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We have been observing extensive air showers using the Tibet-III air shower array and the un-
derground water-Cherenkov muon detector array (MD) to determine the chemical composition of
cosmic rays with energies corresponding to the knee energy region. In previous studies, we devel-
oped a method to acquire the proton spectrum in the energy range from 40 to 630 TeV via a hybrid
experiment using the Tibet-III and MD and investigated its performance. We conducted Monte
Carlo simulations showing that this method can separate protons with a purity of 90% and that the
maximum total systematic error of the proton flux depending on interaction models in air-shower
development is ±37%. In the present study, analysis results for data acquired over a period of 12
days in 2014 are presented. The abundances of proton-like showers to whole well-reconstructed
showers, including model dependence, are 9.1%–14.5% at ∼35 TeV and 1.8%–3.1% at ∼450 TeV.
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1. Introduction

Cosmic rays (CRs) with energies as high as the petaelectron volt level are generally thought to
originate in our galaxy. The acceleration mechanisms, propagation, and source distribution of
CRs affect the chemical composition and intensity spectrum of CRs observed on Earth, especially
the bent shape of the total particle spectrum at approximately 1015 eV (i.e., the “knee region”),
which is considered to be due to the acceleration limit of galactic CRs. Therefore, measuring the
composition and acquiring the spectra of CRs with energies corresponding to the knee region are
critical. Among the spectra, the proton spectrum has been actively investigated in a wide energy
range. The proton spectrum in the energy range below 10 TeV has been acquired with high precision
mostly through direct observation experiments using balloons and satellites [1–5]. In the energy
region below 10 TeV, the spectral shape power is hardened from ∼200 GeV/n [6]. Although several
theoretical models have been proposed to explain this phenomenon, such as the influence of a
source object near the solar system, its origin has not yet been clarified. For the energy range above
100 TeV, several spectra acquired indirectly, mostly through air-shower observations, have been
reported. The Tibet AS𝛾 group have reported that the proton spectrum power index changes over
several hundred teraelectron volts [7, 8], indicating a rigidity-dependent acceleration model in which
heavier nuclei gradually become dominant with increasing energy. Moreover, the analyses of data
from the KASCADE and IceTop experiments have shown that helium becomes dominant [9] and
that the proton spectrum power index becomes hard to the petaelectron volt region [10], respectively.
At approximately 100 TeV, the measurement is difficult by both direct and indirect methods. The
ARGO-YBJ group reported only the proton+helium spectrum in the energy range 3–300 TeV, as
acquired with a dense air-shower array [11]. However, the precise proton spectrum has not been
reported.

The Tibet AS𝛾 group has been performing a continuous observation to investigate the CR
composition around the knee region. The Tibet AS𝛾 detector comprises the surface detector
array (Tibet air-shower array; Tibet-III) [12, 13] and the large underground water Cherenkov muon
detector array (MD) [14–17]. In the present study, we report preliminary results of the proton
spectrum acquired at energies from 40 to 630 TeV using the MD and Tibet-III.

2. Tibet-III and MD

The experimental site of Tibet AS𝛾 is located at Yangbajing Plateau, China (90.522◦ east, 30.102◦

north, 4,300 m a.s.l., 606 g/cm2 atmospheric depth). Its detector comprises the Tibet-III [19],
which consists of 597 plastic scintillation detectors, and the MD [14–17]. The Tibet-III covers an
area of 65,700 m2, and detects electromagnetic components, such as electrons and gamma-rays,
in air showers; it also measures the particle arrival time and density of shower particles. These
data are used to reconstruct the direction of arrival and energy of primary CRs for each event.
The MD comprises 64 water Cherenkov-type detectors placed 2.4 m beneath the Tibet-III. Each
cell of the MD is a concrete water tank with an area of 7.5 m × 7.5 m and a depth of 1.5 m,
with a 20-inch-diameter photomultiplier tube (PMT) mounted downward on the ceiling. The inner
surface is coated with white paint so that it acts not only as a waterproof layer but also as a reflector
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for Cherenkov photons, which are emitted by air-shower muons and subsequently collected by the
PMTs.

3. Data analysis methods and performance evaluation by Monte Carlo simulation

Each surface detector in the Tibet-III measures the number of particles and their arrival times, and
the air-shower reconstruction provides the core position, shower arrival direction, and the charged-
particle number density (𝜌 [/m2]) [19, 28, 29].
To screen well-reconstructed shower events from the entire set of collected data, the following
conditions were imposed [18].

