oBL

SISTEMA DE BIBLIOTECAS DA UNICAMP

UNICAMP

UNIVERSIDADE ESTADUAL DE CAMPINAS
SISTEMA DE BIBLIOTECAS DA UNICAMP
REPOSITORIO DA PRODUGAO CIENTIFICA E INTELECTUAL DA UNICAMP

Versao do arquivo anexado / Version of attached file:

Versao do Editor / Published Version

Mais informacoes no site da editora / Further information on publisher's website:
https://pos.sissa.it/444/267

DOI: 10.22323/1.444.0267

Direitos autorais / Publisher's copyright statement:
©2024 by Sissa Medialab. All rights reserved.

DIRETORIA DE TRATAMENTO DA INFORMAGCAO

Cidade Universitaria Zeferino Vaz Barao Geraldo
CEP 13083-970 — Campinas SP
Fone: (19) 3521-6493
http://www.repositorio.unicamp.br



PROCEEDINGS

OF SCIENCE

Status and Performance of the Underground Muon
Detector of the Pierre Auger Observatory

Joaquin de Jesus ¢’ for the Pierre Auger Collaboration®
“Instituto de Tecnologia y Deteccion en Astroparticulas (CNEA, CONICET, UNSAM),
Buenos Aires, Argentina
b Karlsruhe Institute of Technolgy (KIT), Institute for Astroparticle Physics, Karlsruhe, Germany
©Observatorio Pierre Auger, Av. San Martin Norte 304, 5613 Malargiie, Argentina
Full author list: https://www.auger.org/archive/authors_icrc_2023.html

E-mail: spokespersons@auger.org

The Pierre Auger Observatory, located in Malargiie, Argentina, is the largest facility for the detec-
tion of ultra-high-energy cosmic rays and has been operating successfully for nearly 20 years. For
its second phase of operation, the Observatory is undergoing a major upgrade, called AugerPrime,
to increase its sensitivity to the primary mass. As part of the upgrade, the Underground Muon
Detector is being deployed in the low-energy extension of the Surface Detector. It consists of an
array of 30 m? plastic scintillator muon counters buried 2.3 m underground in the vicinity of the
water-Cherenkov detectors. This will allow a direct measurement of the muonic component of air
showers in the energy range 10'%3 eV to 10! eV, contributing significantly to the discrimination
of the primary mass and to the testing of hadronic interaction models. In this contribution, the

deployment status and performance of the Underground Muon Detector are presented.
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1. Introduction

The Surface Detector (SD) [1] of the Pierre Auger Observatory is comprised of an array of
1660 water-Cherenkov detectors (WCD) ordered in three nested triangular grids with spacing of
1500 m (SD-1500), 750 m (SD-750) and 433 m (SD-433). The SD-1500 covers an area of 3000 km?
and provides an energy threshold of 108 eV whereas the SD-750 comprises an area of 23.5 km?
with an energy threshold of 10'7-3 eV. Finally, the SD-433 encloses a smaller area of 1.9 km? and is
suitable for energies above 106 eV.

Currently, the Observatory is undergoing an upgrade known as AugerPrime [2] involving
several enhancements: (i) the addition of a small photomultiplier tube to the WCDs in order to
expand their dynamic range; (ii) the installation of a plastic scintillator, the Surface Scintillator
Detector (SSD), on top of the WCDs to provide an additional and complementary measurement of
the particles in the shower; (iii) a Radio Detector (RD), consisting of a radio antenna placed on top
of the WCDs, aims to measure the radio signals produced during the development of the shower;
(iv) an Underground Muon Detector (UMD), which is the focus of this contribution; and (v) the
replacement of the original electronic boards of the SD stations with new upgraded boards with
faster sampling rate and increased dynamic range, also enabling communication between the SD
and the SSD, RD and UMD.

2. Underground Muon Detector

The Underground Muon Detector (UMD) is being deployed in the SD-750 and SD-433 arrays.
It consists of an array of plastic scintillator muon counters, each of which is buried beneath 2.3 m
in the vicinity of an SD station. The soil above each detector is responsible for absorbing the
electromagnetic component of air showers, and imposes an energy cut of ~1 GeV for vertical
muons. Each UMD station comprises three modules of 10m? of plastic scintillator. In turn, a
module is segmented into 64 strips of 400 cm long, 4 cm width and 1 cm thickness, with embedded
wavelength-shifting optical fibers coupled to an array of 64 silicon photomultipliers (SiPM).

