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A LHAASO-KM2A prototype array, which is about 1% of the full one, had been in stable operation for
about 3 years from 2014 to 2016. This work presents a combined measurement of shower muons and
electromagnetic particles using its data. Benefiting from thewide dynamic range of themuondetectors and the
surrounding electromagnetic detector array, the muon content was studied in detail for showers with energies
from tens of TeV to tens of PeV. The results are compatiblewith the prediction ofMonte Carlo simulation and
no obvious excess is observedwhen taking into account that themass composition increases above 1 PeV. The
results also support a transition from light to heavy elements for cosmic rays in the “knee” region.
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I. INTRODUCTION

Due to the rapidly decreasing flux with increasing energy,
the study of high-energy cosmic rays at energies above
1014 eV is difficult for space-born experiments and mainly
relies on measurements of the induced extensive air shower
(EAS) onground [1]. To reconstruct theproperties of primary
cosmic rays, simulations of the shower development should
beused,which are strongly related to the hadronic interaction
models [2]. Unfortunately, most of the observables in EAS
experiments involve processes with small transverse
momenta where QCD cannot be applied perturbatively
[3]. Instead, phenomenological models based on accelerator
data are invoked. As a result, these models are limited by
experimental data, especially at higher energy and in the very
forward region where accelerator data cannot completely
cover [4,5]. In thepreviousmeasurements ofEASparameters
especially for mass composition study, the inconsistency
between different hadronic interaction models has been the
main sources of uncertainties [2,6].
Actually, EAS experiments can also be used to test

hadronic interaction models. Muons are the decay products

of hadrons and undergo less atmosphere interactions than
electromagnetic particles, which makes them ideal “probes”
to understand the hadronic interaction processes [3]. Many
tests were performed using muon data and discrepancies
between experiment measurements and models were found
by different experiments, in which the muon bundle excess
compared to simulation is a long-standing problem for air
shower experiments [7].At ultrahigh energy, a clear excess of
muon production comparing to simulation was reported by
Auger experiment [8] and HiRes/MIA experiment [9].
Yakutsk experiment also indicated that the simulated muon
densities is lower than observed [10]. As for detectors
working at lower energies, such as the KSCADE-
GRANDEexperiment, different hadronic interactionmodels
were tested systematically [11] and there were clear
differences between differentmodels [2]. None of themodels
could consistently describe the observed rates of electron and
muon numbers over the whole energy range [12] and the
dependence of the muon content with zenith angle showed
clear conflicts in inclined showers [3]. However, the results
from IceTop [13] and EAS-MSU [14] showed there no
evidence for a significance muon excess. Some other
important results were from underground particle physics
detectors at colliders. The ALEPH and DELPHI groups
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found that the production rate for the highest multiplicity
events is higher than expectation even assuming a purely iron
primary composition [15,16].
Several suggestions were proposed to explain these

discrepancies. Some theorists suggested the presence of
nuggets of strange quark matter in very high energy cosmic
rays [17], while others tried to involve creation of the QGP
in interactions and so on [18–20]. The hadronic interaction
models have indeed made many changes especially after
the release of LHC data, and the main change related to
muon content in models is the enhancement of production
of ρ0 vector mesons which may lead to suppression of
production of π0 mesons [21,22]. Contrary to the scalar π0,
the dominant decay channel for ρ0 is ρ0 → π−πþ, so the
enhancement of ρ0 production can enrich the production of
muons, but a suppression of the electromagnetic compo-
nent is a cumulative effect. Therefore, it is better to test the
muon and electromagnetic components simultaneously. It
should be noted that the ALICE experiment has repeated
the work performed by ALEPH and DELPHI groups, and
there is no clear excess of high muon multiplicity events
compared to simulation [23], which may benefit from the
progress in hadronic interaction models, but their results
were limited by large uncertainties. On the other hand, there
is still clear excess observed in ultrahigh energy [24–26]
even compared with the newest models, and the muon
content attenuation in atmosphere is still lower than
predicted for KASCADE-Grande experiment [27].
LHAASO (Large High Altitude Air Shower Observatory)

