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The number of muons observed at the ground from air showers is sensitive to the mass composition
of cosmic ray and hadronic interaction model. Large High Altitude Air Shower Observatory is
a hybrid extensive air shower array and the KM2A is a sub-array covering an area of 1 km2,
consisting of electromagnetic detectors and muon detectors, can measure the muon content and
shower size of the air shower simultaneously with high precision for cosmic rays in the knee
region. The muon detector of KM2A is the most powerful muon detector in the current cosmic
ray observatory on the ground. We made a detailed comparison of experimental and simulated
data. The simulation does for EPOS model.
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1. Introduction

Muons are created in non-electromagnetic decays of shower hadrons, such as charged pions
and kaons. Once produced, muons decouple immediately from the extensive air shower (EAS) and
travel almost in straight lines to the detector with smaller attenuation than that for electromagnetic
and hadronic particles [1, 2]. Studying muons becomes therefore a sensitive and direct way to probe
the hadronic physics [3] and to identify possible deficiencies of hadronic interaction models [4, 5].
The muon number in an EAS is also sensitive to the cosmic ray mass composition. So, the number
of muons detected by detectors can be used to determine the composition and energy of the primary
particles.

This article aims to test the muon contents in EAS with the hadronic interaction model (EPOS-
LHC). The comparison between experiment and simulation is very necessary because the ground
array is used to reconstruct the energy, direction and core position of the primary particles by
extending the secondary particle information generated by the EAS. Through the comparison of
simulation and experiment, we can better understand the detector performance. The experimental
data was collected by muon detector in the LHAASO-KM2A array during 2020. In section 2 briefly
introduces the LHAASO-KM2A detector array and introduces the simulation and experimental data.
Section 3 is the comparison of experimental and simulation data.

2. Experiment and simulations

2.1 KM2A quarter-array

The Large High Altitude Air Shower Observatory (LHAASO) is located in Daocheng, Sichuan,
at an altitude of 4410 m [6, 7]. It is a composite detector that includes KM2A with an area of
1.3 km2 and a water Cherenkov detector array (WCDA) with a total area of 78000 m2, and 12
wide-field air Cherenkov/fluorescence telescopes (WFCTAs) as shown in Figure 1. This work
uses the KM2A quarter array, which includes 1286 electromagnetic detectors (EDs) and 307 muon
detectors (MDs). A layer of 2.5 m thick soil is overburdened on the MD tank to absorb the secondary
electrons/positrons and gamma-rays in air showers [7]. The data in 2020 year are used for this work,
for a total live time of 518.63 hours.
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Figure 1: The layout of LHAASO experiment [7].
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2.2 Monte Carlo Simulation

The simulated data is also for KM2A quarter array, using the Cosmic Ray Simulations for
KAscade (CORAIKA) [8] software package to simulate EAS. The high-energy hadronic interaction
model is EPOS-LHC [9], the low energy hadronic interaction model is FLUKA. The zenith angle
range of the shower is 0-70 degrees, and the azimuth angle range is 0-360 degrees with energy
spectrum 𝐸−2 (energy range 10 TeV - 100 PeV). MC data contain individual sets for different
representative primaries: hydrogen (H), helium (He), nitrogen (N), aluminum (Al) and iron (Fe).
The parameters are shown in Table 1.

Table 1: Corsika simulation: EPOS-Fluka.

Component 𝐴 Energy range(eV) 𝛾 \(deg) 𝜑 (deg)
Proton 1 1013 ∼1017 -2 0-70 0-360
He 4 1013 ∼1017 -2 0-70 0-360
CNO 14 1013 ∼1017 -2 0-70 0-360
MgAlSi 27 1013 ∼1017 -2 0-70 0-360
Fe 56 1013 ∼1017 -2 0-70 0-360

To accurately simulate the KM2A detector response, a specific software, G4KM2A [10, 11],
was developed in the framework of the Geant4 package (v4.10.00) [12]. The G4KM2A program
records the time, position and charge of the secondary particles hitting the detector. The energy,
direction and core position of the primary cosmic ray can be obtained by reconstruction. The shower
core is uniformity placed within a circle 1000 m away from the center of the KM2A quarter-array.
The number of cosmic ray shower is shown in Table 2. The total number of simulation data is about
1.111×108.

