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Large High Altitude Air Shower Observatory is a composite cosmic ray and gamma ray ob-
servatory consisting of three sub-detector arrays: the kilometer square array (KM2A), the wa-
ter Cherenkov detector array (WCDA) and the wide field of view Cherenkov telescope array
(WFCTA). LHAASO is under construction now and the 1/4 LHAASO array is planned to be
completed in this year.

In this work, samples of the light components are selected by the simulation of hybrid observation
with 1/4 LHAASO array. Boosted Decision Trees (BDTG) in Toolkit for Multivariate Analysis
(TMVA) is used for the selection of primary particles in cosmic rays. The apertures of pure
proton and mixed proton and helium samples are 900 m? - Sr and 1800 m? - Sr respectively with
high purity. Moreover, a prospect of proton and mixed H&He spectra with energies from 100TeV

to 4PeV is also presented.
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1. Introduction

The origin and acceleration of cosmic rays (CRs) have been a puzzle for more than 100 years.
An unsolved problem in cosmic ray observation is the "knee" structure in the energy spectrum.
Due to the lack of absolute energy scale and the way to identify the type of the primary particles of
CRs, there is no consistent energy spectrum of individual species above knee region [1]. The Large
High Altitude Air Shower Observatory (LHAASO) [2, 3], located in Haizishan Daocheng, 4410 m
a.s.l., Sichuan Province, China, will throw light on this traditional problem. LHAASO expects to
obtain continuous energy spectra for each component of cosmic rays with energies from 10'* eV
to 10'8 eV by multi-segments and multi-parameters observation.

The detectors layout of LHAASO experiment is shown in Fig. 1. LHAASO consists of four
types of detectors: electromagnetic detectors (KM2A-ED), muon detectors (KM2A-MD), water
Cherenkov detectors (WCDA) and wide field of view (FOV) Cherenkov telescopes(WFCTA).

Figure 1: The layout of LHAASO detectors.

WCDA [4] consists of three water ponds: two have area of 150m x 150m and one has area
of 300m x 110m. All of the ponds have the water depth of 4.5m. Each pond is divided into small
cells with an area of 5m x 5Sm, having two Photomultiplier Tubes (PMT) anchored on the bottom
at the center of the cell. It detects the Cherenkov light produced in water by cascade processes of
secondary particles in extensive air shower (EAS) [5].

WECTA detects the Cherenkov photons in the air shower. Two telescope prototypes have been
operated successfully at Yangbajing cosmic ray observatory in Tibet [6]. While eighteen telescopes
in LHAASO experiment were updated. The optical sensor of the camera is Silicon photomultiplier
(SiPM) [7], with 1024 pieces in total. The FOV of each pixel is 0.5° x 0.5°, and the total FOV is
16° x 16°.

The KM2A ED array [8] covers an area of 1.3 km? consisted of 5195 plastic scintillator detec-
tors with a spacing of 15 meters. One ED detector has an effective area of 1 m?. MD array is an
underground water Cherenkov detector array [9]. There are 1171 muon detectors also covering 1
km? area with a spacing of 30 meters. The area of one muon detector is 36 m?.
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LHAASO is planed to obtain the consecutive measurement of energy spectra by four hybrid
observation stages. First of all, WCDA can obtain absolute-energy-scale through moon shadow
observation [10] up to 30 TeV. And it can be delivered to WFCTA by hybrid observation of cosmic
rays with energies from 10 TeV to 100 TeV. The second stage is mainly for the knee observation
of light nuclei components of cosmic rays with energies from 100 TeV to 10 PeV by the hybrid
detection of WECTA, WCDA, and KM2A. In the third stage, the layout of WFCTA will be changed
to measure the knee of the heavy nuclei with energies from 10 PeV to 100 PeV [11]. WCDA will
not be included in the hybrid detection due to saturation. The last stage is for the second knee
study with energies from 100 PeV to 1 EeV, in which WFCTA will be operated in fluorescence
observation mode [12].