is a ground-based air shower observatorywhich aims to study
the high energy cosmic rays from 1013 eV to 1017 eV, and
this new experiment can also continuously survey the
gamma-ray sky from about 100 GeV to 1 PeV [28]. For
this, LHAASO will need to separate hadronic showers from
electromagnetic showers [29] at energies up to PeV, thus a
reliable hadronic interaction model is very important for
LHAASO both from the aspects of cosmic ray study and
VHE gamma-ray astronomy. LHAASO is a hybrid array
which consists of an EAS array covering an area about
1.3 km2 (KM2A), 78000 m2 water Cherenkov detector
array (WCDA) and 12 wide-filed air Cherenkov/fluores-
cence telescopes (WFCTA) [30].
LHAASO-KM2A is comprised of 5195 scintillation

detectors (EDs) and 1171 muon detectors (MDs). One of
the scientific motivations of KM2A is to study cosmic rays
with energies from 10 TeV to 100 PeV, so the dynamic range
for a detector unit needs to span 4 orders of magnitude [31].
To study the performances of detector and prepare for
LHAASO-KM2A construction, a prototype array was con-
structed at YBJ cosmic ray observatory in 2014. The newest
model is tested using the prototype array data. In this work,
we take advantage of the large dynamic range of the muon
detector and the electromagnetic particle detector array to
study muonic and electromagnetic components of EAS in a
wide energy range. The electromagnetic detectors are also

used to provide rough information about the core, direction
and energy of shower, which are crucial to minimize punch-
through effect from high energy electromagnetic particles
and to reduce uncertainty from energy.

II. EXPERIMENT AND SIMULATION

A. LHAASO-KM2A prototype array

A prototype array of about 1% the size of KM2A was
constructed at the YBJ cosmic ray observatory, where the
altitude is about 4300m. It had been in stable operation
from November 2014 to March 2016. This detector array
consists of 39 EDs and 2 MDs. 39 EDs are uniformly
distributed with the same spacing (15 m) as in KM2A, and
2 MDs are placed into the array. The layout of the
arrangement for the array is shown in Fig. 1.
The ED is a kind of scintillator detector with wavelength-

shifting fiber to deliver scintillation light to PMT. The area of
anEDunit is about 1m2, and the time resolution is better than
2 ns. A detailed description of ED is given in [32]. The ED
array provides trigger for shower events. When more than
4 EDs are fired instantaneously within a time window of
200 ns, the array is triggered and all hits from both EDs and
MDs in a time window of 10 us centered at trigger time are
acquired and stored for off-line analysis [33]. EDarray is also
used to reconstruct the direction and core of shower aswell as
to measure the number of electromagnetic particles.
The engineering array was proposed to study the

performance of detector, and there were many artificial
or unexpected factors may lead to abnormal data acquis-
ition in operation, so only data files taken during regular
operation period was used in this analysis. The total data
used in the analysis accounts for about 324 days. The long

FIG. 1. Layout of arrangement for LHAASO-KM2A prototype
array. Black circles and yellow rectangles correspond to MDs
and EDs.
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time stability of event rates for ED array is shown in Fig. 2.
The event rates is about 50 Hz, and it follows the change of
atmosphere pressure as expected [34].
The MD is a kind of water Cherenkov detector, which

has an effective area about 36 m2. The muon detector is
under shielding of 2.5 m thick overburden soil to prevent
low energy electromagnetic particles from reaching water,
and the threshold for μ� is about 1 GeV. MD has a wide
dynamic range up to 10000 particles, which enables to
measure the muon content in a large energy range without
saturation. The details about MD are described in [33].
Owing to the influence from punch-through effect, which
will be discussed in detail in Sec. III, only the muon
detector at the center of the array is used in analysis. The
performance of MD is monitored by measuring atmosphere
background muons. The long time stability of background
signal rate for muon detector unit is shown in Fig. 3. The
rate changes with different seasons, which is a very slow
modulation effect, and the smooth distribution of single rate
implies a stable operation condition for muon detector.

B. Simulation

All processes from shower development in atmosphere
to interactions in detectors are simulated. Samples of
primary cosmic rays are generated in the energy range
from 10 TeV to 100 PeV for proton and iron separately with
zenith angles in the interval of 0° to 60°. The composition of
cosmic rays in this energy range is not well-known and
changes with energy. To simplify the simulation we have
modeled the primary cosmic composition using pure proton
and iron to represent two extreme mass compositions.
A typical power law energy spectrum has been adopted
with spectral index 2.7 below 3 PeV and 3.0 above 3 PeV
[35]. The core of each shower is randomly assigned with
larger radius for higher energy range, which ensures the
sampling area is large enough to contain almost all events
that can trigger the array. The development of EAS in
atmosphere is simulated based on CORSIKA [36] event
generator incorporating QGSJETII-04 [37] for the hadronic
interaction model. When particles arrive at detectors, the
remaining processes are simulated by a GEANT4-based
simulation procedure. The details about this GEANT4-
based procedure can be found in [38].

