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Muon measurement at Auger
Muons constitute one of the best links to the hadronic interactions 

in the EAS since these are created in the decay of the shower hadrons
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Measurement of the fluctuations in the number of muons in inclined air showers Felix Riehn

Figure 4: Shower-to-shower fluctuations (left) and the average number of muons (right) in inclined air
showers as a function of the primary energy. For the fluctuations, the statistical uncertainty (error bars) is
dominant, while for �Rµ� the systematic uncertainty (square brackets) is dominant. The shift in the markers
for the systematic uncertainty in the average number of muons represents the uncertainty in the energy scale.
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Figure 5: Left: Comparison of the measured fluctuations of the number of muons as a function of the
primary energy with the expectation derived from hadronic models and the CR composition from the fit
of four primary mass components to the measured Xmax-distributions [21, 22]. Right: Average number of
muons as a function of the average depth of shower maximum at 1019 eV.

hadronic interaction models [18, 19, 20]. The measured fluctuations seem to slightly decrease with
the primary energy. Fitting p0 + p1 log10(E/eV) to the fluctuations, we find a significant non-zero
value for the slope with p1 = �0.11±0.04.

In addition to the fluctuations, we also obtain new results for the measurement of the average
number of muons. The results are shown on the right in Fig. 4. Note that in the figure, �Rµ�
is divided by the factor (E/1019 eV). In contrast to the fluctuations, the measurement here falls
outside the range of the predictions from simulations (see also the discussion in [4]).

For the parameters of the energy evolution of the number of muons, �Rµ� = a(E/(1019 eV))b,
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• The WCD measures a combination of the different 
components of the showers

• A direct, independent and accurate measurement of the 
muons allows to:
• Have composition sensitivity on a shower-by-shower 

basis
• Study hadronic interactions at the highest energies
• Improve the sensitivity to photon primaries
• Better understand and reduce the systematic 

uncertainties of many different measurements
• We proposed to measure the muons with RPCs

Muon measurement at Auger
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• Four RPCs are placed inside a concrete structure underneath the WCD

• The mass above will act as shielding for the electromagnetic components

• The two detectors will measure the same particles, and the energies of the muons are mostly the 
same
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MARTA Muon Array with RPCs for Tagging Air showers
https://doi.org/10.1140/epjc/s10052-018-5820-2 



• Each station has four detector modules

• A Central Unit is responsible for the management of 
the modules and the interface with the WCD

• All the parts of the MARTA station were designed to 
comply with the strict demands of outdoors 
operations: limited space, power, minimal 
maintenance and reliability

• The concrete structure alleviates the significant daily 
temperature changes

• MARTA takes advantage of the WCD triggers and 
communications
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• RPCs are widely used gaseous detectors of charged 
particles

• Developed and design by LIP Coimbra 
• Each detector has an area of 1.5 × 1.2 m2, and two 1 

mm gas gap
• Readout plane has 64 14 × 18 cm2 pick-up electrodes

• The detector is enclosed inside an aluminium box 
that also hosts the electronics
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Station - detector

1.2 m

1.5 m

14 cm
18 cm

2019 JINST 14 C07002

box receives the gas output from the sensitive volume to improve the removal of moisture. A
second/small aluminum box is assembled on the top of the first one to house all the electronic
subsystems. This box should also be sealed (as much as possible), as shown in figure 9. The
bubbler block has three monitoring columns to measure the gas flow rate, temperature and relative
humidity in all the 3 volumes described above. To summarize, each detector module will be a
closed aluminum structure with five connections, three for communications, one for power and one
for gas. The monitoring and safety columns of the bubbler block can be seen/checked by naked eye
to better assist local sta� during any gas checking or bottle exchange.

Figure 8. 3D CAD of the aluminium shielding box where the sensitive module and the pick up pad plane
are assembled. The small extra volume will house the subsystems: HV power supply (red); gas monitoring
bubbler block (yellow), MAROC front-end board (centre green board); LV power supply, multiplexer and
gas system communication (left green boards).

Figure 9. Picture of the subsystems already installed in a detector module. 1. LV power supply, 2. raspberry
pi, only used for test, 3. gas system communication board, 4. I2C multiplexer, 5. Maroc board, 6. HV power
supply and 7. gas monitoring bubbler block. Together all these subsystems consume less than 10 Watts.

The first activities to construct the precast structures, which will support the tanks and house
the RPC modules has already started at Malargüe. The installation of the Engineering Array are
scheduled to start in the last quarter of this year.

