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In the Tibet ASy experiment, continuous observation of cosmic rays and cosmic gamma rays from
TeV to tens of PeV has been carried out using a hybrid detector that combines the air shower
detector array (Tibet-III) and the water Cherenkov muon detector array (MD). To measure the
proton spectrum from 30 TeV to 400 TeV, we developed a proton-shower selection method using
the difference of the number of muons in the air shower depending on the primary nuclide. In the
Monte Carlo simulations to evaluate the performance of this method, we used a Heavy-dominant
model in which the proportion of heavy nuclei in the “knee” region gradually increases and a
Helium-rich model in which the proportion of Helium gradually increases as the primary cosmic
ray chemical composition model, and the QGSJET-1I-04 and the SIBYLL 2.3c were used as the
shower interaction models. This method made it possible to select protons with a purity of 90%,
and the detection efficiency of protons was approximately 17.8% at 30 TeV and 8.6% at 400 TeV
respectively. The energy resolution of the selected protons was approximately 53% at 30 TeV
and 27% at 400 TeV respectively. The total systematic error of the proton flux depending on
these models was found to be approximately +36%. These results indicate that the new hybrid

measurement method is powerful enough to study the proton spectrum in the knee region.
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1. Introduction

The origin of cosmic rays up to around the PeV region is generally thought to be in our galaxy.
X-ray [1, 2] and TeV gamma-ray [3] observations from shell-type SNR revealed that electrons
are accelerated by diffusive shock acceleration [4] in shock waves [5, 6]. For protons, which
occupy most of the cosmic rays, observations of gamma ray from SNR [7-9] have obtained energy
spectra thought to be of neutral pion origin, and evidence of hadronic particle acceleration has
been accumulating. The maximum energy of a particle in the standard SNR shock-wave model is
several hundred TeV for protons, however, observation of TeV gamma rays by the H.E.S.S. group
indicated that there may be a source that accelerates protons above PeV ("PeVatron") in the galactic
center [10]. Observations of diffuse gamma rays in the 100 TeV region [11] also suggest that a
PeVatron existed in the past or present. The debate are still ongoing, such as how large is the
maximum energy of galactic cosmic ray sources and what is PeVatron.

Acceleration mechanisms and source distribution have an influence on cosmic-ray chemical
composition and intensity spectrum observed on the earth, especially the bending shape of the total
particle spectrum around 10'eV ("knee"), which is considered to be caused by the acceleration
limit of galactic cosmic rays. Therefore, the measurement of the composition and spectra around
the knee region are important to clarify the acceleration mechanism and propagation. In the lower
energy side of the knee, from 10'%¢V to 10'“eV, the high precision spectrum of protons have
been obtained by balloon and satellite experiments [12—15], and contrary to expectations, it turned
out that the power of the spectrum shape becomes hard from around 10'? eV [16]. To explain
this, theoretical models such as the influence from a source object near our solar system have
been proposed, but have not been clarified until now. On the high-energy side, where indirect
observation using an air shower is required, definitive observation results of the spectrum have
not been obtained. For example, the Tibet ASy reported that the proton spectral index changes
over several hundred TeV [17, 18], pointing to a rigidity dependent acceleration model in which
heavier nuclei gradually become dominant. On the other hand, observation results in which helium
is dominant [19] and measurement results in which the power index of the proton spectrum is hard
up to the PeV region [20] have also been reported. The region between tens of TeV and hundreds
of TeV, which is in the middle of the energy region, is between the upper energy limit of direct
observation due to the lower event frequency and the energy of effective ground observation, and
new precise measurements with high statistics of composition and spectrum are demanded.

One of the difficulties in composition measurements using air showers is the identification of
incident nuclides. To separate incident nuclides, two kinds of characteristics in an air shower are
often used. One is the difference in shower development due to the interaction cross-section of the
nuclides. The Tibet ASy group measured the light nuclei components in the knee region using a
primary separation method that used the difference in the spread of high-energy particles in the
center of the shower [21-24]. The other method is to measure muon and shower particle densities
originating from nuclear interactions in the shower. The number of muons in an air shower is one
of the powerful parameters for separating the mass numbers of incident particles. For particles with
the same energy and different nuclides, the larger the mass number, the larger the number of muons
produced in the decay process. Therefore, nuclear species can be selected using the number of
charged particles and the number of muons as parameters. Some experimental groups have reported



Sensitivity of the Tibet hybrid experiment (Tibet-1II + MD) for primary proton spectrum D. Kurashige

the cosmic-ray primary composition in the knee region through the air-shower electromagnetic and
muon measurements [19, 25] .