This paper is devoted to the prospect of energy spectra observation of pure proton and H&He
in the second stage through simulation. 1/4 LHAASO array will run for a few years to achieve the
physical goal of light nuclei components spectra measurement. 1/4 array includes one of the ponds
in WCDA, six Cherenkov telescopes, 1272 EDs and 300 MDs. The layout of the 1/4 array is shown
in Fig. 1.

2. Simulation and Event Reconstructions

2.1 Simulation

The cascade processes of primary cosmic rays in the atmosphere are simulated by the COR-
SIKA [13] program with the version of 6990. The EGS4 model is chosen for the electromag-
netic interaction. The QGSJET02 and GHEISHA models are chosen for the high and low energy
hadronic processes respectively. Both the information of Cherenkov photons and secondary parti-
cle at the level of observatory are recorded to simulate the hybrid observation. Five components,
proton, helium, CNO, MgAISi, and iron are generated with energies from 10 TeV to 10 PeV ac-
cording to a power law spectrum with an index of -2.7. The directions of the showers are sampled
from 24° to 38° in zenith and from 77° to 103° in azimuth. The shower core position is evenly dis-
tributed in an area of 260 mx260 m. The primary energy spectrum is normalized to the exponent
of -2.7 from 10 TeV to 10 PeV, as shown in Fig. 2 (left). Different components are normalized to
the same with proton.

2.2 Event Reconstructions

The simulation of the response of three LHAASO detector arrays for EAS is performed sep-
arately. Then the simulated results of different detectors are merged before reconstruction. Ac-
cording to the actual data acquisition, as long as the Cherenkov telescope is triggered, the events
measured by other three detectors is reconstructed.

The shower geometric information is reconstructed by WCDA. The shower core position is
given by NKG fitting [14] and the resolution is less than 3m. Due to the lack of time response in
fast simulation program [15], the arrival direction of the shower is obtained by a Gauss sampling,
with angular resolution 0.3°.

Then the Cherenkov image measured by WFCTA is cleaned up and the Hillas parameters [16]
are given, but it is R, depended. Here R, is the perpendicular distance between the telescope and
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the shower axis. The total photoelectrons (N?¢) in the cherenkov image is a good energy estimator.
Before energy reconstruction, N”¢ should be normalized to R, = 0 and & = 0. ¢ is the space angle
between the shower direction and the optical axis of the telescope. The normalized photoelectrons
(N{¢) can be expressed as:

NP =1g(NP) +ax(R,/1m)+ bxtan(a) (2.1)

where the parameters a and b depend on the primary component of cosmic rays. For light compo-
nent, a = 0.00916 and b = 0.0182. The resolution of energy reconstruction is 20% for both pure
proton and H&He after particle identification.

Finally, the lateral distribution of muons is fitted by an empirical formula Eq.( 2.2) through
maximum likelihood fitting [5].

P Nu) = koNu(-) 41 (14 ) (22)
where k| = 1.4, ky =2 1.0, rg = 220m. The muon content in the shower is strongly dependent on
the primary composition.

Since full-coverage array can provide more accurate geometric information of air showers, the
secondary particles are mainly measured by WCDA in the second hybrid detection stage. It means
that the shower core position in this stage is outside of the ED array. Therefore, ED is not included
in this simulation.
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Figure 2: The energy distributions of all simulation events after normalization (left) and after hybrid event
selection(right). Selection efficiency is about 15%.