To increase its dynamic range, two complementary modes of operation are implemented in
the UMD modules: the binary and the analog-to-digital converter (ADC) mode. The binary mode,
designed for sampling low muon densities, relies on the segmentation of the detector and handles
each of the 64 SiPM signals independently. The output of each SiPM is processed by a dedicated
channel, comprised by a pre-amplifier, a fast shaper and a discriminator, in one of two 32-channels
Application-Specific Integrated Circuit (ASIC). The output signal of the discriminator is sampled
by an Field-Programmable Gate Array (FPGA) at 320 MHz (3.125 ns sample time). This leads to a
binary trace (i.e. composed by Os and 1s) of 2048 samples per SiPM. In each sample, a “1” or “0”
is output if the fast shaper signal was above or below the discriminator threshold, respectively. An
offline strategy is subsequently used to convert raw binary traces into number of muons: any pattern
of four or more consecutive 1s in the binary trace is considered to be produced by a muon and is
referred to as single-muon pattern [3]. On the other hand, the ADC mode, designed for high muon
densities, treats the module as a whole as it does not depend on detector segmentation. In this mode,
the 64 SiPM signals are summed and subsequently amplified with a high- and a low-gain amplifier.
The amplified signals are digitized with two ADCs with a sampling time of 6.25 ns giving rise to
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Figure 1: Left: Layout of the UMD array and its current deployment status. Right: Success rate of the UMD
array between January and June 2023. The grey dashed area corresponds to the period in which the original
electronics were replaced by the upgraded electronics in the SD-750 and SD-433 arrays. Grey data points
show the fraction of inactive modules.

two wave forms of 1024 samples. The number of muons is obtained dividing the charge of these
signals by the mean charge of a single muon.

3. Deployment status and operations

Currently, there are 52% of the UMD positions deployed as shown in the left panel of Fig. 1.
At the current production and deployment rate it is foreseen to have the array fully deployed by June
2024.

The UMD relies on external triggers from the SD to operate, which are organized in a hierar-
chical way. The Central Data Acquisition System (CDAS) of the Observatory constantly receives
time stamps of local station triggers coming from the WCDs [4], and it scans for air-shower events
by requiring spatial and temporal correlations between them. If such correlations are found, it gen-
erates an event trigger to the participating stations and adjacent ones. These stations then respond
by transmitting their event data.

When a local trigger is generated in an SD station, a signal is sent to the electronics of its
associated UMD modules to save its data in its internal memory. When an event trigger arrives, the
SD station sends another signal to the UMD modules requiring for its data. If the data is found in
its circular buffer, then it is sent to the CDAS. If it is not, the UMD module’s electronics responds
with an error message indicating that data was lost. It is therefore of utmost importance to monitor
the absence of error messages in the UMD electronics to ensure a proper operation of the detector.

To this end, a daily success rate can be defined for each module as the fraction of times in which
the electronic responded without any error message upon an event trigger request. A success rate
at the array level is then defined as the average success rate of all the active UMD modules. Active
modules are those that are actually in acquisition from which a response is expected (either an error
message or not). Inactive modules are detectors that are deployed but not in acquisition, shown as
grey data points in the right panel of Fig. 1. On the same panel, the daily array success rate is shown
from January to June 2023 as magenta markers. A fairly constant rate of 93% can be found up to
mid February, when the installation campaign of the new electronics in the stations of the SD-750
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and SD-433 arrays started. This transition period lasted until the first week of April, after which
a stabilization of the rate is achieved around 97%. Therefore, an increase in the detector success
rate is achieved with the new electronics. This result is expected since with the original electronics,
an auxiliary board was needed for the signal transmission between the SD station and its UMD
modules [5]. This added an extra step in the communication process, increasing the likelihood of
errors or data loss. All the functionalities of this auxiliary board are now included in the upgraded
electronics.

4. Detector characterization

Fiber attenuation plays a major role in signal fluctuations as a muon hitting the closest to
the SiPM can yield almost twice the number of photon-equivalents than one hitting the furthest.
This translates into having a larger number of 1s (charge) in the binary (ADC) trace when muons
hit the strip closer to the SiPM. This effect was characterized under controlled conditions in the
laboratory [6].