– 8 –

https://doi.org/10.1088/1748-0221/9/10/C10023
https://doi.org/10.1088/1748-0221/14/07/C07002
https://doi.org/10.1088/1748-0221/11/09/C09011
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Station - electronics

Developed and design by E-CRLAB and Detector Lab

Readout front-end, high voltage, detector monitoring, central unit, and power supply unit

https://doi.org/10.1088/1748-0221/11/08/T08004 
https://doi.org/10.1109/TNS.2018.2879089 
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the efficiency dependence on the detector reduced electric
field was measured, a curve which is to be used for keeping
track of the efficiency under the final measurement condi-
tions. Also, for the first time, some prototypes were installed
outdoors at the Pierre Auger Observatory site, where large
daily variations in temperature and pressure occur. Neverthe-
less, after four months of operation, a temperature variation
in the detector (6◦C) much lower than the ambient thermal
amplitude (28◦C) was observed, which is explained by the
thermal inertia of the tank with its concrete support structure,
as predicted by a thermal simulation.

Later software developments allow to dynamically adjust
the applied high voltage in function of the average pressure
and temperature, to keep a constant value of the reduced elec-
tric field. The main results of these developments, reported in
[10] and [14], were the confirmation of small daily thermal
amplitudes in the detector and a remarkable stability of the
efficiency, at the level of 85%, measured during nearly one
year of operation in the field. Constant and uniform efficiency
across all the detection area, independent of the temperature
or pressure gradients, was also observed. After almost two
years of field measurements at the Pierre Auger Observatory,
it has been shown that these RPCs can be operated in a harsh
outdoor environment, and perform suitably for a cosmic-ray
experiment.

During the test phase an application of this detector con-
cept was started: the study of the response of an Auger water-
Cherenkov detector (used for tests) to atmospheric muons,
by using a hodoscope built with RPC prototypes and custom-
made electronics [15], with very successful results [16]. Cur-
rently, a first shower-dedicated measurement is in progress.

4 Expected performance

MARTA is a generic detector concept designed to fulfil the
requirements of large high-energy cosmic-ray experiments.
A detailed implementation for the Pierre Auger Observatory
has been developed and is used in this work to provide con-
crete and realistic performance expectation. A detailed simu-
lation of this implementation of MARTA has been performed
using the GEANT4 toolkit [17], according to the baseline
design described in Sect. 3.1. EAS simulations for several
primary species, zenith angles and energies were undertaken
using CORSIKA [18]. The QGSJet-II.04 [19] and EPOS-
LHC [20] have been used as hadronic interaction models.

4.1 MARTA unit

A measurement of the number of muons can be obtained
from each individual MARTA detector unit. The first crude
estimator of the number of muons is the number of hits in
the pads within a fiducial area defined as the set of pads in

Fig. 4 Slant mass crossed before reaching the MARTA RPCs, under a
170 g/cm2 vertical mass overburden, for incident particles at 40◦ zenith
angle. The circle indicates the area covered by the water tank

a given shower that have a mass overburden greater than a
chosen value. In the case of the MARTA configuration, the
definition of the fiducial area required a slant mass greater
than 170 g cm−2, corresponding to the vertical mass over-
burden from the water tank and the concrete tank support,
defining a minimum criteria – with 100% of fiducial volume
for vertical events. The number of pads within the fiducial
area is then a function of the shower geometry. An example
of a slant mass map, computed for incident particles at 40◦

zenith angle, is shown in Fig. 4. In this case 2/3 of the pads
are contained in the fiducial area. For a vertical shower, all
the pads located below the shielding detector are contained
in the fiducial area.

The dependence of the energy threshold for muon detec-
tion with the mass overburden was studied using simulated
CORSIKA showers. The muon energy spectrum at 1400 m
above sea level peaks above 1 GeV and about 15% of these
muons are absorbed after crossing the additional 170 g cm−2.

In Fig. 5, an example of a trace in the MARTA RPCs is
shown and compared with the traces in the water-Cherenkov
detector. The muonic signal separation as a function of the
pad overburden is also shown.

