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direct muon measurements, along with radio and fluorescence detectors. In this contribution, we
present an overview of the monitoring tools developed for all the components of AugerPrime,
focusing on real-time performance assessment and long-term stability metrics. By continuously
tracking key parameters, we can identify potential issues early, enabling timely interventions and
improving overall data quality. These strategies are crucial for maintaining the long-term reliability
of the measurements taken at the Auger Observatory and providing high-quality data for cosmic

ray research in the coming decades.
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1. The AugerPrime Surface Detector

The study of ultra-high-energy cosmic rays (UHECRs), with energies exceeding 10'7 eV,
remains one of the most compelling open questions in astroparticle physics. Key challenges include
understanding their origin, acceleration mechanisms, and mass composition. The Pierre Auger
Observatory was designed to address these questions by combining a large surface detector array
with fluorescence telescopes, enabling the hybrid observation of extensive air showers over a wide
energy range.

The Pierre Auger Observatory is located in Malargiie, Argentina, and comprises over 1660
surface detector stations arranged in triangular grids with spacings of 1500 m, 750 m, 433 m (called
SD-1500, SD-750, and SD-433 respectively) and, covering a total area of approximately 3000 km? [1].
The surface array is complemented by 27 fluorescence telescopes installed at four peripheral buildings,
as can be seen in the top-left panel of Fig. 1. While the denser sub-arrays enable low-energy event
reconstruction, the fluorescence detector overlooks the atmosphere above the surface detector area to
observe the longitudinal development of air showers and provides both mass-sensitive observables
and a model-independent energy reconstruction.

During its first phase of operation (Phase I), the Observatory recorded high-quality data that led
to significant advances, including precise measurements of the UHECR energy spectrum, constraints
on photon and neutrino fluxes, and composition-sensitive observables [2]. These results suggest
that the primary mass composition varies with energy while highlighting persistent uncertainties in
hadronic interaction models at the highest energies.

To address these challenges and enhance composition sensitivity, the Auger Observatory has
undergone a major upgrade known as AugerPrime [3]. As part of this upgrade, each Water-Cherenkov
Detector (WCD) that is part of the surface array has been equipped with a small photomultiplier
tube (SPMT) to extend its dynamic range and improve signal reconstruction near the shower core. In
addition, the original electronics have been replaced by the Upgraded Unified Board (UUB), a new
data acquisition system that digitizes signals from all detectors at 120 MHz with 12-bit resolution [4].
The UUB provides improved timing, triggering, and calibration functionality, ensuring compatibility
with Phase I data while supporting the new AugerPrime instrumentation.

In addition to the WCD enhancements, each surface station now includes a Surface-Scintillator
Detector (SSD) mounted above the WCD and a Radio Detector (RD) station installed on a mast, as
can be seen in the right panel of Fig. 1. A dedicated Underground Muon Detector (UMD), almost
fully deployed in the SD-750 and SD-433 regions (see bottom left panel of Fig. 1), complements
these measurements by providing a direct view of the muonic component. Together, these additions
allow for multi-component air shower reconstruction with improved sensitivity to mass composition.

A critical component of AugerPrime is the implementation of comprehensive monitoring
systems across all detectors. These systems enable real-time tracking of key performance parameters,
identification of potential issues, and long-term assessments of detector stability. In this work, we
describe the monitoring infrastructure developed for each AugerPrime component and assess its
performance during the initial years of Phase II data taking.
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Figure 1: Top-left: layout of the Pierre Auger Observatory. Black dots represent surface detector stations and
blue lines indicate the approximate field of view of the fluorescence telescopes in its four sites. The SD-750
and SD-433 arrays are located near the Coihueco site. Bottom-left: Underground Muon Detector station under
deployment. Right: upgraded Water-Cherenkov detector, with a Scintillator detector and a Radio antenna.

2. Water-Cherenkov Detectors

The Water-Cherenkov Detectors form the core of the Surface Detector array and have operated
reliably since the beginning of Phase 1. Each WCD consists of a cylindrical tank filled with 12 0001
of purified water, instrumented with three downward-facing large photomultiplier tubes (LPMTs)
mounted at the top. These PMTs detect Cherenkov light from charged particles and provide signals
over a wide dynamic range suitable for most shower geometries.

As already mentioned, as part of the AugerPrime upgrade, a fourth, small PMT was added to
extend the dynamic range, and the original electronics were replaced by the Upgraded Unified Board.
The SPMT allows accurate measurement of high particle densities near the shower axis, while the
UUB provides enhanced digitization, timing, and calibration capabilities [3]. This extends the WCD
dynamic range by more than an order of magnitude, from a few hundred VEM (vertical equivalent
muon) with the large PMTs to nearly 20,000 VEM with the SPMT.

