Chinese Physics C Vol. 43, No. 7 (2019) 075002

Lateral distribution of EAS muons measured for the primary cosmic
ray energy around 100 TeV*

You-Liang Feng((%452)"*"  Yi Zhang(3k%5)"”
Hong-Bo Hu(#A£13%)"*”  Cheng Liu(X)'
Zhen Wang(ﬂii‘f?)l’2
Shi-Ping Zhao(#4 i)’

Tian-Lu Chen(Ff K4#)’
Guang-Guang Xin(2£] ]~ )4’1
DANZENGLUOBU (¥ % i)’
Bing-Qiang Qiao(F¥ 7k##)™!

Yi-Qing Guo(3§ X JK)'

Yu-Hua Yao(lk E &)™
Mao-Yuan Liu(Xl/%75)’
Hui Cai(35#)"!

Qi Gao(#5 /1)’
Ying-Ying Guo(3h3¢2%)'

'Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
2University of Chinese Academy of Sciences, Beijing 100049, China
3Physics Department of Science School, Tibet University, Lhasa 850000, China
*School of Physics and Technology, Wuhan University, Wuhan 430072, China
5College of Physical Science and Technology, Sichuan University, Chengdu, Sichuan 610064, China
SKey Laboratory of Dark Matter and Space Astronomy, Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210034, China
"School of Nuclear Science and Technology, Lanzhou University, Lanzhou 730000, China

Abstract: The muonic component of the extensive air showers (EAS) is of great importance for the astroparticle

physics. It carries the information about the properties of primary cosmic ray (CR) particles, such as their mass, and

electromagnetic and hadronic nature. It provides a sensitive test for the hadronic interaction models, which are inevit-

able for describing the cascade shower development of cosmic rays in EAS experiments. The YangBaling Hybrid Ar-

ray (YBJ-HA) experiment has been in operation since the end of 2016. Surface detectors are used for the measure-

ments of primary energy, angular direction and core position of a shower event, while underground muon detectors

are used for measuring the density of muons at various locations. Using the data obtained by the YBJ-HA experiment,

this work reports the first measurement of the lateral muon distribution for the primary cosmic ray energy in the 100

TeV region. The punch-through effect is evaluated via MC simulation.
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1 Introduction

Study of the muonic component of the extensive air
showers (EAS) is of great importance for understanding
the process of EAS. Most muons come from the hadronic
interactions in EAS. The gamma ray shower contains far
less muons than the hadronic shower, which makes the
muon number an important parameter to discriminate the
overwhelming cosmic ray background from the gamma
ray signal. Similarly to the so called NKG distribution,
which accurately describes the lateral distribution of sec-
ondary particles in an electromagnetic shower, the muon
density in a hadronic shower is high at the shower core
and decreases gradually with the lateral distance. Due to
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the non-perturbative behavior of the QCD theory, exact
calculations of the hadronic shower and of the muon lat-
eral distribution are impossible. Therefore, hadronic mod-
els are usually adopted in the numerical calculations. Ex-
perimental measurements of the hadronic and muon com-
ponents are very important to test the models. On the oth-
er hand, lateral muon distribution contains the informa-
tion on the nature of the primary particles.

To measure the muon lateral distribution, a hybrid ex-
periment is preferred. As an example, a surface detector
array may be used to measure the primary energy, angu-
lar direction and core position of a shower event, and a
muon detector array for the number density of muons at
various locations. With such a design, the KASCADE-
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Grande experiment has measured lateral muon distribu-
tions with a muon-to-shower-axis distance from 100 m to
610 m, and reconstructed energy from 10° - 10"ev [1].
With a smaller scale experiment, this work reports a sim-
ilar measurement with the lateral distance between 20 —
100 m, which is much closer to the shower core. Besides,
the punch-through effect in our analysis is carefully eval-
uated via simulation.