The RPC segmentation and the chosen readout electron-
ics allow for the digital counting of muons with a time res-
olution of 5 ns and a position resolution limited by the pad
dimensions. For the baseline design described in Sect. 3, this
corresponds to a maximum particle density of 35.6 per m2

(assuming that all particles arrive at the same time). This
density is equivalent to that of muons at about 500 m from
the shower axis for a proton shower with E = 1019.5 eV and
θ = 40◦. Due to the spread of the muon arrival times and
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Fig. 5 Top: Example of a MARTA simulated trace – the simulated
WCD and RPC traces are shown; Bottom: Separation of the electro-
magnetic and muonic shower components in a simulated MARTA unit

the small dead time of the readout, pile-up effects become
relevant only at smaller distances and the number of muons
can be successfully recovered, in the case exemplified, down
to about 300 m by applying dedicated algorithms [21]. For
the purpose of measuring the signal very near the shower
core at the highest energies, the analog channel is expected
to provide counting capabilities up to 20000 particles per
RPC.

The bias and the resolution of the reconstructed muon
signal have been estimated using the digital mode only and
no pileup correction. A bias (due to electromagnetic signal
contamination) of around 20% is, as expected, seen down to a
distance to the core of 500 m. Below 500 m, the pileup effect
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Fig. 6 Number of atmospheric particles in each RPC pad per minute.
Result obtained from a dedicated simulation at 1400 m a.s.l. (see text
for details)

starts to be visible and must be corrected for. At E = 1019 eV,
the resolution of the reconstruction of the muonic signal is
below 20% up to 1000 m. For large distances to the shower
core, the muon signal resolution is dominated by the low
number of secondary particles.

The atmospheric muon flux can be used to monitor and
calibrate the efficiency of the pads. Estimations of back-
ground muons per pad were done using dedicated simula-
tions. The atmospheric particle flux at ground (1400 m a.s.l.)
was obtained through CORSIKA simulations. These simu-
lations were obtained injecting the particles according to the
known primary cosmic ray energy spectrum, with energies
ranging from E = 109 eV to E = 1015 eV. The output of
these simulations was afterwards injected into a MARTA
Geant4 dedicated simulation, leading to an estimate of the
number of muons able to reach the RPC pads. The rate is
obtained using the expected number of muons in the water-
Cherenkov detector, taken from [22]. From this study, one
can conclude that the hits due to atmospheric particles are of
the order of 5-7 Hz.

The results, presented in Fig. 6, show that the number of
atmospheric particles in each pad per minute is higher than
300, which means that a statistical precision of 1% is reached
every half an hour.

4.2 MARTA array

Many possibilities arise from the knowledge of the arrival
position and time of individual muons in MARTA stations.
Some of the main aspects are outlined below.
From muon density to composition
In Fig. 7 is shown the lateral distribution function (LDF)
obtained by the MARTA RPCs for a simulated proton shower
with E = 1019.8 eV and θ = 38◦ simulated with CORSIKA
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Station - expected performance
• The number of muons can be estimated as the number hits 

in the RPC pads within a fiducial area: pads with a mass 
overburden greater than 170  g/cm2

• Simulated trace of the WCD and RPC signals

• The expected rate of atmospheric particles is in the order of 
5 – 7 Hz



• An engineering array of 7 MARTA stations is being 
installed in Auger

• Collaboration with Brazil
• It will be used to study:

• The MARTA concept, mainly how useful the 
combined measurement can be

• Assess the RPCs performance in the field

• It can also be used to cross-calibrate other detectors 
in the array

• The MARTA EA will measure mostly events with 
primary energy between 1016.5 and 1018.5 eV.
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Engineering Array

With triggered MARTA stations

With core inside MARTA hexagon

area = 1.46 km2

750 m



• All sensitive volumes and electronics have 
been produced and shipped to South 
America.

• 22 RPC modules have been delivered to 
the observatory, after being assembled in 
Brazil

• The first station is installed, data taking 
will start in the next few months

• 4 more stations will be installed this year
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Engineering Array
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Applications – Hodoscope to test new detectors

• Installed in the observatory’s assembly building

• It will be used to test the scintillators part of the 
full array upgrade

• The setup was validated using a small scintillator
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Applications – Gianni Navarra tank
• RPCs used to study the WCD

• Single muons events were selected and their 
trajectory in the tank determined

• The signal in the tank is then analysed taking into 
account the muon trajectory

A collaboration paper is being prepared:
“Studies on the response of a water-Cherenkov

detector of the Pierre Auger Observatory
to atmospheric muons using an RPC hodoscope”
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Applications – Muon tomography

See more about it next in Pedro’s talk



Thank You
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