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Energy Spectrum of Cosmic Ray Proton and Helium above 100TeV

1. Introduction

Themeasurement of individual cosmic ray spectra especially near the "knee" region is important
to investigate cosmic ray acceleration and propagation mechanisms. One of main scientific goals of
the Large High Altitude Air Shower Observatory (LHAASO) [1, 2] is to measure the single element
energy spectrum with energies from 30 TeV to several EeV.

LHAASO is located onMountainHaizi, 4410mabove sea levelDaocheng, in Sichuan province,
China. The Water Cherenkov Detector Array ( WCDA ) located in the center of the LHAASO site.
It consists of three water ponds with a total area of 78,000 m2 and a water depth 4.5 m. At the
bottom of each union, two types of PMTs are installed watching upward to cover a wide dynamic
range spanning from 1 to 200,000 photo-electrons which are generated by the Cherenkov photons
produce in water by the secondary charged particles in the air shower. The wide dynamic range
make sure WCDA can measure air showers with energy from TeV to 10 PeV without any saturation.
The Kilometer Square Array ( KM2A ) consists of 5,195 scintillation counters (ED) and 1,188
under surface muon detectors (MD). Both EDs and MDs cover an area of 1 km2, plus a 0.3 km2

shirt array to identify shower with cores falling outside the central area. The half KM2A array
which includes 2,365 EDs and 584 MDs has been operated stably since 27 December 2019. With
the large aperture, KM2A can detect cosmic rays with energies from 100 TeV to 100 PeV. TheWide
Field of View Cherenkov Telescope Array ( WFCTA ) consists of 18 telescopes which are installed
near WCDA to achieve hybrid observation. Each telescope mainly consists of a spherical mirror
and a camera which are installed in a cargo container. The camera is made up of a 32 × 32 SiPMs
array with a field of view 0.5◦ × 0.5◦ for each pixel and a total field of view 16◦ × 16◦. The telescope
can adjust its pointing and position for different energy spectral measurement aims. So WFCTA
can cover the energy range from 10 TeV to 100 PeV by adjust its pointing and arrangement. For
the measurement of proton and helium spectrum, the first six telescopes with the main optical axis
pointing to the zenith angle 30◦ are used.

In Section 2, the hybrid events is introduced. In Section 3, reconstruction of EAS is introduced.
It is shown that the energy resolution of WFCTA for proton and helium composition is 15% above
300 TeV, and the resolution of shower maximum of secondary particles (-<0G) is about 38 g/cm2.
In Section 4, several component sensitive parameters are represented. Section 5 is conclusion and
discussion.

2. Experiment data

The three detector arrays are triggered independently with the White Rabbit clock system.
The data can be merged offline through the absolute trigger time. This paper focuses on the
measurement of the light component energy spectrum of cosmic rays. WFCTA provides energy
information. KM2A or WCDA provides shower geometry information. Therefore, based on events
that triggered WFCTA, it can be merged by KM2A or WCDA triggered events. The analysis
methods can be different for showers that fall on different positions in LHAASO.

When the shower falls onWCDA, the surrounding KM2A can provide electromagnetic particle
and muon information. In this scene, events triggering the three detector arrays are merged. When
the shower falls on KM2A, limited by the relative location and area of WCDA, it does not much
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Energy Spectrum of Cosmic Ray Proton and Helium above 100TeV

help to particle identification and geometry reconstruction. So events just triggered WFCTA and
KM2A are merged.

In this talk, two hybrid events data set mentioned above are counted. In the first data set, the
statistical time is from November 5th, 2020 to March 3nd, 2021. For the statistics of observation
time, the following conditions should be met:

1. Good weather selecting condition. The definition of good weather is that the infrared bright-
ness temperature of infrared cloud instrument is less than -65 ◦C.

2. Moon less condition. The space angle between the telescope and the moon is larger than 30◦.

3. WFCTA working condition. The working current of the SiPM camera should be less than
1.5 A and high voltage is large than 75 V.

4. WCDA working condition. In the range of 83±15 kHz in 60 s, WCDA is considered to work
normally.

5. KM2A working condition. In the range of 1.8±0.15 kHz in 60 s, KM2A is considered to
work normally.

After selection of the above conditions, the effective hybrid observation time is 750 hours. Mean-
while, the amount of hybrid events is counted. Two selection conditions are adopted to Cherenkov
image:

1. After Cherenkov image cleaning, the remaining pixels are larger than 10, namely above
100 TeV.

2. The center of gravity of the image is 6◦ × 6◦ of FOV.

The cumulative amount of data is 12 million. Average event rate of a day versus time is shown in
Figure 1(a). The fluctuations are strongly correlated with the moon phase, as can be noticed by
comparing the moon phase given in the lower graph for the same time period.

For hybrid events of WFCTA and KM2A, the statistical time is from November 5th, 2020 to
April 15th, 2021. The selection conditions are consistent with the above items except the WCDA
working condition. The effective hybrid observation time is 970 hours with 22.4 million hybrid
events. Average event rate of a day versus time is shown in Figure 1(b).