We have been conducting a continuous observation to study cosmic-ray composition around
the knee region in Tibet ASy experiment. The detector consists the surface detector array (Tibet-1II)
[26, 27], the air-shower core detector array (YAC) and the large underground water Cherenkov muon
detector (MD) [28, 29]. The MD was developed primarily for gamma-ray observations at tens of
TeV and above and can remove about 70 percent of hadronic cosmic rays at 10 TeV. At 100 TeV, it
becomes nearly background-free at about 99.92%, and gamma rays above 100 TeV from Crab have
been reported [30]. MD is also effective for particle separation in nuclear showers. In particular,
protons can be measured with high statistics by a measurement method that uses only the shower
size and the number of muons. In this study, we developed a method to obtain proton spectrum
from 30 TeV to 400 TeV by using the Tibet-III air-shower array in conjunction with the MD array
and evaluated the measurement performance by Monte Carlo simulation.

2. Tibet-III air shower array and Muon Detector

The experimental site of Tibet ASvy is located on Yangbajing Plateau, China (90.522° east, 30.102°
north, 4300 m a.s.1., 606 g/cm? atmospheric depth). The detector consists of the Tibet-IIT air-shower
array [31], which consists of 597 plastic scintillation detectors, and the underground muon detector
array (MD) [28, 29]. The Tibet-III array covers an area of 65700 m?, it detects electromagnetic
components such as electrons and gamma rays in air showers, and measures the particle arrival
time and density of shower particles. With these data, the direction of arrival and the energy of
the primary cosmic rays are reconstructed for each event. The Tibet MD array consists of 64 water
Chelenkov type detectors placed 2.4 m beneath the Tibet-III array, each cell of the MD array is a
concrete water tank 7.2 m X 7.2 m wide and 1.5 m deep, with a 20-inch diameter PMT mounted
downward on the ceiling. The inner walls are covered with white Tyvek sheets to collect the
Chelenkov light produced by the muons efficiently. The energy threshold for the muon to penetrate
the soil is about 1 GeV.

3. Monte Carlo simulation of air shower and detector response

To reconstruct the primary cosmic rays from the data obtained by the Tibet-1II and MD and calculate
the spectra, it is necessary to clarify the detection efficiency and the ability of nuclide selection by
Monte Carlo simulation. Furthermore, the uncertainty of the composition of cosmic rays used in the
simulation itself may affect the bias of detection efficiency. Therefore, we performed Monte Carlo
simulations of air-shower development assuming multiple combinations of the primary composition
model and the nuclear cascade model of air shower, and simulated the detector response using the
GEANT4.10.02 code. The CORSIKA code (version 7.6400) [32] was used for the air-shower
simulations, and two interaction models were compared for the high energy region. The first is the
SIBYLL 2.3c model [33, 34], which was developed based on the QCD mini-jet model. The second
is the QGSJET-II-04 [35], which was developed based on the Gribov-Regge theory. In addition, the
FLUKA model [36] was used for the low energy region. The following two models were compared
as a chemical composition model of primary cosmic rays. The first is the "Shibata-model" [37],
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which is obtained by fitting the power function of energy to data of direct observations up to a few
TeV and data of the Tibet ASy experiment. In this model, heavier nuclei gradually dominate from
the tens of TeV regions. The other model is the "Gaisser fit model" [38], which is obtained from
observation results in which helium is the main component at 100 TeV and above. The two models
match well up to 100 TeV, but the Gaisser fit model is the helium dominant above 100 TeV, and it
gives stricter conditions for background helium rejection in proton selection using muon numbers.

4. MC data analysis

The values of the number of particles and their arrival timings by each surface detector were
recorded in the same format as the experimental data and analyzed using the same procedure as
in the experiment [31, 39, 40]. This analysis provides the core position, the arrival direction of
the shower, and the number density of charged particles. Each cell in the MD array has a 20-inch
diameter PMT mounted downward on the ceiling and the number of Chelenkov photons striking
the PMT is calculated. The distribution of the number of photons when one muon is incident in the
pool is examined, and the peak value of the distribution is defined as 1 MIP (minimum ionization
particle). The number of muons in the pool for each MD is obtained by dividing the measured
photon number by the value of the single peak.

4.1 Data selection

To screen well reconstructed shower events from the whole data detected in the array, the following
conditions were imposed.

