing observed in similar scintillator detectors, such as
those in the MINOS experiment [11], and should be considered as a systematic uncertainty in Phase
I analyses. This long-term performance effect was also confirmed with higher statistics in Phase II,
as observed in Figure 5a. Figure 5b shows the relative difference in the average charge measured
at the optimal reference distance for composition studies (» = 450 m), with Phase II values being
approximately 5% lower.

4. Summary

The calibration of underground muon detectors based on plastic scintillators using the average
charge from single vertical muons can lead to biases in the reconstructed muon density. For the
ADC mode of the UMD, this bias can reach up to 20% in showers of 10'7- eV at densities of
~30 p/m?. The bias is attributed to the increased energy deposition per muon, especially near
the shower axis, where high-energy muons produce more secondary knock-on electrons that are
generated in the surrounding soil. These knock-on electrons dominate the non-muonic contribution
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Figure 5: (a) An example of the calibration method obtained for Phase II (black) and Phase I (blue) for an
individual UMD station. (b) Relative difference of the calibration curve evaluated at r=450 m between Phase
IT and Phase I.

to the signal and account for up to 23% of the total energy deposition in extreme cases. To address
this, a new calibration method was developed, based on parametrising the charge per muon per
vertical path length using the binary mode of the UMD and the distance to the shower core for low
muon densities, and extrapolating it to high muon densities. The method significantly reduces the
reconstruction bias to less than 5% and shows no significant dependence on energy, zenith angle,
or primary mass.

The method was applied to both Phase I (2019-2022) and Phase II (2023—-2024) data, yielding
calibration curves for 76 and 99 modules of 10 m?, respectively. The calibration parameter A,
which relates the charge increase with muon density, showed good agreement between data and
simulations, confirming that the impact of knock-on electrons is well-modelled. Additionally, a
long-term performance effect was observed, with Phase II measurements showing a ~5% reduction
in the average charge at r = 450 m compared to Phase I, consistent with the ageing effects reported
in similar scintillator detectors.
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