2 Experiment

YBJ-HA is a hybrid experiment constructed on the
site of the YangBaling cosmic ray observatory (90°31” E,
30°60” N; 4300 m a.s.l.) in Tibet, which has been in oper-
ation since the end of 2016. This experiment consists of a
scintillation detector array (SA) and an underground wa-
ter Cherenkov muon detector array (MDA). SA is de-
signed for the detection of electromagnetic particles in
EAS, and MDA for recording the muon information of
EAS. YBJ-HA adopts the electronics of the Large High
Altitude Air Shower Observatory Square Kilometer Com-
plex Array (LHAASO-KM2A) and the white rabbit clock
synchronization system. It served as the up-to-date largest
debugging and testing platform for LHAASO-KM2A.

SA consists of 116 plastic scintillation detectors. As
shown in Fig. 1, the circles represent the light guide scin-
tillation detector, where three colors indicate three types
of detectors. Scintillation detectors with the same spe-
cification but different thickness and surface treatment
are used. The red circles in the center of the array indic-
ate 3 cm thick scintillator with polished surface, while
blue and pink indicate 2 cm thick scintillator without pol-
ish on the surface. Besides, blue detectors are covered
with 0.5 c¢m thick lead plates to convert gamma rays into
electron-positron pairs, which increases the sensitivity in
detecting the electromagnetic component. Serving as a
guarding ring, the open squares along the edges are the
prototype electromagnetic detectors of LHAASO-KM2A
[2], which are fiber scintillation detectors. SA is divided
into two groups. The detectors along the edge of the ar-
ray are defined as the outer detectors, while the others are
defined as the inner detectors. If a detector with the
highest number of particles is in the inner group, this
shower is labeled as the “in-array” event, otherwise it is
the “out-array” event.

The detectors are deployed on a grid with 15 m spa-
cing, covering 20000 m’. The detectors at the northern
edge of the array are 7.5 meters away from the inner de-
tectors, as is the case at the southern edge. A schematic
diagram of the light guide scintillation detector unit is
shown in Fig. 2. It is in the shape of an inverted pyramid.
At the top, each detector has a plastic scintillator with an
area of 0.5 m’. At the bottom of the detector, a photomul-
tiplier tube (PMT) is installed as the photon collector.

WEST EAST

NORTH

o e e e e o e © e o O
T
o O ° ° ° [ ° ° ° ° o o E
m] o o o o o o o O o 3
«—
15m ® Dy ® Dicsenipo
® D o D,

LHAASO-KM2A

Fig. 1.
Circles represent surface scintillation detectors. In particu-

(color online) Layout of the YBJ-HA experiment.

lar, red circles are detectors with a 3 c¢m thick scintillator;
pink circles are detectors with a 2 cm thick scintillator; blue
circles are detectors with a 2 cm thick scintillator and a lead
plate. The squares are the prototype detectors of LHAASO-
KM2A. Cyan shaded area is the water Cherenkov muon de-
tector array buried 2.5 m underground.
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Fig. 2.
scintillation detector.

(color online) Schematic diagram of the prototype

The whole detector surface is covered with a layer of
white plastic film. The performance of the detector has
been described in a previous paper [3].

MDA, which uses the water Cherenkov technique,
started taking data in autumn of 2013. It consists of 16
detection units with 2.5 m of soil shield, covering an area
of 800 m’. Cyan shaded square in Fig. 1 indicates the po-
sition of the muon detector array with respect to SA. Each
unit is a waterproof concrete pool 7.2 m wide X 7.2 m
long x 1.9 m deep, equipped with a face-down 20 inch
diameter PMT mounted on the ceiling. Fig. 3 shows the
schematic view of one pool. These detectors are shielded
by overburdened soil to prevent low energy electromag-
netic particles from reaching the water, with the threshold
energy of 1 GeV for vertical muons. Besides, we used a
Tyvek bag to prevent water contamination, and to keep
good reflection of Cherenkov photons in each pool [4].
The dynamic range of the unit detector is between 1 and
12.5 minimum ionization particles (MIPs).
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Fig. 3. (color online) Schematic view of one MDA pool.