1. There are at least four detectors in the inner area of the array that detected at least 3.5 particles.

2. Five or more of the top 6 detectors with the highest number of detected particles are contained
in the inner area.

3. The location of the air shower core determined by the analysis must be within a radius of 70
m from the array center.

4. The zenith angle 6 satisfies sec 8 < 1.1.

5. The residual error which is obtained by the same procedure as in the experiment must be less
than 1.0 m.

5. Results and discussion

5.1 Proton selection with number of muons

Fig. 1(a) is a scatter plot of the charged particle number density Xp measured by Tibet-III and the
number of muons in the shower N, measured by MD. This is the result of a shower event when
SIBYLL/FLUKA is used as the interaction model and the Shibata-model is used for the cosmic ray
chemical composition. The red plot shows protons and the gray plot shows nuclides heavier than
protons. In the region where N, is large, protons are overlapped by heavier nuclides, i.e., protons
and other particles are mixed. On the other hand, where N, is small, there is a region where only
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Figure 1: (a) A scatter plot of the charged particle number density (Xp) measured by Tibet-III and the number
of muons (N,,) in the shower measured by MD. This is the result of a shower event when SIBYLL/FLUKA
is used as the interaction model and the Shibata-model is used for the cosmic ray chemical composition.
The red plot shows protons and the gray plot shows nuclides heavier than protons. (b) Muon distribution for
events with 10%¢ < Xp < 10>%. Red plots show protons, and blue plots show others. Each fit line is defined

by Eq. (1).

protons are present. By selecting proton events in this region, it is possible to select only proton
events with high purity.

To investigate the mixing ratio of protons and other particles, we divided the data in Fig. 1(a)
into bins for X p and examined the distribution of the number of muons in each bin. Fig. 1(b) shows
the results for events with 106 < Xp < 10?8, where the red plot is for protons and the blue plot
is for heavy nuclei. The bumps seen in Fig. 1(b) at higher N, than peak position are due to the
effect of geometrical configuration of MD. More number of muons are detected when shower core
hits the MD pool than other cases. This effect is included as follows. The solid curve, F shows the
equation obtained by fitting the sum of the following four Gaussian functions.

)2
P W 16 L7 I o 0

2nb; \[2b? i=1

Using the F, the number of events of protons and other particles were summed up from the lowest
muon number to obtain the £p value N, .,,; where the proportion of protons is 90% of the total. For
this Xp bin, N, .+ was estimated to be approximately 26.31. This operation was performed for each
2p bin and each N, ,,; was determined. The N, ,; values were fitted as a function of Xp, and air
shower events with N, smaller than this cut line were determined to be proton-like. The detection
efficiency of protons was approximately 17.8% at 30 TeV and 8.6% at 400 TeV respectively.

5.2 Energy resolution

The energy distribution of the proton-like events in the 10% < Xp < 1028 bin is shown in Fig. 2.
The blue plot is the result of the calculation, and the solid red line is the curve fitted with a function
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combining two different Eq. (1) around the peak. The energy of the peak of the distribution was
taken as the representative energy of the X£p bin. Representative energy was determined for each
bin and each representative energy was fitted as a function of Zp to obtain a conversion function
for energy determination. The energy resolution of the proton-like events was approximately 53%
at 30 TeV and 27% at 400 TeV respectively.
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Figure 2: The energy distribution of the proton-like events in the 102¢ < Zp < 10>® bin.

5.3 Reconstructed energy spectrum of protons (MC)

The other three models (SIBYLL/FLUKA+Gaisser, QGSJET-II/FLUKA+Shibata, and QGSJET-
II/FLUKA+Gaisser) were also analyzed using the same procedure as in section 5.1 and section 5.2.
To investigate the systematic errors of the proton flux among these four models, the MC data of the
SIBYLL/FLUKA+Shibata model was analyzed with the conditions obtained by each model. Fig. 3
shows the proton spectrum for each model. The systematic error is estimated to be up to +36%
between SIBYLL/FLUKA+Shibata and QGSJET-II/FLUKA+Gaisser.
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Figure 3: Reconstructed energy spectrum of protons (MC). Each plot show the result of analyzing
SIBYLL/FLUKA+Shibata MC events with the analysis conditions obtained in the analysis of each model.
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6. Summary

We developed a method to measure proton spectra using data obtained by hybrid measurement of
Tibet-III and MD, and evaluated its performance. It was found that the proton spectrum can be
measured in the energy range from 30 TeV to 400 TeV by selecting protons with a purity of 90%.
The expected systematic error of the proton spectrum was found to be about +36%. Using this
method, we plan to analyze several years of data accumulated in the Tibet ASy experiment to clarify
the proton spectrum from 30 TeV to 400 TeV.
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