3. Shower Reconstruction

3.1 Geometry Reconstruction

Since six telescopes of WFCTA point to different directions, they cannot reconstruct the core
location and arrival direction of the air shower well. Both KM2A and WCDA are ground-based
detector arrays. They record the time and energy relevant information of secondary particles of
a shower. The time resolutions of WCDA and ED are 1 ns and 2 ns, respectively[3, 4]. As a
result, they can provide precision measurements for shower core and direction. For KM2A, only
ED hits are used to reconstruct core location and arrival direction. The core resolution and angular
resolution of KM2A half-arry is 3 m and 0.3◦ at 100TeV[3]. As for WCDA, they are 3 m above and
0.2◦ above 10 TeV[4].
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(a) (b)

Figure 1: (a) Average event rate of hybrid observation of WFCTA, WCDA and KM2A versus time. (b)
Average event rate of hybrid observation of WFCTA and KM2A versus time.

3.2 Cherenkov Image Reconstruction

Secondary particles are mostly extremely relativistic and will generate Cherenkov radiation
when they passing through the atmosphere. Only particles whose energy exceed the threshold
energy �Cℎ can produce Cherenkov radiation, and the photon production is related to air density
and particle energy. The angular distribution of produced Cherenkov photons with respect to the
shower axis is well parameterised as a function of height and shower age[5].

With a spherical mirror, WFCTA can image Cherenkov photons on a focal plane where a SiPM
camera is equiped. A parameterisation method to describe the image on the camera is reported by
Hillas [6]. The image axis on the camera corresponds to the shower axis in space, and each point on
the image axis corresponds to a certain direction from telescope to the shower axis. A plane through
the detector and the shower axis (SDP) is naturally established. Fig. 2(a) is longitudinal Cherenkov
photon profile of an proton event in CORSIKA, whose energy is 396 TeV, -<0G is 530 g/cm2 and
perpendicular distance from telescope to shower axis ('?) is 98 m. Dividing the Cherenkov image
into bins of 0.1◦ along the image axis and after smoothing, an angular profile of number of photons
is obtained (see Fig. 2(b)). Fig. 2(c) shows the atmospheric depth of photons in slice from 1.0◦ to
5.0◦. Most of photons in 1.0◦ (max signal layer) come from the air depth of 230∼370 g/cm2 (air
depth befor -<0G).

As shown in Fig. 2(c), the angular distribution of the signals on the camera plane reflects the
longitudinal development of Cherenkov radiation. A function convolving the Landau distribution
with a normal distribution of variance f6

5 (G,Δ, "%+, �, f6) = �
∫ +∞

−∞
!0=30D(G ′,Δ, "%+) × �0DB(G ′, f6)3G ′ (1)

is used to fit the angular distribution of photons along image axis detected by telescope. Here, Δ
and "%+ is scaling and location parameter of Landau density, respectively. � is normalization
constant.

3.3 Energy Recontstruction

The parameter � in function (1) which represents the total size of Cherenkov photons detected
byWFCTA is related to primary energy. The lateral distribution of Cherenkov light at the altitude of
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Figure 2: (a) Longitudinal distribution of Cherenkov photons in CORSIKA. (b) Angular distribution of
number of photons on WFCTA. X axis is angular distance from arrival direction along the image axis. The
zero point stands for the arriving direction of the shower. The layer of the maximum signal is around 1.0◦.
(c) Atmospheric depth of photons in slice of 1.0◦, 2.0◦, 3.0◦, 4.0◦ and 5.0◦.

LHAASO is still very steep. Thus the parameter � is also related to '?. An energy reconstruction
table that contains two parameters ('? and �) is created by using simulation events of proton and
helium composition based on Gassier model (see Fig 3(a)). Fig 3(b) shows the energy resolution
and bias of reconstructed by WFCTA. The energy resolution is about 15% above 300 TeV, and the
energy bias is less than 2%.
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Figure 3: (a) Energy reconstruction table of proton and helium based on Gassier model. The X axis is '?
and Y axis is Log10�, the color represents the primary energy in log scale. (b) The dependence of energy
resolution of proton and helium composition on each reconstructed energy bin. The squares stand for energy
bias and the error bars are for energy resolution.

3.4 Shower Maximum

As mentioned before, the angular profile of photons on camera reflects the longitudinal devel-
opment of Cherenkov photons to a certain extent. The scaling parameter Δ in function (1) is related
to shower maximum and '?. Separating events in different '? bins, the -<0G can be reconstructed
with Δ. The resolution of reconstruction of -<0G improves with energy and reaches 38 g/cm2 at
1 PeV, but with a bias of about 10 g/cm2 (see Fig 4).
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Figure 4: -<0G resolution over different energies. The squares stand for -<0G bias and the error bars are
for -<0G resolution.