III. ANALYSIS METHOD

The number of vertical equivalent muons (Nvem) for a
MD hit is proportional to the signal charge, which can be
calculated as:

Nvem ¼ QMD

QV
; ð1Þ

where QMD and QV are the charges for the detected hit and
single vertical muon separately. QV is calibrated by
selecting vertical showers. Similarly, the number of par-
ticles detected by electromagnetic detector is defined as:

Ne ¼
QED

QMIP
: ð2Þ

HereQED is the charge for ED hit, andQMIP is the charge
for minimum ionization particle (MIP), which is also a
calibration parameter. The details about detector calibration
can be found in [39]. The number of particles detected by
the array is a sum of particles detected by each detector:

Nparray ¼
XN

i¼1

Ni
e ð3Þ

where Ni
e is the number of particles detected by ith ED.

The muon production in EAS is largely influenced by the
primary energy of shower, which consequently leads to an
inaccurate prediction of number of muons arriving at muon
detectors. This uncertainty is reduced by using Nparray to
constrain primary energy. It can be referred from Fig. 4 that

FIG. 2. Long time stability of event trigger rate (black) and
atmosphere pressure (red). Each point is an average of data
for 5 days.

FIG. 3. Long time stability of background signal rate for muon
detector. One point corresponds to one data file.
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the energy increases with larger Nparray, and showers with
different energy can be separated statistically. Limited by
the dynamic range of electromagnetic detectors, the curves
become steeper above thousands of particles.
One challenge for this analysis arises from guarantee of

high purity of detected muons, which is polluted by high
energy electromagnetic particles and hadrons near shower
core that also have chances to arrive at detector despite
there is 2.5m burying soil. These high energy particles can
also cause a subshower in the soil, which may lead to a
much larger signal comparing to muons, and we define this
influence as punch-through effect.
Punch-through effect can be reduced by selecting

showers with cores away from muon detector due to a
steeper lateral distribution for electromagnetic particles
comparing to muons. However, limited by the area of the
array and the number of detectors, only a small fraction of
secondary particles within a shower can be detected by
detectors, thus the cores of showers cannot be recon-
structed precisely especially for showers with cores out of
the array. Considering the position of one muon detector
is very close to the center of the array, the distance from
shower core to this detector can be ensured by selecting
showers with cores out of array, which is called “out”
events. In practice, all EDs are divided into two groups.
The detectors at the edge of the array are defined as outer
detectors while the others are defined as inner detectors. If
the number of particles detected by outer detectors is
larger than that detected by inner detectors, this shower is
labeled as “out” events, otherwise the shower is defined
as “in” events. Only showers labeled as “out” events are
used in this analysis.
The ratio of “in” array events to “out” array events as a

function of Nparray is shown in Fig. 5 for both simulation
and data to illustrate the similarity of data and Monte Carlo.
The events with large number of particles are contributed
by high energy events with cores close to the center of the
array, and these events are more likely to be “in” evens, thus
the ratio will increase correspondingly.

Punch-through effect can also be reduced by selecting
more declined showers in which the electromagnetic
components are deeper attenuated in atmosphere. The
direction of shower can be obtained by fitting the relative
arrival time of secondary particles at detectors [39]. The
good agreement between simulation and experiment on
angle reconstruction can be illustrated in Fig. 6. Only
showers with zenith angles in the interval of 40° to 55° are
used in this analysis.
Polluted by the punch-through effect, the Nvem is larger

than the number of simulated muons (Nμmc). However, the
Nvem will approach to Nμmc if the punch-through effect is
diminished, and Nμmc can be reconstructed using Nvem.
The muon reconstruction algorithm is validated in a test
with simulation events. The relationships between Nparray

and Nμ for both simulated muons and reconstructed muons
(Nμrec) are shown in Fig. 7 respectively. It can be seen that
there is a good agreement between reconstruction muons
and simulated muons at range for Nparray above 50 and less
than 5000 and proton and iron are well separated, which
implies that Nμ=Ne is a very powerful tracer for mass
separation. The Nμrec is obviously larger than the Nμmc
at range for Nparray above 5000, which is caused by
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FIG. 4. Primary energy as a function of Nparray. The error bar
refers to the error of mean value.
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FIG. 5. Nin=Nout as a function of Nparray for both simulation
and data.
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punch-through effect. Thus only events with Nparray less
than 5000 and above 50 are considered. There were about
one billion five hundred million events that triggered the
array and only 6.8 million events passed final selection
criteria.