A study like that conducted in the laboratory is not feasible with deployed modules as the impact
point of the muon in the strip is unknown during an air-shower event. However, the attenuation of
photons in the fiber can be assessed using the fact that strips in the UMD modules have different
fiber lengths. Since the dome with the SiPM array is in the center of the detector, the length of the
fiber between the end of a strip and the SiPM array, referred to as manifold length, is different for
each strip (see inset in left panel of Fig. 2). Due to the symmetry of the module, this leads to 16
groups each composed by 4 strips with the same fiber length. Consequently, we expect both the
mean number of 1s and charge produced by a single muon to be lower in strips with longer fibers.

To inspect for a fiber effect in data, the average number of 1s, (#1s), in all the strips of every
module was obtained using three years of air-shower events. Then, the mean value of (#1s) of all
the strips sharing the same manifold length was determined. The result is shown in the left panel
of Fig. 2. The fiber effect is quite clear as there is an anti-correlation between the manifold length
and (#1s), which translates into a difference of ~5% in the number of 1s between the shortest and
longest fiber.

The fiber effect was additionally studied with the ADC channel following a similar procedure.
For this purpose, modules with only a single strip with a single muon pattern in its binary trace
were selected to guarantee that only one muon hits the detector. Subsequently, the ADC trace
was integrated to obtain its charge. The set of single-muon ADC traces and the resulting charge
histogram for a selected module is shown in the left panel of Fig. 3, where #,,x denotes the time
in which the ADC traces reaches its maximum. The mean value of all the strips sharing the same
manifold length was obtained, as displayed in the right panel of Fig. 2. Like in the binary channel,
the fiber attenuation is quite clear as strips with longer fibers have lower single-muon charge values
which yields a difference of ~15% between the shortest and the longest fiber. This confirms and
validates the expected behaviour of the detector and provides an estimate of the fiber effect to be
accounted for in any subsequent high-level physics analysis.

In the right panel of Fig. 3, single-muon charge as function of the secant of the shower
zenith angle sec 6 is displayed for data (unfilled green markers) and simulations (filled black
markers). A discrete library using proton as primary with energy 1g(E/eV) = 17.5, zenith angles
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Figure 2: Mean number of 1s in the binary trace (left) and mean single-muon charge (right) as function of
manifold length. As a consequence of fiber attenuation, signals decrease as the fiber length increase. The
inset in the left panel shows a sketch of a UMD module indicating the manifold length.
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Figure 3: Left: Single-muon ADC traces of a selected module in air shower events. Vertical dashed lines
correspond to the integration window. The inset plot displays the corresponding charge histogram. #y,,x is the
time in which the ADC trace reaches its maximum. Right: Angular dependence of the single-muon charge.
The measurements of all the modules were used scaling the charge values to a reference module as explained
in Section 5.

0/°={0,12,22,32,38,48,56} and EPOS-LHC as the hadronic interaction model was used. Data
from all the modules were used by scaling to a reference module as explained in Section 5. It
is apparent that single-muon charge increases for more inclined showers. This is expected due to
increasing muon track length in the detector. However, it is clear that data and simulations have
different slopes. Further investigation is needed to understand the origin of this discrepancy.

5. Long-term behaviour

Since the environmental conditions, such as temperature, in which the detector operates cannot
be controlled, it is crucial to monitor the long-term behaviour of the signals. This is necessary to
account for any seasonal effect in any subsequent higher-level physics analysis.

For every local station trigger, an algorithm running in parallel to acquisition scans over the 64
binary traces; if only one muon pattern is found in the whole module, the charge of the ADC trace
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Figure 4: Left: Raw time series of the online single-muon charge estimate. Some modules have not
measurements during the whole period due to malfunctioning or bad data taking periods. Module-to-module
variations can be seen due to SiPM gain differences between the modules. Red markers show the time series
of the reference module to which all the modules are scaled. Right: Scaled time series. Unfilled magenta
markers shows the profile over the whole set of modules. The magenta line corresponds to the fit of a sinus
(seasonal fluctuations) plus a linear term (aging).

is computed and streamed [3]. We will refer to the single-muon charge estimated this way as online
charge. In the left panel of Fig. 4, the weekly mean of the online charge is shown for a set of modules
deployed over 2019, for which enough data is available for a long-term analysis. Module-to-module
differences can be observed due to different SiPM gains between the modules. Thus, the time serie
of an arbitrary module was chosen as a reference (red markers in left panel of Fig. 4) and a scaling
factor for each module was fitted to match this reference. The result of this is displayed on the right
panel of Fig. 4. It is evident that a universal behaviour arises which includes a seasonal fluctuation
and a long-term drift related to the aging of the detector. In a phenomenological approach, we fit
a model that incorporated a sinusoidal component to capture the seasonal oscillations, along with
a linear component to represent the aging effect. The fluctuations correspond to +1% whereas the
aging rate (slope of the linear term) is of —2.5%/yr.

