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Tibet Air Shower Array
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p Site: Tibet (90.522oE, 30.102oN) 4,300 m a.s.l.

Present Performance
p # of detectors 0.5 m2 x 597
p Detector Coverage ~65,700 m2
p Angular resolution ~0.5°@10TeV g

~0.2°@100TeV g
p Energy resolution ~40%@10TeV  g

~20%@100TeV g



ü Absolute Energy Scale
- Energy dependence of 

E-W displacement
ü Pointing Accuracy

- N-S displacement
ü Angular Resolution

- Deficit Shape
üDetector Stability

- Temporal variation
üAnti-P / P Ratio

- Opposite-side deficit 
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Moon as A Calibration SourceTibet
ASγ

CRs are bent by the geomagnetic field
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Figure 5. Dependence of shower size on the displacement of the Moon’s shadow
in the north–south direction. The filled circles and the open squares represent
experimental data and the MC simulation, respectively. The solid line denotes
the fitting to the experimental data assuming a constant function, resulting in
0.◦008±0.◦011. The upper scale indicates the logarithmic mean of E/Z (TeV/Z)
in each

∑
ρFT bin.

(A color version of this figure is available in the online journal.)

resulting in κ = − 0.183 and λ = − 0.720, as shown by a solid
curve in Figure 6, where the MC statistical errors are negligible
compared with the experimental data.

Second, the experimental data (filled circles) are fitted by this
standard curvature function with the

∑
ρFT shift term

− 0.183
[
(1 − ∆RS)

(∑
ρFT

/
100

)]− 0.720
, (3)

to estimate the possible shift in the
∑

ρFT between the exper-
imental data and the MC simulation, as shown by the solid
curve in Figure 6, where ∆RS is the

∑
ρFT shift ratio, resulting

in ∆RS = (− 4.9 ± 9.5)%. We should then convert ∆RS to the
energy shift ratio ∆RE as a final result. To determine the relation-
ship between ∆RS and ∆RE, and to confirm that this method is
sensitive to energies, we prepare six kinds of MC event samples
in which the energy of the primary particles is systematically
shifted event by event in the Moon’s shadow simulation. These
six ∆REs are ±20%, ±15%, and ±8%, respectively. In each MC
event sample, the

∑
ρFT dependence of the displacement of the

Moon’s shadow is calculated in the same way, and the
∑

ρFT
shift ratio ∆RS is estimated by fitting the data to Equation (3).
Finally, we get the relation ∆RE = (− 0.91 ± 0.05) ∆RS assum-
ing a linear function. Hence, the systematic error in the absolute
energy scale ∆RE with statistical error σstat is estimated to be
(+4.5 ± 8.6stat)%.

Furthermore, we investigate two kinds of systematic uncer-
tainties with the proposed method. One is that the position of
the Moon’s shadow by the MC simulation depends on the as-
sumed primary cosmic ray composition. In this simulation, the
chemical composition ratio of primary cosmic rays is estimated
based mainly on the data obtained by direct observations. These
data sets should also have statistical and systematic errors. The
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Figure 6. Dependence of shower size on the displacement of the Moon’s shadow
in the east–west direction. The filled circles show the experimental data, and
the open squares represent the MC simulation. The solid curve is fitted to the
MC events, and dashed curves show a ±10% deviation from the solid curve,
respectively. The upper scale indicates the logarithmic mean of E/Z (TeV/Z)
in each

∑
ρFT bin.

(A color version of this figure is available in the online journal.)

position of the Moon’s shadow is dominated by the light com-
ponent, so that the proton ratio is artificially varied by ±10%
from a standard chemical composition without changing their
spectral index, while the other components heavier than he-
lium are varied by ±10% in total. Figure 7 shows the results
for the composition dependence of primary cosmic rays. The
downward triangles are the results obtained by the proton-rich
model (75% protons after triggering by the Tibet-III array),
while the upward triangles are the ones for the heavy-rich model
(55% protons). These models are fitted by Equation (3). We
then obtain σsyst1 = ±6% for the systematic error due to the
difference in chemical composition, as shown by the dashed
curves in Figure 7. Another systematic uncertainty is caused by
the difference between hadronic interaction models. Figure 8
compares the results for the hadronic interaction model depen-
dence by QGSJET with those obtained by SIBYLL. It is found
that the results by the SIBYLL model can be well fitted by
Equation (3) obtained using the QGSJET model. We then ob-
tain σsyst2 = 6% difference between the two models. Finally,
the difference in the energy dependence of the Moon’s shadow
between the experimental data and the MC events is estimated
to be +4.5%(±8.6stat ± 6syst1 ± 6/2syst2)%. This value is within
the statistical and systematic errors. Hence, the absolute energy
scale error in the Tibet-III array is estimated to be smaller than

12% =
√

∆R2
E + σ 2

stat + σ 2
syst1 + (σsyst2/2)2 in total averaged from

3 to 45 (TeV/Z).