Table 2: G4KM2A simulation: the number of cosmic ray shower.

Component 1013 ∼1014 eV 1014 ∼1015 eV 1015 ∼1016 eV 1016 ∼1017 eV
Proton 4×107 4×106 6×105 105

He 107 106 105 2.5×104

CNO 107 106 105 2.5×104

MgAlSi 107 106 105 2.5×104

Fe 4×107 4×106 6×105 105

2.3 Data quality selection

In order to compare simulation data and experimental data the same reconstruction procedure,
and the same selection conditions are used. Simulation and experimental data select the hits within
the time window of [-30,50]ns, and the hits of the shower front.
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The operation fetching and reconstruction process of the detector is not completely ideal,
and there may be some cases of false trigger and reconstruction error. In order to improve the
reconstruction accuracy, the selection criteria are as following:

• \ <= 30◦: zenith angle of shower less than 30 degrees;

• 𝐷𝑟 > 65m: distance from shower core to array edge;

• NpE1/NpE2>2: NpE1:the number of electromagnetic particles at a distance of 0 m to 100 m
from the shower core detected by ED; NpE2: the number of electromagnetic particles at a
distance of 40 m to 100 m from the shower core detected by ED;

• NpE2>25: the number of electromagnetic particles at a distance of 40 m to 200 m from the
shower core detected by ED;

• 𝑁`>10: the number of muons at a distance of 40 m to 200 m from the shower core detected
by MD;

• NtrigE>50: the number of fired EDs;

• 𝑁𝑠𝑖𝑧𝑒>20000: the shower size is reconstructed by fitting the charged particle lateral distribu-
tion measured using a modified Nishimura-Kamata-Greisen (NKG) function.

3. The comparison of simulation and experiment data

In order to understand the experimental data of the detector and to establish the simulation
program, we compare the simulation results with the experimental results.

3.1 The comparison of unit detector

The magnitude of hit signal detected by the MD can reproduce the number of muons collected
by the unit detector. Using the data after event selection, the event rate of the number of muons 𝑁`_𝑢
detected by the unit MD can be obtained, as shown in the left of Figure 2 and more details about it
can be found elsewhere [13]. The single muon peak can also be clearly seen in the distribution, and
the muon size spectrum distribution has a curve around 10 particles, which is due to the influence of
high-energy electromagnetic particles punch-through effect when they are close to the shower core.
As shown in the right of Figure 2, the punch-through effect of high-energy electromagnetic particles
is increased when the distance of unit detector to the shower core less than 40 m. Therefore, when
counting the number of muons, the detector within 15 m or 40 m from the shower core is deducted
to ensure the purity of muons.

3.2 The comparison of KM2A quarter-array

We compared the experimental and simulated major observational quantities in the KM2A
quarter-array as shown in Figure 3. The left of Figure 3 is the distribution of 𝑁𝑠𝑖𝑧𝑒 and the right
of picture is the distribution of 𝑁`. The simulated data are normalized to the energy spectrum of
Gaisser H3a component model [14], and the experimental data are normalized to per second. The
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Figure 2: Left: Comparison between MC simulation and experimental data of the daily averaged trigger
rate distribution of a typical MD. The horizontal axes indicate the number of particles recorded by these
detectors for the triggered events. Detectors with a particle number less than 0.2, as indicated by the vertical
lines, are removed in both MC and experimental data reconstruction [13]. Right: the muon spectrum of the
distance of a typical MD to the shower core (𝑟 > 40m and 𝑟 < 40m). The MC simulation (EPOS), with five
components, is normalized to the cosmic ray model of Ref.[14].

Figure 3 also shows the ratio of experimental data to simulated data. In a large range, the Ratio =
data/MC is a constant, which is about 1.05. The event rate of experimental data is about 5% higher
than that of simulated data.
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Figure 3: Simulation and experimental distributions of 𝑁𝑠𝑖𝑧𝑒 (left), 𝑁` (right) of KM2A quarter-array.

4. Conclusions

In this work, the data of the first KM2A quarter-array are used to measure the shower muon
content of the cosmic rays around the knee region. Post-LHC hadronic interaction model is used
to describe the development of showers in the atmosphere, and the interactions in the detector are
simulated by a G4KM2A procedure. The simulation results are fairly consistent with experimental
data. It provides important support for subsequent physical analysis.
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