4. Composition Sensitive Parameters

LHAASOhas several kinds of detectors, complementary techniques can be achieved tomeasure
simultaneously many parameters composition models dependent. Detailed simulations including
air shower simulations and detector responses are done in detail to study the ability of the hybrid
observation to identify the mass compositions. QGSJETII04 are selected to describe the hadronic
interaction for energies above 100GeV, while FLUKA is selected to describe the hadronic interaction
for energies below 100 GeV. Five composition groups (proton, helium, CNO, MgAlSi, iron) are
simulated with energies from 10 TeV to 10 PeV. During the analysis, the proton and helium are
considered as light component, the other three mass composition groups are considered as heavy
component.

4.1 Extension Rate (<ER>) from WCDA

WCDA is a full coverage detector. It can provide precision detection of shower core region and
lateral distribution of secondary particles. For a shower produced by proton and helium, the lateral
distribution of secondary particles is flatter than that of heavier nuclei. < �' >=

∑('8×%48)/∑ %48

is used as discrimination parameter, where '8 is the perpendicular distance from iCℎ cell to shower
axis and %48 is signal of this cell. <ER> is also related to the primary energy. Fig 5(a) shows
the distribution of <ER> after energy correction. The events selection criteria follows as, the core
location is limited in 60 m from center of WCDA-1, the signal of brightest cell is bigger than 4000
number of electronphotons, and the near core region (10 m from shower core) accounts for more
than 30% of total size in the region of 30 m from shower core.

4.2 Length and width ratio !

,
of Cherenkov image

The shape of Cherenkov photon image is also a mass sensitive parameter. The shape of the
Cherenkov photon image can be described by an ellipse. The major axis ( Length ) and minor axis
( Width ) of the ellipse reflect the development of the air showers. For showers developed deeper,
the shapes of the image are more elliptic, so the ratio of the Length and Width ( !

,
) of the image
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Figure 5: (a) Distribution of <ER> after energy correction. (b) Distribution of !
,

after Rp and size
correction. (c) Distribution of number of muons after energy correction. In all three panels, the red line
represents shower initiated by light component, and blue for heavy component.

is a parameter relative to the depth of the shower maximum, which is sensitive to the primary mass
compositions of the air showers. In addition, the shape of the image also depends on the Rp and the
primary energy of the air shower. So it is necessary to make Rp correction and energy correction
to !

,
before Iidentify mass composition of cosmic rays.

In order to make sure the Cherenkov image are fully recorded, the gravity center of the image
are selected as |X|<5◦, and |Y|<5◦, the number of pixels after image cleaning should be larger than
10 ( Npix > 10 ). For showers with Rp less than 50 m, the shape of the Cherenkov image is more
like a circular. Moreover, showers with Rp larger than 150 m, the trigger efficiency is too low. So
the events with 50 m < Rp < 150 m are selected. With these cuts, the distributions of the corrected
!
,

are shown in Fig.5(1)

4.3 Number of muon from KM2A

In recent years, informations of muon have always been one of the focus of the identification
of the mass composition of cosmic rays. The muons mainly come from the decay of charged
pions (c+,c−) , kaons ( +, −, 0

!
), and other charmed particles, such as �±,�0,�/k, which are

produced mainly in the forward region of the center of mass of the first few interactions.The number
of muon(#`) in air shower is directly related to the composition of cosmic rays, and at the same
time is related to the primary particle energy. So the number of muon in the air showers plays an
important role in the study of mass composition of cosmic rays. Due to the Number of muons are
affected by the primary energy of the air shower, the number of muons should be corrected by the
shower’s energy. The total number of muons recorded by the MDs within a ring with radius from
30 m to 380 m from the shower core denoted as the number of muons #D< of the shower. In order
to make sure high quality of the reconstructions of the air shower, the showers with cores located
in the KM2A are should be selected. The number of particles detected by EDs within a circle with
radius 100m from shower core is more than twice of that within a ring with radius from 40 m to
100 m. With these cuts, the distributions of corrected #D< is shown in Fig.5(c).
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5. Conclusion and Discussion

The hybrid observation of the three type detectors has been achieved by offline. Two data sets
with high statistics (12 million events for the first data set and 22.4 million events for the second
data set) and good qualities selection criteria are obtained based on the core positions of the air
showers. Moreover, the energy reconstruction and mass composition identification are studied by
simulations. The resolution of energy reconstruction can be obtained 15% for protons and helium
nuclei with energies above 300 TeV by the total Cherenkov photons recorded by WFCTA. The
parameters which are sensitive to the mass compositions are studied according to the characteristics
of the air showers, such as the extension rate <ER> of the air shower, the ratio of the length and the
width ( !

,
) of the Cherenkov image, the number of muons (ND<) in the air shower. According to our

study, all of the three parameters can identify the mass composition of cosmic rays effectively. The
effects of the hadronic models to the energy reconstruction and mass composition will be studied
in the future.
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