The biweekly mean of the #1s using air-shower events was obtained for each module in the
same time period. The raw time series are shown in the left panel of Fig. 5. The same module as
previously chosen was selected as a reference for scaling the remaining modules. The scaled time
series along with the profile over all the detectors and a fit to the same model is shown in the right
panel of Fig. 5. The same qualitative behaviour seen in Fig. 4 is found. In this case, a seasonal
fluctuation of +1% along with an aging rate of —0.7% /yr is observed. The difference in aging rate
between the ADC and binary modes can be attributed to the fact that the ADC mode is sensitive to
the signal charge, whereas the binary mode relies on an amplitude threshold, thus being sensitive
to the signal amplitude.

In addition, the long-term behaviour of the SiPM gains was assessed. It is known that the
SiPM gain decreases with temperature. For that reason, a temperature compensation mechanism is
implemented in the high-voltage source of the electronics [3]. Still, there may be some minor residual
temperature dependence remaining. It is thus important to verify that this residual dependence
remains within acceptable limits. Measurements of the SiPM gain were periodically performed for
over a year in a single module following the procedure detailed in Ref. [8]. The gain for each SiPM
was determined in each measurement and the average value over the 64 channels was obtained. The
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Figure 5: Left: Raw time series of the #1s for each module. Module-to-module variations can be seen due to
gain fluctuations between the modules. Red markers show the time series of the reference module to which
all the modules are scaled. Right: Scaled time series. Unfilled green markers shows the profile over the
whole set of modules. The green line corresponds to the fit of a sinus (seasonal fluctuations) plus linear term
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in the binary trace) after the linear term associated with aging was subtracted. Red markers show the relative
fluctuations of the SiPM gain, obtained as the average gain over all the 64 SiPMs for each measurement.
The lower plot displays the average temperature registered by a sensor located in the UMD electronics. Grey
dashed vertical lines enclose one year period.

relative fluctuations of the average gain is shown in red markers in Fig. 6. A fluctuation of +1%
is observed, being as expected larger for lower temperatures. This level of fluctuation in the gain
is negligible and has no impact on the detector performance. It is however useful to explain the
oscillations observed in the binary and ADC signals. For this, the linear term of the model that
was fit to the time evolution of the online charge and (#1s) (right panel of Fig. 4 and Fig. 5) was
subtracted from the data points. The relative fluctuations of these aging-corrected quantities are
also shown in Fig. 6. It is apparent that the seasonal modulation in the signals are highly consistent
with that found in the gain.

As already mentioned, the online charge estimate requires two conditions: a local trigger from
the SD station and a single-muon pattern in the whole module. These two conditions are fulfilled
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estimate of the single-muon charge.

with an average rate of ~ (.1 Hz with a clear seasonal modulation, as shown in Fig. 7. This has been
already reported in Ref. [7] using a shorter period of time. This oscillation is now confirmed and
is found to be within a range of +20% . Therefore, it cannot be explained by the +1% modulation
in the SiPM gain. The comprehension of this effect exceeds the scope of this contribution and is
currently under study.

6. Summary

The current status of the Underground Muon Detector of the Pierre Auger Observatory was
presented. Firstly, an improvement in the success rate of the UMD electronics was achieved through
the new upgraded electronic boards in the SD. In addition, fiber attenuation was characterized both in
binary and ADC mode using field data, validating the expected behavior of the detector. Finally, the
long-term behaviour of the signals was studied and an aging effect along with a seasonal fluctuation
of +1% was found, the latter being consistent with SiPM gain fluctuations. The discrepancy between
data and simulations in the evolution of the single-muon charge with the zenith angle and the strong
seasonal fluctuation in the rate of the online charge are presently undergoing investigation.

More than half of the UMD array is already deployed and fully functional, which will provide a
highly valuable data set of the muon content in extensive air showers. This analysis provides a step
forward towards the validation and understanding of the detector performance, which is critical for
any subsequent physics analysis.
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