3 Monte Carlo simulation

All processes, including the shower development in
the atmosphere and the response of the detectors, are sim-
ulated. The development of EAS in the atmosphere is
generated by the CORSIKA package [5] version number
74005. For the high and low energy hadronic interaction
models we used QGSJET2 [6] and GHEISHA, respect-
ively. Different primaries (H, He, CNO, MgAlSi and Fe)
are generated in the energy range from 1 TeV to 10 PeV.
These events are properly weighed to resemble the spec-
tra of two CR component models: the Hillas model [7]
and the Horandel model [8]. All events are generated in a
uniform shower core distribution, scattering in a 400 m x
400 m area around the array center, to ensure a large
enough sampling area containing almost all events that
can trigger the array. The response of the scintillation de-
tectors and water Cherenkov muon detectors is simulated
by a special GEANT4 package. The reliability of this
simulation software has been verified in previous analys-
is [9].

4 Analysis

This analysis is based on the data collected in the
period from December 2016 till August 2017. The events
were selected by imposing the following five criteria on
the reconstructed data:

1) The shower labeled as the “in-array” event.

2) Each shower event should fire four or more detect-
ors.

3) The average time residual should be smaller than 1 m.

4) The sum of the number of particles from all fired
detectors should be larger than 60 MIPs.

5) The reconstructed zenith angle of the shower
should be less than 45 degrees.

To obtain high quality data, some essential paramet-
ers of the experiment were compared with the MC data.

The sum of particle densities in all scintillation detectors
(X p) can be a good indicator for the true energy of CRs.
The correlation of ) p and energy has been demonstrated
by the Tibet ASy experiment [10]. Figure 4 shows the
distribution of ) p from the experiment and from MC
simulation. The black points are the experimental data
and the red line indicates the MC samples. The upper ax-
is represents the true energy of the primary particles giv-
en by the simulation. The experimental data and MC
show good agreement when )’ p is less than 10**. The de-
viation above 10°" is due to energy truncation above 10
PeV in the MC simulation. Apparently, the energy spec-
trum of the experimental data shows a break at the en-
ergy around a few PeV, consistent with the expected
“knee” structure.

The resolution of the shower core position is import-
ant for the measurement of the lateral distribution of
muons. The commonly used method for core reconstruc-
tion is to fit the particle density with the NKG function
[11]. The resolution of the core position is evaluated us-
ing the even-odd method [3]. Figure 5 shows the distribu-
tion of the difference of the core position between the
even array and the odd array. The position resolution is
defined such that the confidence region contains 50% of
the events. With this method, the position resolution in
our experiment is 4.8 meters with the reconstructed en-
ergy of 100 TeV. Figure 6 shows the resolution of shower
core positions for different primary energies.

After applying the above criteria, a sample of the
showers with high quality parameters in energy, core pos-
ition and direction is selected. In order to rule out the
background muons from the other irrelevant showers, a
cut on the time residual of muons is applied. Figure 7
shows a comparison of the time residual of muons
between the experimental data and MC. The black points
are the experimental data and the red line indicates the

log10(Primary Particle Energy / TeV)
1.5 2 2.5 3 3.5
— T T T [ T T [ T T T T T

-eo- Experiment

— MC

Normalization Number of Events
S

1 1.5 2 ‘2,5‘ - 3 3.5 4‘ - ‘4.5 5
logl0(Zp)

10

@[T HHH\‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T

-7
0.

Fig. 4. (color online) Distribution of the sum of particle
densities in all detectors (3 p) from the experiment and MC
simulation.

075002-3



Chinese Physics C Vol. 43, No. 7 (2019) 075002

- Experiment

—MC
0.8

0.6

0.4

Normalization Number of Events

0.2

0) 5 10 15

20

3 A, (m)

25 40

Fig. 5.
mental data and MC data. Each event has two shower cores,

(color online) Distribution of %Arm for the experi-

derived from the even array and the odd array. Ar,, is the
distance between the two shower cores.

