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The LHAASO (Large High Altitude Air Shower Observatory) project, which is under construc-
tion at high altitude of 4400m a.s.l. in Sichuan, China, aims to observe the extensive air showers
(EAS) induced by cosmic rays in the atmosphere. LHAASO consists of several large detector
arrays including KM2A (1 km? array), WCDA (Water Cherenkov Detector Array) and WFCTA
(Wide Field of view Cherenkov Telescope Array). By employing hybrid detection technique,
LHAASO offers an accurate measurement of the cosmic-ray spectrum and composition around
the knee region. Furthermore, the primary particle identification can be obtained by using Mul-
tivariate Analysis (MVA). In this contribution, we present the parameters that will be measured
by various detectors of LHAASO in the EAS detection and discuss the performance of the MVA

method for primary particle identification.
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1. Introduction

The LHAASO project, located at 4400 m a.s.l. in Sichuan Province, China, is a multi-purpose
project for the detection of high-energy gamma rays and cosmic rays with hybrid techniques.
LHAASO is expected to solve some open questions in Galactic cosmic-ray physics by studying the
extensive air showers (EAS) induced by both charged particles and gamma rays. The LHAASO
observatory covers an area of 1 km? and consists of three detector arrays, the 1 km array (KM2A),
the Water Cherenkov Detector Array (WCDA) and the Wide Field of view Cherenkov/fluorescence
Telescope Array (WFCTA). Currently, the Observatory is under construction. One fourth of the
Observatory is expected to be finished in the year of 2018 and the whole Observatory is expected
to be completed by the end of 2021.

LHAASO proposes to measure the energy spectrum and identify the mass composition of
cosmic rays around the “knee” region, the origin of which is still under discussion. In the recon-
struction of air shower events, there is a strong mutual dependency between the primary energy and
the primary particle type. The air showers with primary energies around PeV level just reach the
maximum of shower development around the observatory level of 4400 m a.s.l., yielding minimal
shower fluctuations. The combination of different detector arrays offers a large amount of data,
including the parameters related to shower size, shower geometry, and muonic component, for the
shower reconstruction. Benefiting from the advantages of the high altitude of the site and the hybrid
observation of the EAS, LHAASO is capable of measuring the energy and classifying the chemical
nature of the primary particles with high accuracy [1].

The simulation of each LHAASO detector array has been developed [2, 3, 4]. Various param-
eters, correlated to the shower properties such as the primary energy, arrival direction, and primary
particle, can be determined from the simulated data collection. In this work, we applied the MVA
method, integrated in the TM VA package [5], for primary particle identification based on the sim-
ulation of the LHAASO hybrid detectors. We will present the parameterization of data that will be
measured by each detector array and the result of the MVA classification.

2. Parameterization of data from LHAASO hybrid detectors

The schematic of LHAASO Hybrid detectors is shown in Fig.1. The WCDA is located in the
central area of the observatory, covering a 300 m x 260 m rectangular area. It consists of three
large water pools, which are segmented into 5 m x 5 m grids as single detector units. WCDA has
a large duty cycle (>90%) and a wide field of view (~1.5 sr) in the detection of EAS. In cosmic-
ray measurements, one of the WCDA pools (150 x 150 m ?) is used for the detection of shower
geometries. Each cell in this pond is equipped additionally with a 1-inch small photomultiplier
tube (PMT), which can extend the dynamic range for cosmic-ray detection [7]. The telescopes
of WFCTA are deployed alongside this shower core detector array providing calorimetric energy
measurements. Each telescope has a field of view (FoV) of 14° x 16°. The KM2A, surrounding
the central area, is a complex array composed of electromagnetic particle detectors (ED) and muon
detectors (MD). The KM2A detectors are uniformly distributed in the remaining area of the ob-
servatory, covering nearly 1 km?. In the EAS detection, these detector arrays can be combined
together for hybrid measurements, yielding a precise reconstruction of the shower parameters.
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Figure 1: Hybrid detection of the EAS at the LHAASO Observatory

A shower library simulated by using the CORSIKA package [6] with a slope of -2.3 for the
energy spectrum over the energy range from 100 TeV to 1 PeV, covering a FoV from 22° to 38° for
zenith (0) and from 77° to 103° for azimuth (¢), is used in this work. The shower library consists
of five mass compositions for the cosmic rays: p, He, CNO, MgAIlSi and Iron. The responses of the
three detector arrays are simulated for the shower parameters saved in binary files. In the detector
simulation, one WFCTA telescope, pointing to (8, ¢) = (30°,90°) is employed to work together
with WCDA and KM2A-MD. The shower events triggered by both the WCDA-core detector array
and the WFCTA telescope are selected for further analysis.