The stability of the WCD array is shown in Fig. 2, which presents the daily rate of high-quality
events per active hexagon for the SD-1500, as an example. The indicated energy threshold is chosen
to ensure full trigger efficiency. Blue triangles indicate Phase I data, and red circles correspond to
Phase II data, while the open gray circles show the transition period between the two. Rates remain
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Figure 2: Daily rate of high-quality events per active hexagon for the SD-1500. The energy threshold ensures
full trigger efficiency. Blue triangles indicate Phase I data, and red circles correspond to Phase II data, while
the open gray circles show the transition period.
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Figure 3: Evolution of SPMT-related parameters: number of active SPMTs (black), calibration factor 3 (red),
station temperature (blue), and SPMT current (magenta), from 2021 to 2025.

stable over time, demonstrating consistent array performance during and after the deployment.

The SPMT, a 1-inch Hamamatsu R8619, cannot be directly calibrated with atmospheric muons
due to its small photocathode area. A cross-calibration procedure is used instead, converting the
integrated ADC signal to VEM via a linear relation, Syvem = 8 QADC counts» With a conversion factor
[ determined to better than 2.5 % [6].

The long-term evolution of SPMT-related parameters can be seen in Fig. 3. The number of
active SPMTs (black) increases until mid-2023 as deployment progresses. The calibration factor
B (red) shows a seasonal modulation of 8-10 %, consistent with the temperature dependence of
SPMT gain. Temperature (blue), taken from sensors on the LPMTs, and SPMT current (magenta)
reflect environmental trends and their effect on the hardware. In particular, the current stabilizes in
mid-2023 following the activation of automatic high-voltage regulation.

The UUB digitizes waveforms from all detectors and provides unified acquisition across the
upgraded Surface Detector [7]. It also maintains backward compatibility with Phase I triggers to
support hybrid operation. Monitoring of voltage rails, temperature, and acquisition rates enables
early issue detection and long-term stability tracking.
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Figure 4: Daily averages of SSD MIP charge (red), PMT high voltage (blue), anode current (magenta), and
the number of operational SSDs (black), grouped in 50-day intervals.

3. Surface Scintillator Detectors

Each Surface Scintillator Detector consists of two segmented plastic scintillator planes mounted
above the WCD. Wavelength-shifting fibers collect scintillation light and guide it to a 1.5-inch
Hamamatsu R9420 PMT. Unlike WCDs, which respond to both electromagnetic and muonic
components, the SSDs are more sensitive to the electromagnetic component, enabling improved
composition discrimination.

Calibration is primarily based on the response to atmospheric muons, which deposit a character-
istic energy in the scintillator. This defines the minimum ionizing particle (MIP) signal, expressed in
ADC counts, used as the reference unit for all signals [8].

The evolution of key monitoring parameters from late 2022 to early 2025 is shown in Fig. 4:
MIP charge (red), PMT high voltage (blue), and anode current (magenta), along with the number of
operational SSDs (black), averaged in 50-day intervals. The number of active detectors increases
steadily during 2023 and stabilizes in mid-year, following installation completion and the start of
Phase II data taking. High voltage and current remain stable, with no clear seasonal trend. In
contrast, the MIP charge shows a 4-5 % seasonal modulation and diurnal variation (not shown here),
attributed to the temperature dependence of PMT gain. Electronics temperatures remain stable,
suggesting the gain is the primary source of variation [9].

4. Radio Detector

The Radio Detector measures coherent radio emission from extensive air showers in the
30-80 MHz band. Each RD station includes a dual-polarized Short Aperiodic Loaded Loop Antenna
(SALLA) mounted above the WCD (see right panel of Fig. 1). The two orthogonal channels are
aligned relative to the local geomagnetic field to maximize sensitivity to the dominant emission
mechanisms. Signals are amplified, filtered, and digitized at 250 MHz with 12-bit resolution and are
read out upon triggering by the associated WCD, ensuring precise timing across components.
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Figure 5: Number of operational RD stations from 2022 to 2025, with flagged periods (gray) marking quality
issues. Vertical dashed lines indicate deployment milestones. Green markers in the top panel show the 7-day
median RMS voltage, averaged over all active stations, calculated using data from 03:00-06:00 UTC only.

The number of operational RD stations over time can be observed in Fig. 5 as well as flagged
periods where quality issues were detected. These include firmware errors, antenna misalignments,
or gain instability, all identified through automated monitoring (see also [10]). The vertical lines
mark transitions between deployment phases. Deployment began with a small number of stations in
2022, followed by mass installation between November 2023 and November 2024. By the end of
2024, nearly all stations reached stable performance.