8
£t

~ [

1=

E oC

-

L2 [

s ;

o L

172] -

s

&y

g r

o .

o L
3?
C ¢ ’
[ »
2?
B o v b e e e e

100 200 300 400 500
Energy (TeV)
Fig. 6. Resolution of the shower core position for different

primary energies.

1

—e— Experiment

10°° t T
Eil v b b b b b b P

-800 —600 —400 —200 0 200 400 600 800 1000 1200
Time residual(ns)

Normalization Number of Events

Fig. 7. (color online) Distribution of the time residual of the
muon detector.

MC samples. The peak indicates the muon signals from
EAS, while the flat sections on both sides of the peak in-
dicate background. Therefore, we can select the events
whose time residual is in the range from —90 ns to 210 ns.

The very wide time window covers almost all muon sig-
nals from the shower, valid for both the experimental data
and MC. In this case, the number of survival background
events is only 0.002 for each detector. The spectrum of
the selected muons is shown in Fig. 8. In this figure, the
black points are the experimental data and the red line is
MC. Apparently, the good agreement between the experi-
ment and simulation shows that our data is well under-
stood.
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Fig. 8. (color online) Muon spectrum from MD.

5 Experimental results
5.1 Method

To measure the muon lateral distribution, the dis-
tance between the center of an MD unit and the shower
axis is grouped in rings with a 5 m step. For the ring
group R;, the mean number of muons in a shower p(R)) is
then calculated as:

M; 1
JR— X _—,
K; S -cosé
where M; is the total number of muons;
K; is the number of events in the i-th group;
, S is the effective area of the MD detection unit, 51.8
m’ in our case;

6 is the zenith angle of the CR event.

The high energy electromagnetic components in a
shower core region can also penetrate the soil layer and
emit a large amount of Cherenkov light in the pool, which
is called the “punch-through” effect. This effect can be
eliminated by requesting that the shower core is far away
from the muon detector. For this reason, the distance
between the core position and the MD center is set to be
more than 20 m in this analysis. Similarly, due to the dy-
namic range of MD, if the shower energy is too high, or if
they are too close to the shower core position, the num-
ber of muons would exceed an upper limit. This effect is
even worse when punch-through appears. Saturation and
punch-through effects can be corrected by MC, but the

P(R;) = (D
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correction would introduce a systematic uncertainty.
Therefore, in this work we limit the energy range
between 50-300 TeV, and keep the lateral distance in the
measurement larger than 20 m.

Figure 9 shows the measured lateral muon distribu-
tion around 100 TeV for the zenith angle less than 15 de-
grees. The blue squares are the experimental data, while
the green stars and red triangles are simulations. From the
plot, the simulated data are consistent with the experi-
ment, and there is no obvious difference between the two
models. The pink circles are signals produced by pure
muons in EAS. They are obtained by subtracting the
punch-through effect from the red plots. As a matter of
fact, the particle type, energy and the number of emitted
photons by secondary particles, which pass through the
muon detector, are recorded in the simulation. Therefore,
the signal produced by pure muons in EAS can be singled
out, and the punch-through effect is then the result of oth-
er secondary particles.

We define the “punch-through ” coefficient of the
muon density distribution at distance R as P(R):

Pexp (R) = Pmuon(R)
pexp(R)

Here, pexp(R) is the muon density measured by the experi-
ment and pmyen(R) 18 the density of pure muons. Figure 10
shows the “punch-through” coefficient of the muon dens-
ity distribution around 100 TeV for the zenith angle of
the shower 6 < 15°. It can be seen that when the distance
between the core position and the center of MD is more
than 30 meters, the “punch-through” coefficient is less
than 20%; when this distance is more than 50 meters, the
“punch-through” coefficient is less than 10%.