Parameterization of the WCDA data Fig.2 shows the signals in p.e. numbers measured in each
cell of WCDA for a shower event. The core position and the arrival direction of the shower can
be obtained with a precision of ~4.2 m by fitting the hump of Swcpa. Fig. 2 shows the lateral
distribution of Sycpa (binned in each 5 m). By fitting the lateral distribution of Swcpsa With an
NKG-type function (Eq.2.1), the reference parameter of WCDA signals, S,.r, can be obtained to
describe the shower size. In Eq.2.1, R,y is set to 700 m and 8 and Y are variables related to the
shower geometry and shower size.

s \P r \BtY
S(r)—Sref-<Rref> <1+Rref> 2.1

Parameterization of the KM2A-MD data The muon detector (MD) in KM2A consists of water
Cherenkov detectors, which have been proved to have high stability and to be cost-effective. Each
MD is a cylinder-shape water tank with a diameter of ~6.8 m and a height of ~1.2 m. MDs
are buried in the ground with a 2.5 m-thick layer of soil shielding low-energy electromagnetic

components of the air showers. Therefore, the responses of MDs in EAS detection are mostly
induced by the muon components, which are of high importance for determining the primary mass
and charge of the EAS.

The complete information of KM2A simulation is introduced in Ref. [2]. As a result of the
shower detection, the number of muons, n,, measured in each MD for a certain event is available
for further analysis. Fig.3-left shows the distribution of n, for a given shower. The binned 7
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Figure 2: Left: 2-D distribution of Sycpa from each detector cell in number of photoelectrons. Right:
Lateral distribution of a given shower measured by WCDA.
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Figure 3: Left: 2-D distribution of muon numbers measured by KM2A-MD. Right: Lateral distribution of
muon shower measured by KM2A-MD.

of each 50 m with respect to the core distance is shown in Fig.3-right. Similarly to the case for
/ can be obtained by fitting the n,, with a lateral distribution
function of a muonic shower (Eq.2.2) [8], where R, s is set to 400 m and 7] depends on the zenith

Swcpa, a reference of muon number, n:f

angle and the primary energy of the shower.

N

EN[N]

r+320 \ "
_— 2.2
<Rref+320> (2.2)

Parameterization of the WFCTA image The response of the WFCTA telescopes to the shower
event is generally an elliptic image in the camera (see Fig.4). Each image is first cleaned from
the NSB (night sky background) noise by removing pixels with less than one neighbor and pixels
below 10 p.e.. After the cleaning, we use the Hillas parameters, which has been widely employed
in the experiments with Cherenkov telescopes [9], to describe the image.

The SIZE, integrated p.e number of the image, is a crucial parameter correlated to the energy
and the core distance from the telescope. The other parameters such as Width, Length, Dist and
Miss are correlated to the shower geometry and the longitudinal development of the shower (See
Fig.4). The WCDA has good accuracy for the reconstruction of shower cores (~4.2 m) and arrival
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directions (~0.3°). By combining the core position measured by the WCDA and the image pa-
rameters from WFCTA, the energy of the primary particle can be determined with a precision of
~20%.

3. Primary particle identification with MVA method

As the multivariate methods have signifi-
cantly evolved in the recent years, they have

Y©

#p.e.

become a potential classification tool for most ¢ B ::::::o-asnoo

data analyses in high-energy physics and astro- 2 ] ey

particle experiments. Compared to traditional ol X g - o

cut-based analysis techniques such as liner- Ra B 1 Somm

cut classification, likelihood classification, or [ Hillas ellipse ] e
“r 7 0o

Fisher discriminants, MVA methods such as
Neural Networks (NNs) or Boosted Decision  -sf-
Trees (BDT) have several advantages. The main € % 4 2z 0z 4 ‘GX‘(;) 8
strength of them is the consideration of non-
linear correlations between input parameters,
which is crucial for the analysis of a complex data set with multidimensional information. Af-
ter a comparison between series of BDT and NNs classifiers provided by the TMVA package, the
Boosted Decision Trees (BDT) method is selected to be employed in this work, since it has an
obvious advantage in the separation of compositions and it is also faster for algorithm training than
the NNs classifiers.

3.1 Parameters for particle identification

width

Figure 4: WFCTA image and Hillas parameterization

Before training the MVA algorithms, a tuning of parameters is implemented. Four parameters,
Py, Py, Pp and Py, are finally used as input parameters for the MVA classifiers (see Eq.3.1,
Eq.3.2, Eq.3.3, Eq.3.4).

P, is expressed as Eq.3.1,

S
Pa = logio (Smax> 3.1
ref

where §4 1s the maximum signal among WCDA cells, and S, is the shower size measured by
WCDA. This parameter is strongly correlated to the residual energy of shower at the ground level
and the X, of the shower.