1. At least four detectors must be hit within the time width of coincidence of 600 ns.
2. The number of detectors with 𝜌 ≥ 3.5 must be at least four in the inner detectors of the array.

Here, “inner detectors" refers to the detectors inside the outermost detectors of the AS array.

3. Five or more of the top six detectors with the highest number of detected particles must be
contained in the inner detectors.

4. The location of the air-shower core determined by the analysis must be within a 70-m radius
from the array center (15,400 m2).

5. The residual error from the air-shower front, which is defined as a reverse-conic type [8, 30,
31], must be less than 1.0 m.

6. The zenith angle 𝜃 must satisfy sec 𝜃 < 1.1.

3.1 Proton separation method and reconstruction of proton spectrum

We have developed a method to acquire proton spectra via a hybrid experiment using the Tibet-III
and MD. The details of this method have been reported elsewhere [18]. Here, we briefly summarize
the general analysis method.
(1) We divided the reconstructed events into six bins of Σ𝜌 ranging from 102.6 to 103.8. (2) To
separate the proton-like showers, we used the sum of the number of particles measured in each cell
of the MD 𝑁𝜇. We examined the distribution of the number of muons in each Σ𝜌 bin and separated
proton-like events with the given purity using a threshold 𝑁𝜇,cut. (3) To determine the energy of
each proton-like event, we used Monte Carlo (MC) data to investigate the relationship between the
true energy and Σ𝜌. The peak of the energy distribution was considered the representative energy
of the Σ𝜌 bin. The representative energy was determined for each bin and was fitted as a function
of Σ𝜌 to obtain a conversion function for energy determination of each shower event. (4) Once the
energy of an event identified as proton-like was determined, the flux of the 𝑘-th energy bin was
given by

𝑑𝐽

𝑑𝐸
[/s/m2/sr/GeV] =

𝑁
proton-like
exp (𝑘) × 𝑋

purity
sim

𝑇exp × (𝑆Ω)eff(𝑘) × 𝑋survival
sim (𝑘) × 𝑑𝐸 (𝑘)

, (1)

where 𝑇exp denotes the observation time, 𝑋survival
sim (𝑘) denotes the proton survival ratio in the 𝑘-th

energy bin, and 𝑑𝐸 (𝑘) denotes the energy bin width. In addition, 𝑁proton-like
exp (𝑘) is the number of

events identified as proton-like in the experimental data analysis and 𝑋
purity
sim (= 0.9) is the proton

purity in the proton-like event. Parameter (𝑆Ω)eff(𝑘) is the effective acceptance of the 𝑘-th energy
bin of the reconstructed proton-induced shower.
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3.2 Monte Carlo simulation study of the performance of the proton spectrum measurement

To evaluate the proton survival ratio and the systematic error of proton spectrum measurements
with this method, we performed Monte Carlo simulations (MCSs) of air-shower development, as-
suming multiple combinations of the primary composition model and nuclear cascade model of
the air shower. We used the CORSIKA code (version 7.6400) [20] for air-shower generation
and the GEANT4.10.02 code to simulate the detector response. In the air-shower simulations,
FLUKA [21] was used for low-energy hadronic interactions and three interaction models were
compared for the high-energy region. The three models were the SIBYLL 2.3c model [22, 23], the
QGSJET-II-04 model [24], and the EPOS Large Hadron Collider (LHC) model [25]. Two models
were compared as chemical composition models of primary CRs. First, the “Shibata model” [26],
which was obtained by assuming that the CR source has a rigidity-dependent acceleration limit and
that the heavier nuclei gradually became dominant from the tens of teraelectron volts region, was
used. Second, the “Gaisser-fit model” [27], which was obtained from observation results in which
helium was the main component at ≥100 TeV, was applied. Thus, we tested a total of six com-
binations: SIBYLL/FLUKA+Shibata, SIBYLL/FLUKA+Gaisser-fit, QGSJET/FLUKA+Shibata,
QGSJET/FLUKA+Gaisser-fit, EPOS_LHC/FLUKA+Shibata, and EPOS_LHC/FLUKA+Gaisser-
fit. The MCS showed that the proton spectrum could be measured in the energy range 40–630
TeV if proton-like events with 90% purity were selected. The maximum systematic error included
in our analysis due to the interaction model was ±37%. We have summarized the details of the
performances elsewhere [18].
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Figure 1: Charge distribution recorded by a PMT in a cell of the MD during a certain 20-minute period.
The distribution shows the results of measured muons in air showers that satisfy the conditions described in
section 3.