P(R) =
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Fig. 9. (color online) Measured muon density distribution

for the zenith angle of the shower 8 < 15°. The blue points
represent muon density distribution obtained from the ex-
perimental data, while the green and red points represent
the distributions from the Hillas model and the Horandel
model, respectively. The pink points represent the distribu-
tion of pure muons in EAS obtained from MC simulation.
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Fig. 10. The “punch-through” coefficient of the muon dens-

ity distribution around 100 TeV for the zenith angle of the
shower 6 < 15°.

5.2 Results

In all energy intervals, the lateral distributions ob-
tained with YBJ-HA are fitted with a function proposed
by Greisen for the muonic component (ELhr >1 GeV) [12]:

R -0.75 R -2.5
p(R):C(E) x(1+—) , (3)

rc

where C = const- N, 7 is the Greisen radius. In this ana-
lysis, the fit parameters are rg and the scaling factor C of
the distributions.

The lateral distributions obtained for different zenith
angles are presented in Fig. 11. The lines represent Greis-
en function fits to the data, and the values of the C and 7
fit parameters are presented in Table 1. In these results,
the punch-through effect has been properly estimated by
MC simulation and removed from the measurements. As
expected, the muon density decreases with increasing
zenith angle. This is due to the fact that as the zenith
angle increases the shower penetrates deeper into the at-
mosphere.

5.3 Systematic errors

In this analysis, four sources of systematic errors were
investigated. 1) The non-uniformity of the response of the
muon detectors and the geometry of the detector array
contribute about +(1.4%—6.0%) to the total systematic er-
ror. This systematic error is estimated on the basis of the
differences between the detectors. 2) The stability of the
array performance. The response of the detectors over
time fluctuates mainly due to the variation of ambient
temperature and detector aging. To evaluate the systemat-
ic error from this fluctuation, the collected data were di-
vided into two groups based on different time periods.
The results obtained from the comparison and analysis of
the two groups show that this fluctuation contributes
about £(0.9%-2.1%) to the total systematic error. 3) The
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Table 1.

muons obtained with YBJ-HA.

Fit parameters C and rg of the lateral density distribution of

2

0 energy/TeV C/m rg/m
50 (3.94+127)x1073  (2.88+0.86)x 10?
, 100 (1.06+0.26)x 1072 (1.98 +0.40) x 102
<15°

200 (2.64+0.62)x1072  (1.60+0.29)x 10%

300 (3.12+0.87)x 1072 (1.81+0.41)x 102

50 (3.66+1.74)x 1073 (2.84+1.23)x10?

) 100 (1.04£029)x 1072 (1.97+0.45)x 107
15°<0 < 30°

200 (2.54+0.59)x 1072 (1.57+0.28)x 10?

300 (3.31£0.93)x 1072 (1.68+0.37)x 107

50 (240£1.85)x 1073 (3.52+2.58)x 107

Lsoe0< 30 100 (8.01+£4.12)x1073  (2.14+0.94)x 10?
og < o

200 (2.01£0.46)x 1072 (1.62+0.29)x 10?

300 (2.65+0.78)x 1072 (1.74+0.42) x 10?

exact composition of primary cosmic rays is still an open
issue. The Hillas model and the Horandel model are two
models accepted by the community. Calculations based

on both models were carried out. The difference between
the models is used to estimate the model dependent sys-
tematic error, which is approximately +(1.4%—4.5%). 4)
Not all surface detectors are covered with lead plates,
which leads to a slight difference of the total measured
secondary particles. Therefore, in the reconstruction pro-
cess, a correction was carried out based on the comparis-
on between detectors with and without lead plate covers.
After correction, the error from the lead plates is around
+(0.2%—1.3%).

6 Summary

The YangBalJing Hybrid Array has been in continu-
ous and stable operation since December 2016. The simu-
lated data are consistent with the experiment. The meas-
ured lateral muon distribution for the primary cosmic ray
energies between 50 to 300 TeV for various zenith angles
was presented in this work. There is no obvious differ-
ence of the lateral muon distribution between the Hillas
model and the Horandel model.
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