An additional long-term observable is the average RMS voltage measured at each station,
representing the total noise level in the signal band. About half of this RMS is due to diffuse
galactic background emission, which is used as a calibration reference. The RMS increases during
thunderstorms or transient events and is otherwise stable. Narrow-band radio-frequency interference
(RFI) is filtered prior to RMS estimation to isolate broadband background variations [11]. To ensure
consistent sky coverage throughout the year, RMS values shown in green on the top panel of Fig. 5
are computed only from data recorded between 03:00 and 06:00 UTC each day. This fixed time
window reveals the seasonal modulation due to the galactic signal as the galaxy drifts across the
night sky.

5. Underground Muon Detector

The Underground Muon Detector is installed in the SD-750 and SD-433 arrays to provide a
direct measurement of the muonic component of extensive air showers. Each station includes three
scintillator modules composed of 64 plastic scintillator strips, buried at a depth of 2.3 m (see bottom
right panel of Fig. 1) and coupled to silicon photomultiplier (SiPM) arrays. Each SiPM detects light
produced in a single strip via a wavelength-shifting fiber, enabling highly segmented detection of
individual muons.



Monitoring and performance of AugerPrime Belén Andrada

204 8
. a2
. 86" a% 2, ot ofa, g . []
4 LT s =a® [l Py ® Sgeity ugd g gtefen o
18 0 ey o0 e Tgn ,”....uu" . e, o’
7
164
A
n
214
) A6
%]
R -
o o
© 10 #
= v?
#* gl
Vv
6 4
1 ll-lll..l.-ll.lll l......l...-l......... ...ll.........l..ll.......l....l... ““......“'-l.'.. -
3 T T T T T T T
2023-01 2023-05 2023-09 2024-01 2024-05 2024-09 2025-01

Date

Figure 6: Daily averages of UMD monitoring parameters across all operational modules from 2023 to 2025:
temperature measured at the high-voltage source (pink dashed line), applied voltage (gray solid line), average
number of ones per trace (blue circles), and the average number of triggered strips per event with muon-like
pattern (green squares).

The UMD operates in binary mode [13], where each strip is read out at 320 MHz and a digital
“1” (one) is recorded whenever the signal exceeds a predefined threshold. This approach provides
compact data with precise time resolution and robust noise suppression. Muon candidates are
identified using a muon-like pattern, defined as at least four consecutive “1” bits in the binary trace
(i.e., a pattern such as 1111) in the digitized trace. This pattern reflects the typical time structure of a
muon signal and is used to count activated strips per event.

The long-term evolution of key monitoring observables for the UMD is presented in Fig. 6.
These include the temperature measured at the high-voltage (HV) source (red dashed line), the
applied HV (gray solid line), the average number of ones per trace (blue circles), and the average
number of activated strips with a muon-like pattern per event (green squares). All variables are
averaged over all operational modules in the array. A seasonal trend is observed in both temperature
and voltage, as expected from the environmental modulation at the site. The HV source includes
an internal temperature sensor and automatically adjusts the applied voltage to compensate for
temperature-dependent shifts in the SiPM breakdown voltage. As the temperature decreases, the
breakdown voltage of the SiPMs drops, increasing the overvoltage and, consequently, the gain. This
results in larger signal amplitudes, effectively lowering the relative threshold and increasing the
number of samples above the threshold. The resulting anticorrelation between temperature and the
number of ones is clearly visible.

Despite the variations in gain and trace width, the average number of triggered strips per event
remains stable over time. This confirms that the muon pattern recognition and event-level response
are not significantly affected by temperature fluctuations or gain drift, highlighting the robustness of
the binary mode and the effectiveness of the temperature compensation system. A gradual decrease
in the number of ones is observed, corresponding to an average reduction of about 0.7 % per year [12].
This effect may reflect aging in the scintillators, SiPMs, or associated electronics and will continue
to be monitored in future stability studies.
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6. Conclusions

The AugerPrime upgrade has been successfully implemented across the Surface Detector
array, with all components now integrated into a unified and modern data acquisition system. The
deployment of new instrumentation— including SPMTs, SSDs, RDs, and UMDs—alongside the
Upgraded Unified Board has significantly expanded the detector capabilities and maintained full
compatibility with Phase I data.

In this contribution, we presented the monitoring infrastructure developed for each component
and assessed its performance during the initial years of Phase II. The Water-Cherenkov Detectors
exhibit stable operation and extended dynamic range. The Surface Scintillator Detectors maintain
consistent calibration with well-understood seasonal variations. The Radio Detectors demonstrate
reliable deployment and continuous background monitoring. The Underground Muon Detectors
show stable response in binary mode, with robust muon pattern recognition and only minor aging
effects observed.

Continuous monitoring of calibration parameters, environmental dependencies, and detector
uptime is essential for ensuring high-quality data over the long term. These tools are key to
maintaining the stability of the upgraded array and will support future performance studies and
physics analyses throughout Phase II.
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