3.5. On the Energy Estimation of γ -Ray Showers

We established a new calibration method of the absolute en-
ergy scale for cosmic rays based on the Moon’s shadow analysis
as described above. The AS induced by the primary cosmic ray
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position of the Moon’s shadow is dominated by the light com-
ponent, so that the proton ratio is artificially varied by ±10%
from a standard chemical composition without changing their
spectral index, while the other components heavier than he-
lium are varied by ±10% in total. Figure 7 shows the results
for the composition dependence of primary cosmic rays. The
downward triangles are the results obtained by the proton-rich
model (75% protons after triggering by the Tibet-III array),
while the upward triangles are the ones for the heavy-rich model
(55% protons). These models are fitted by Equation (3). We
then obtain σsyst1 = ±6% for the systematic error due to the
difference in chemical composition, as shown by the dashed
curves in Figure 7. Another systematic uncertainty is caused by
the difference between hadronic interaction models. Figure 8
compares the results for the hadronic interaction model depen-
dence by QGSJET with those obtained by SIBYLL. It is found
that the results by the SIBYLL model can be well fitted by
Equation (3) obtained using the QGSJET model. We then ob-
tain σsyst2 = 6% difference between the two models. Finally,
the difference in the energy dependence of the Moon’s shadow
between the experimental data and the MC events is estimated
to be +4.5%(±8.6stat ± 6syst1 ± 6/2syst2)%. This value is within
the statistical and systematic errors. Hence, the absolute energy
scale error in the Tibet-III array is estimated to be smaller than

12% =
√

∆R2
E + σ 2

stat + σ 2
syst1 + (σsyst2/2)2 in total averaged from

3 to 45 (TeV/Z).

3.5. On the Energy Estimation of γ -Ray Showers

We established a new calibration method of the absolute en-
ergy scale for cosmic rays based on the Moon’s shadow analysis
as described above. The AS induced by the primary cosmic ray

No E dependence 
+0.008o�0.011o

Pointing error = ±0.014°Absolute E error = ±12%
Best-fit = -4.5%(�8.6stat.�6.7sys.)%

ü Absolute Energy   à East-West position
ü Pointing Accuracy à North-South position

E dependence by geomag.

Amenomori et al., ApJ (2009)
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Figure 1. Year-to-year variation of (a) the Sun’s shadow and (b) Moon’s shadow observed by the Tibet-III array between 2000
and 2009. Upper panels show two-dimensional contour maps of Dobs in the Sun’s shadow in the GSE coordinate system, while
lower panels display Dobs in the Moon’s shadow each as a function of right ascension and declination relative to the apparent
center of the Moon.

Sun

àA clear solar-cycle variation of the deficits
CRs are scattered by solar magnetic field.

à Shift to westward by geomagnetic field
Detector stability calibration

Low 
Statistics

Moon

2000-2009
Tibet-III 
(>3TeV)

Amenomori et al., ApJ (2018)

Tibet
ASγ



Underground Water Cherenkov 
Muon detectors

Measurement of # of µ in AS à g／CR discrimination

~3400m2

ü 2.4m underground (~515g/cm2 ~9X0)
ü 4 pools, 16 units / pool
ü 7.35m×7.35m×1.5m deep (water)
ü 20”ΦPMT (HAMAMATSU R3600)
ü Concrete pools + white Tyvek sheets

Soil & Rocks 2.6m

Waterproof & reflective materialsReinforced concrete

eγµ

1.0m

PMT

7.3m

Water 1.5m

Cherenkov  lights

20 inchAir 0.9m

Basic idea: T. K. Sako et al., Astropart. Phys. 32, 177 (2009) 
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Sr (from AS array) : 3256
SNµ (MD)                : 2.3
zenith angle             : 29.8�
Erec : 251         TeV+46

-43

Gamma-like Event from the Crab
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Amenomori et al., PRL (2019)
S50 improves E resolutions (10 - 1000 TeV)
à ~40%@10 TeV ,  ~20%@100 TeV

Kawata et al., Exp. Astro. (2017)
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(a) E >10 TeV (b) E >100 TeV

FIG. S2. Significance maps around the Crab nebula observed by the Tibet AS+MD array for (a) E > 10 TeV and for (b)
E > 100 TeV, respectively. The cross mark indicates the Crab pulsar position.