The expression of P, is given by Eq.3.2

PN = 10g10< NIJ —i—n:ff ) + lOgl()( Nuyp - I’l:ff —i—l’l:ff ) (3.2)

where N, is the total muon number measured by the MDs located in the range of core distance
from 150 m to 600 m. As the shower core is measured by the WCDA core detector, a fair proportion
of muons arriving at the area close to the core can not be measured by MDs due to the layout of
KM2A. Therefore, MDs near the shower core (<150 m) are removed from the counting of total
muon number to unify the rule of parameterization and to reduce the bias induced by the detector
layout. The upper limit is set to 600 m to reduce the bias due to the incomplete counting for
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Figure 5: Parameter distributions for different mass compositions
the muons arriving at the edge of KM2A. n,rff is the fitted parameter from Eq.2.2 and Nyp is the
number of triggered MDs for a given shower. P, is a crucial parameter for particle identification,
as the produced muons in the EAS are only affected by the ionization when propagating in the
atmosphere and basically arrive at the ground with a very low degradation of energy.
P is expressed as a logarithmic form of SIZE corrected by R, and given by Eq.3.3,

Pr =10gi0(SIZE)+0.0084 - R, (3.3)

where R, is the distance from the telescope to the shower axis. Pg is the main parameter correlated
to the energy of shower.
The expression of Py, is given by Eq.3.4,

Width
Length + Dist + Miss

Piong = —0.003-R), 34
which is composed of the geometry-related parameters (Width, Length, Dist, and Miss) from the
WFCTA image and also corrected by R),. Pjop, 18 correlated to the X, of the shower.

Fig.5 shows the distribution of these four input parameters for all the selected shower samples
initiated by different mass compositions of cosmic rays.

3.2 Training and application of the BDTG classifier

Decision trees have a structure of nodes, which determine the response to a given event based
on the logic that is built during the algorithm training. In the classification, a set of parameters
for a given event is sent to each node for a binary decision, until the final decision of Signal or
Background is made for this event.

The method of Boost Decision Trees with Gradient boosting (BDTG), provided by the TMVA
package, is employed as classifier in this work. In the algorithm training of the BDTG classifier,
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Figure 6: Responses of different compositions in the Iron/p (left) and heavy nuclide/(p+He) (right) separa-
tion with BDTG classifiers for all the selected event.

most parameters of training correspond to the default settings, since they have been tested and set
to the optimal values by the TMVA team. Some parameters are modified for a balance between the
performance of the classifier and the time consumption by the processors or to avoid overtraining.

e The number of decision trees is adjusted to 500 (default value: 1000). The tests with various
values from 500 to 1000 show that it does not significantly affect the current result.

e The number of the grid points in variable range, used to select the optimal cut value in the
binary decision at each node, is changed to 50 (default value: 20) to sufficiently optimize the
performance of the classifier.

e The weight of each event in the training samples is defined as W, where N is the
number of events for each composition and dN(E)/N is the relative flux for a given event
with a primary energy of E.

3.3 Results and discussion

The BDTG classifiers for the separation ci00r o ot e eh e e eees
of Iron/p and heavy' nucllqe/(p+He) are trained o PO P I T T IO
and applied to the simulation data of LHAASO 80 ]
hybrid detection. The responses of the two L 1

. . . . 60 ---@--- Efficiency [iron/p] ]
separations are shown in Fig.6-left and Fig.6- i —e— Contaminationiron /p] ]
right. The cut values for Iron/p and heavy a0k ;) E:lr::::::tza[vie/:ﬁz]He)1*
nuclide/(p+He) separations are set to 0 and E
to -0.1, respectively, based on the analysis of Ed T N VR e LSS e

- h ner e AR At Rl i
Szgnal—to—Backg.mu{ad ratio. The cut efﬁmency o 24 Hﬂt ?.&ﬂ27+m$*2gww;?* | ]
and the contamination of each separation are : 4 : : log, E
calculated based on the response of each event gjgure 7: Efficiency and contamination of the

weighted by its proportion of flux in the cosmic- heavy/(p+He) and iron/p separations.

ray spectrum following the Hoerandel model [10] (see in Fig.7). For the separation of iron/p, nearly
perfect results approximating the theoretical limit are obtained with the cut efficiency > 95% and
the contamination < 5% over the energy range from 100 TeV to 1 PeV. For the separation of heavy
nuclide/(p+He), a clear separation for the different responses is obtained from the BDTG classi-
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fication. The cut efficiency and the contamination are ~ 85% and ~ 15% over the given energy
range, respectively.

The performance of classifiers highly depends on the separation of different mass compositions
with each variable. According to the variable ranking by the TMVA and the classifiers, P, is the
most important variable for the classification, which is expected based on the physics mechanism
of the EAS development. P, ranks the second as it’s sensitive to X, of the showers. Pr and Pj,,¢
are both parameters which are tuned from the Cherenkov image sampled with a single telescope at
the observatory level. They are specially used for energy reconstruction of the showers and much
less efficient than P, and P, for the separation with individual variables. However, they are also
helpful in a fair proportion of the decision trees, since the shower energy and the primary mass are
interrelated in the classification.

4. Summary

Primary particle identification based on the simulations of the LHAASO hybrid detection of
the EAS has been implemented by using MVA methods over the energy range from 100 TeV to
1 PeV. Simulated data for various detector arrays of LHAASO are parameterized and tuned for
the training of the MVA classifiers. The first results show perfect separations for iron/p and good
separations for heavy nuclide/(p+He) with the BDTG classifier. Further studies will be performed
with better statistics for mass composition and for a larger energy range of cosmic rays.
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