2.3 Event Selection

There are three basic principles for events selection: firstly, the shower core position falls in
WCDA; secondly, the Cherenkov image is complete; thirdly, the muon lateral distribution is well
fitted. In detail, the reconstructed shower core position located in 130m x 130m around WCDA
is selected. For a Cherenkov image, the number of fired pixels are more than 10; and the angular
distance between the weighted center of the image and the center of the camera plane is less than
6°. For muon lateral distribution fitting, the fitted normalized muon size (kgN) should be more
than 107",
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The number of events in each energy bin after selection is shown in Fig. 2 (right). The dotted
line represents the number of proton events involved in the simulation, which is consistent with
the black line in Fig. 2 (left). The solid lines represent the number of events after selection, and
different colors represent different components. It points out that the hybrid observation becomes
nearly fully efficient above 100 TeV for all components.

3. Proton and Helium Event Selection

3.1 Component Sensitive Parameters

Four types of detectors can detect electromagnetic particles, muons, Cherenkov photons in
the EAS. The lateral and longitudinal distributions of EAS can be observed by hybrid observation.
Thus many kinds of parameters can be used for primary nuclei identification.

It is known that the atmosphere depth of shower maximum, X, is a traditional mass sensitive
parameter. The proton initiated showers develop to its maximum later than one of iron. Here, AO,
the exactly parameter used to reconstruct the Xy, is applied instead of the reconstructed Xj,y-
AB is the angular distance between the shower arriving direction and the gravity center of the
Cherenkov image. But it can not be used directly to classify primary particles because of the R,
and shower energy (NJ“) dependence. After normalization, the structure of the mass sensitive
parameter Py is as follows: Py = A6 —0.0103 x R, —0.404 x N{)’e.

Moreover, the proton-induced showers exhibit an elongated elliptic shape [16]. And the ratio
of length and width of the Cherenkov image is also a traditional and effective parameter: Pr =
L/W —0.0137 x R, 4+0.239 x N}*.

The muon size N, of a shower heavily depends on the atomic number (A) of the primary
particle: NL‘ /Nﬁ ~ AU~ where 7 is approximately 0.9 [5] and p indicates the proton shower.
Therefore, the muon size by fitting (V, 5 ), the total number of detected muons (Nﬁ” ) and the number
of fired MDs (NMD) are significant variables to identify the primary particles. After geometric
(RIp, the perpendicular distance between the center of MD array and the shower axis) and energy
(N§*) correction, three component sensitive variables, Py, 1, P> and Py3, can be constructed.

Furthermore, nearby the shower core axis, the particle density of iron-shower is much less
than that of proton-shower. Hence the photoelectrons in the brightest cell (V) measured by
WCDA is sensitive to components. Because iron-shower is more extensive than proton-shower in
the same observation level, the average lateral distribution (< ER >) and fluctuation (RMS) of the
iron-shower is larger.

R; X Pe; R? X Pe;
< ER >= 276 RMS = LR < Pei < ER>2 (3.1)
). Pe; ). Pe;

where R; is the distance between the shower core position and the ith fired cell in WCDA. Pe;
is photoelectronic measured by the irh fired cell. After zenith (6,..) and energy (Nj) correction,
component sensitive variables, Pr, Pr, and Pr4, can be constructed.

Other parameters have also been studied, such as the total photoelectrons located 45 m away
from the shower core in the WCDA (Pr1) and etc. But the particle classification of these variables
is weak. After tuning of parameters, six parameters, Fc, Px, Pr, Pr4, Py2 and Py3, are selected due
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to the effective particle identification and weak correlation. The distributions of these parameters

for proton and iron showers are shown in Fig. 3.
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Figure 3: The distributions of six mass sensitive parameters, Fc, Px, Pr, Pra, Py> and Py3 for proton (red
line) and iron (blue) initialed showers.

3.2 TMVA analysis

Drawing on the experience of ARGO-YBJ & WFCT hybrid detection, two parameters are
used for particle identification [17] in the event-by-event cut. However, too many variables are no
longer suitable for particle identification through event-by-event cut because it is complicated to
get the optimal cut value of each parameter. Therefore, the Boosted Decision Trees (BDTG) in
Toolkit for Multivariate Analysis (TMVA) [18, 19] is taken.