MUON DISTRIBUTION MEASURED BY THE MD ARRAY

In this paper, the total number of particles detected in the MDs (i.e. ΣNµ) is used as the parameter to discriminate
cosmic-ray induced air showers from photon induced air showers. As shown in Fig. 2 in the paper, the muon cut
threshold depends on the Σρ, where Σρ is roughly proportional to energy, and Σρ = 1000 roughly corresponds to
100 TeV.

For E > 100 TeV, the averaged ΣNµ for the cosmic-ray background events is more than 100, while the muon cut
value is set to be approximately ΣNµ = 10 ∼ 30 depending on Σρ. As a result, we successfully suppress 99.92% of
cosmic-ray background events with E > 100 TeV, and observe 24 photon-like events after the muon cut.

Figure S3 shows the relative muon number (Rµ) distribution above 100 TeV for the Crab nebula events. Rµ is
defined as the ratio of the observed ΣNµ to the ΣNµ on the muon cut line in Fig. 2 at the observed Σρ. Three
events among 24 photon-like evens have ΣNµ = 0 which corresponds to the leftmost bin corresponds Rµ = 0 in
Fig. S3. We find a clear bump of muon-less events in Rµ < 1 region, and the relative muon distribution after the
muon cut (Rµ < 1) is consistent with that estimated by the photon MC simulation. This is unequivocal evidence for
the muon-less air showers induced by the primary photons from an astrophysical source.
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24 g rays against 5.5 CR BGs
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Energy spectrum of the Crab

Thick curve： the expected flux by the inverse Compton model 
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The highest energy g ~450 TeV
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ALPACA Experiment in Bolivia

ü InternaVonal collaboraVon 
(Japan + Bolivia + Mexico)

ü Mt. Chacaltaya, Bolivia 4740m asl
ü Same type of detectors as Tibet ASg

(AS 83,000m2 + MD 5,600m2)
ü Target energy : 10 – 1000 TeV
ü ConstrucVon of prototype is ongoing

ü PeVatron search in the southern sky
- GalacVc center regions, diffuse gamma
- DM signal in the direcVon G.C. etc..

ü Cosmic-ray anisotropy
ü Sun’s shadow monitor

The ALPACA Experiment (Air Shower Array)

・Chacaltaya plateau (16° 23! S, 68° 08!W, Bolivia)

・Elevation : 4,740 m (572.4 g/cm")

・A surface air shower array (AS array : 83,000 m") 

+ underground muon detector array → BGCR rejection
・Duty cycle : > 90%

Andes Large area Particle detector for Cosmic-ray physics and Astronomy

・Physics:

1. VHE gamma-ray astronomy 

2. Interplanetary magnetic field

3. CR anisotropy & etc.

5

15 m 300 m

Muon detectors
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ü Cosmic-ray origins of Knee
= PeVatrons
à SNR?? Galactic Center?

ü Gamma-Ray Observation
PeV protons produces 
~100 TeV g rays via p0 decay

(p + ISM à p0 à 2g)
à Hard spectral index (-2)

beyond 100 TeV
(+ Molecular Cloud)

Knee
~4PeV

2nd Knee
~200PeV

Ankle
~5EeVGalactic?

Extragalactic?

100 TeV energy window is a key to identify Galactic CR origins!
Gaisser et al. Front.Phys.(Beijing) 8 (2013) 748

Galactic Cosmic Ray Origin

Different features from
Inverse Compton g rays by HE electrons
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How to Identify PeVatron
IACTs

EAS Arrays

g-ray
Satellites

X-ray 
Satellites

à Hard spectral index (-2)
beyond 100 TeV
(+ Molecular Cloud)
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• g-ray beyond 100 TeV by Tibet, HAWC etc. in North,
ALPACA,  SWGO in south will come soon

• Spectral index a ~ -2 in TeV by IACTs
• Coincident with molecular cloud observed by radio
• p0 cutoff around 70 MeV by g-ray satellites
• Dark in X-ray observaTon
• Deep observaTon by IACTs to resolve sources
• Coincident with HE neutrino by IceCube

19

Mul$-wavelength Mul$-par$cle Observa$ons

How to Identify PeVatron