4. Analysis of observation data

Hybrid observations of the Tibet III and MD began in 2014, and observation data have been
accumulated continuously. This study analyzed data acquired over a period of 12 days in 2014.
For proton separation using muon numbers, particle-number calibration of the MD is critical. Fig. 1
shows the charge distribution in a PMT in a cell of the MD for reconstructed air-shower events that
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Figure 2: Event intensity map with log (∑ 𝜌) on the vertical axis and log (∑ 𝑁𝜇)on the horizontal axis.

satisfy the conditions described in section 3. The muon density is maximal at the AS core and
decreases with increasing distance from the shower axis. Thus, the number of muons in many
single MD cells is on the order of unity. The peak value of the distribution is used to define a single
particle. The experiment calibrates the muon number every 20 min for each MD cell using such a
distribution [16].
For proton selection, we used the sum of the number of particles measured in each cell of the MD,
𝑁𝜇. Fig. 2 is an intensity map of the observed event number over a period of approximately 12 days
in 2014. The horizontal axis shows the sum of the charged-particle number density (log (∑ 𝜌))
measured by the Tibet-III, and the vertical axis indicates the number of muons (log (∑ 𝑁𝜇)) in
the shower measured by the MD. To select proton-like events, we divided the data in the figure
into six bins of Σ𝜌 ranging from 102.6 to 103.8 and examined the distribution of muons in each
bin. Fig. 3 shows the results for each

∑
𝜌 bin event. The red data points are observed data;

the other plots show data obtained from simulations with the SIBYLL/FLUKA+Shiata model.
Blue, yellow, and purple data points represent whole events, proton events, and other nuclides,
respectively. The solid curves are functions fitted to the MC data [18]. The shoulder peaks in
Fig. 3 at 𝑁𝜇 values greater than the peak position are due to the effect of the geometrical con-
figuration of the MD. When the shower core impacts a cell of the MD, more muons are detected
than when it does not. The solid lines show each bin’s representative cut value N𝜇,𝑐𝑢𝑡 to sepa-
rate proton-like events with 90% purity. The results show that protons with 90% purity can be
selected in all of the

∑
𝜌 regions. The dot in Fig 2 shows the cut values of 90% proton purity

in each bin, and the solid lines are the fitted curves [18]. The red dots show cut values deter-
mined by simulations using the SIBYLL and FLUKA interaction model and Shibata’s composition
model. The shape of the 𝑁𝜇 distribution depends on the interaction and composition models;
thus, the value of the cut differs for each model. In Fig. 2, the orange, blue, purple, green,
and black dots are the results obtained using the SIBYLL/FLUKA+Gaisser-fit model, QGSJET-
II/FLUKA+Shiata model, QGSJET-II/FLUKA+Gaisser-fit model, EPOS_LHC/FLUKA+Shibata
model, and EPOS_LHC/FLUKA+Gaisser-fit model, respectively. We defined events with

∑
𝑁𝜇

smaller than this curve as proton-like events. The abundances of proton-like showers to the whole
well-reconstructed shower at each

∑
𝜌 is shown in Fig 4. The abundance including model depen-
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dence was 9.1–14.5% at log (∑ 𝜌) = 2.7 and 1.8–3.1% at log (∑ 𝜌) = 3.7.
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Figure 3: Muon number distribution for each
∑

𝜌 bin observed for approximately 12 days.

5. Conclusion

The hybrid experiment with the Tibet-III and MD has been accumulating data since 2014 [16]. To
measure the proton spectrum in the energy range 40–630 TeV, we analyzed data acquired over a
period of 12 days in 2014. The abundances of proton-like showers to whole well-reconstructed
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Figure 4: Proton-like shower abundance to whole well-reconstructed showers as a function of log (∑ 𝜌) for
each model when the purity is 90%.

showers, including model dependence, was 9.1–14.5% at ∼35 TeV and 1.8–3.1% at ∼450 TeV. We
expect to use the proposed method to measure the proton spectrum in the 100 TeV region.
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