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The Pierre Auger Observatory, located in Malargüe, 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 m2 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 1016.5 eV to 1019 eV, contributing signiőcantly 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 km2

and provides an energy threshold of 1018.5 eV whereas the SD-750 comprises an area of 23.5 km2

with an energy threshold of 1017.5 eV. Finally, the SD-433 encloses a smaller area of 1.9 km2 and is

suitable for energies above 1016.5 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 10 m2 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 őbers 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-ampliőer, a fast shaper and a discriminator, in one of two 32-channels

Application-Speciőc 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 0s and 1s) of 2048 samples per SiPM. In each sample, a ł1” or ł0”

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 ampliőed with a high- and a low-gain ampliőer.

The ampliőed signals are digitized with two ADCs with a sampling time of 6.25 ns giving rise to
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and SD-433 arrays started. This transition period lasted until the őrst 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 ŕuctuations 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 őber can be assessed using the fact that strips in the UMD modules have different

őber lengths. Since the dome with the SiPM array is in the center of the detector, the length of the

őber 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 őber length. Consequently, we expect both the

mean number of 1s and charge produced by a single muon to be lower in strips with longer őbers.

To inspect for a őber 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 őber 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 őber.

The őber 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 𝑡max 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 őber attenuation is quite clear as strips with longer őbers have lower single-muon charge values

which yields a difference of ∼15% between the shortest and the longest őber. This conőrms and

validates the expected behaviour of the detector and provides an estimate of the őber 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 𝜃 is displayed for data (unőlled green markers) and simulations (őlled black

markers). A discrete library using proton as primary with energy lg(𝐸/eV) = 17.5, zenith angles
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