IV. RESULTS

Distributions related to this analysis are derived in the
same way both for data and simulation to obtain a direct
comparison. The model prediction of distribution of Nvem,
which is scaled by the total exposure time, is shown in
Fig. 8 together with experimental data. The showers are
selected with Nparray above 50. It can be seen that if there is
no cut applied to reduce punch-though effect, the Nvem is
much larger than Nμmc (as shown in Fig. 7). The total
exposure time for simulation is estimated by summing the
individual fluxes of main chemical elements at 1 TeV
where measurements are most precise. The flux is esti-
mated to be about 0.225ðm2 s sr TeVÞ−1 [35].

The shower size for heavy primaries is smaller compared
to light primaries at same energy which leads to a higher
trigger threshold for iron than proton, it can be seen in
Fig. 8 that the flux for iron is much smaller and the
experimental data can be well described by simulation,
indicating that the simulation procedure is successful in
describing all the interaction processes for different par-
ticles (including punch-through effect). The distribution of
number of particles detected by array is shown in Fig. 9.
The distribution is scaled in the sameway as for muons, and
the simulation results also agree well with data.
Based on the above works, we tried to describe the

relationship between Nμ and Nparray in large energy range.
The results for both experiment and simulation is shown in
Fig. 10. At lower energies, the experimental data is parallel
with the proton line, which means there is no clear change
of composition and the data can be well described by
simulation. However, with the increase of Nparray, the
gradient dNμ=dNparray is larger for data compared to
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FIG. 7. Nμ as a function of Nparray. The point represents the
mean value of Nparray and Nμ, and the error bar represents the
statistical error for mean value.
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FIG. 8. The measured distribution of Nvem (black) compared
with the values obtained from simulations with proton (blue) and
iron (red) primary cosmic rays.
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FIG. 9. The measured distribution of Nparray (black) compared
with the values obtained from simulations with proton (blue) and
iron (red) primary cosmic rays. Only events with Nparray below
5000 is plotted, which are used in this analysis.
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FIG. 10. Number of muons ðNμÞ as a function of number of
electromagnetic particles (Nparray). Data is shown in black point.
Simulation results are shown for EPOS-LHC and QGSJETII-04
models separately (blue and red).
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proton showers, which may suggest a transition from light
to heavy elements. It happens exactly at the energy range
around the “knee” region (about several PeV for proton)
where primary composition starts to change [40,41]. In
addition, there is no obvious excess of muon abundance at
least up to 10 PeV considering the primary mass uncer-
tainty. We also repeated the simulation using EPOS LHC
hadronic interaction model, and it is found that the two
models agree well in this energy interval.
It should be noted that due to the limited number of

detectors this result is only a rough conclusion about
hadronic interaction model, and more precise measure-
ments should be performed by upcoming full array, which
can also extend the energy range to 100 PeV. Furthermore,
with the collaboration of different kinds of detectors in
LHAASO we can perform a combined analysis using more
secondary products, which are expected to give stricter
constraints on hadronic interaction models.

V. DISCUSSION AND CONCLUSION

We present a combined measurement of muons and
electromagnetic particles from LHAASO-KM2A prototype
array. The selected data is equivalent to about one year live
time. The latest hadronic interaction model is used to
describe the development of shower in atmosphere and the
interactions in detector are simulated by a GEANT4-based
procedure.
The good agreement between simulation and experiment

on several distributions demonstrates the success of this

new-developed GEANT4-based simulation procedure in
describing the interactions in detector and the reliability of
data. Based on these works, we try to describe Nμ=Nparray
at large energy range using this simulation framework. As a
result, the data agrees with the simulation at low energies.
While with the increase of energy, there is a clear transition
from light mass to heavier mass around “knee” region, and
the data can be described by simulation at least up to
10 PeV. EPOS LHC model is also used to repeat the
simulation, and the results from the two models agree well,
which may be benefited from the high altitude of the
experiment and the progress in models. The results can also
give insights on the ability of Nμ=Ne for mass separation
and hadronic interaction model test. However, limited by
the number of detectors we can only draw a rough
conclusion about composition and hadronic interaction
models, and more precise measurements should be per-
formed by future full array. With the intense construction of
LHAASO, the full array together with other detectors will
be in operation in the upcoming years, which will give
stricter constraints on hadronic interaction models.
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