The six variables mentioned above can be used as input variables. After training and testing,
an output variable can be obtained, which can be used to select the target events. The classification
of H and H&He from other mass components is carried out independently. The selected hybrid
events are divided into two equal parts. One is used for TMVA training; the other is used as data.

The training results are shown in Fig. 4. H&H e can be well separated from other components;
However, separation of proton from other nuclei is barely satisfactory mainly due to the helium
contamination.

The training results are applied to the other half of the data sample. After the cut described
above, the aperture and contamination of hybrid observation are calculated. The aperture of pure
proton is about 900m>Sr and the aperture of H&He is about 1800m2Sr, as shown in Fig. 5 (left).
The contamination of proton sample is about 10% and the contamination of H&He sample is less
than 3% according to the Horandel model [20], as shown in Fig. 5 (right).

Considering the uncertainty due to the hadronic interaction models, there are two batches
of data, QGSJET-FLUKA and EPOS-FLUKA, were used for error analysis. It is found that the
aperture of H&He is consistent within £5%.
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Figure 4: Training results of BDTG classifier for proton (left) and H&He (right).
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Figure 5: The final selected aperture (left) and contamination (right) for proton and H&He.

4. Proton and Helium Spectrum Expectation of LHAASO

Based on the aperture described above, the cosmic ray spectra of proton and H&He are pre-
dicted according to the Horandel model [20] and the ARGO-YBJ & WFCT model [21] which is an
experimental model. The exposure time is set to one year with 10% duty cycle. Since the experi-
mental model ARGO-YBJ & WECT only shows the energy spectrum of H&He, the ratio of proton
and helium is 1:1. The bending of the knee keeps unchanged.

As shown in Fig. 6, the left panel shows the spectrum with the Horandel model; and the right
panel shows the spectrum with ARGO-YBJ & WFCT model. The black dots show proton and
the red dots show H&He. The statistical error are very small with the aperture and effective time
presented above. The corresponding event rate per year is shown in Fig. 7.

At 800 TeV, 5121/6461 H&He events and 1130/1476 proton events can be selected in one
year according to the Horandel model and the ARGO-YBJ & WFCT model respectively. At 2 PeV,
1023/849 H&He events and 222/210 proton events can be selected in one year according to the
Horandel model and the ARGO-YBJ & WFCT model respectively.

Therefore, if the knee of the cosmic ray light component is below 1 PeV, the 1/4 LHAASO
array can give good measurements within one year. If the knee of light component is higher than 3
PeV, more observation time or more effective methods is needed to get enough statistics. Consid-
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Figure 6: The prospect of spectra with the Horandel model (left) and the ARGO-YBJ & WFCT model
(right).
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Figure 7: The statistics of one year with 10% duty cycle at the Horandel model (left) and the ARGO-YBJ
& WFECT model (right).

ering the application of SiPM, it allows observation in the moon night of WFCTA. The duty cycle
of the hybrid observation can be extended. Moreover, during the construction of LHAASO, more
Cherenkov telescopes can also increase the statistics effectively .

5. Summary

The simulation for the second stage of 1/4 LHAASO hybrid detection is operated. Three
types of detectors, WFCTA, WCDA and MD, are included in this study. Parameters from each
detector array are studied and tuned in detail. After removing the highly correlated parameters, six
parameters are used as input of the BDTG classifier for TMVA machine training and testing. The
results show that the classification of pure proton is weaker than that of H&He.

After cutting, high purity light component samples were selected. The contamination for pure
proton and mixed proton and helium samples are 90% and 96% respectively. The apertures of pure
proton and mixed proton and helium samples are 900 m? - Sr and 1800 m? - Sr respectively. The
uncertainty of strong interaction models for proton and helium selection is less than +5%.

According to the energy spectrum expectation of the ARGO-YBJ & WFCT model, the spec-
trum of light component in cosmic rays will be measured accurately in a short time by 1/4 LHAASO
array.
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