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2024年度ボリビア実験関係
共同利⽤研究採択課題⼀覧

• ボリビア・チャカルタヤ⼭宇宙線観測所における⾼エネルギーγ線・宇宙線観測のための空
気シャワー実験 （継続）

（常定芳基 ⼤阪公⽴⼤学）
• アンデス⾼原における雷雲からの⾼エネルギー放射線の研究（継続）
 （⽇⽐野欣也 神奈川⼤学）
• 南半球で観測する宇宙線中の太陽の影を⽤いた太陽磁場の研究 （継続）
（川⽥和正 東京⼤学）
• ボリビア・チャカルタヤ⼭宇宙線観測所における⾼エネルギー宇宙線異⽅性の研究（継続）
（佐古崇志 東京⼤学 => ⻑野県⼯科短期⼤学）
• ALPACA実験・ALPAQUITA実験で探る星質量ブラックホール連星におけるPeV宇宙線加速の可

能性 （新規）

（加藤勢 東京⼤学 => パリ天体物理学研究所 IAP、ソルボンヌ⼤学）
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ボリビア実験関係共同利⽤研究
経費執⾏状況

•研究費：配分額 250万円
チャカルタヤ観測所運営分担⾦や
ALPAQUITA実験装置に使⽤

•旅費：配分額 173万円
ボリビア出張・宇宙線研での国内研究打ち合わせに使⽤

ご⽀援、ありがとうございます！
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活動状況
• ボリビア渡航：延べ 7⼈（インフラ整備、装置調整、打ち合わせ）

2024/6/12-7/1 宇宙線研：さこ 2024/11/23-11/30 宇宙線研：さこ・藤⽥
2024/11/25-12/10 宇宙線研：Anzorena・杉本
2024/11/25-12/18 宇宙線研：⼤⻄ 2025/1/27-2/14 宇宙線研：⼤⻄

• 国際会議発表
22nd International Symposium on Very High Energy Cosmic Ray Interactions (ISVHECRI 2024), 8-12 July (Mexico)
TeV Particle Asrtrophyics (TeVPA) 2024, 26-30 August (Chicago)
International Conference on High Energy Physics 2024 (ICHEP2024), 17-24 July (Prague)
Space Climate9, ISEE Symposium, 1-4 October (Nagoya)
7th International Symposium on Ultra High Energy Cosmic Rays 2024 (UHECR2024), 17-21 November (Malargue, 
Argentina)

• 国内学会発表
9⽉16⽇-19⽇ ⽇本物理学会第79回年次⼤会（北海道⼤学） 6講演
9⽉11⽇-13⽇ ⽇本天⽂学会2024年秋季⼤会（関⻄学院⼤学） 2講演
3⽉18⽇-21⽇ ⽇本物理学会2025年春季⼤会（オンライン） 5講演（予定）
3⽉17⽇-20⽇ ⽇本天⽂学会2025年春季年会（⽔⼾市⺠会館） 2講演（予定） 4



Dawn of sub-PeV gamma-ray astronomy
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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. ⌃Nµ) 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 ⌃⇢, where ⌃⇢ is roughly proportional to energy, and ⌃⇢ = 1000 roughly corresponds to
100 TeV.

For E > 100 TeV, the averaged ⌃Nµ for the cosmic-ray background events is more than 100, while the muon cut
value is set to be approximately ⌃Nµ = 10 ⇠ 30 depending on ⌃⇢. 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 ⌃Nµ to the ⌃Nµ on the muon cut line in Fig. 2 at the observed ⌃⇢. Three
events among 24 photon-like evens have ⌃Nµ = 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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FIG. S3. Relative muon number (Rµ) of the Crab nebula events with E > 100 TeV. Rµ is defined as the ratio of the observed
⌃Nµ to the ⌃Nµ value on the muon cut line in Fig. 2 at the observed ⌃⇢. The leftmost bin indicates the number of events with
Rµ = 0. The black points show the number of observed events from the Crab nebula. The solid red histograms and dashed
blue histograms show the photon MC simulation and the observed cosmic-ray background events, respectively. The central
vertical dashed line indicates the muon cut position at Rµ = 1.

Tibet AS 𝛾 Collaboration, 
PRL 123, 051101 (2019)

We have looked for correlations between the sources of
systematic uncertainty and have not found any. Therefore, the
effect of each source of systematic uncertainty can be added in
quadrature to the others. The systematic uncertainties on each
of the fit parameters in the log-parabola likelihood fit can be
seen in Table 5.

The major sources of systematic uncertainty are described
below. Figure 13 shows the shift due to systematics in
E2dN/dE as a function of energy for each estimator.

4.5.1. Angular Resolution Discrepancy

A discrepancy in the 68% containment between data and
simulation can be seen in Figure 8. While the cause of this is
not immediately clear, it is thought to be at least partially
caused by the shower curvature model used during reconstruc-
tion not yet having an energy dependence.

The 68% containment in the Monte Carlo is underestimated
by approximately 5%. The effect of this has been investigated
by scaling the PSF up by this amount and refitting the Crab
Nebula. The maximum effect on the flux is ∼5%, occurring at
the lowest energies (see Figure 13). At the highest energies this
effect is almost completely negligible.

4.5.2. Late Light Simulation

This was the largest source of uncertainty (∼40% in flux) in
Abeysekara et al. (2017a) and arose from a mismodeling of the
late light in the air shower. This is thought to stem from a
discrepancy between the time width of the laser pulse used for
calibration and the time structure of the actual shower. From
simulation, it is expected that the width of the arrival time
distribution of single photoelectrons (PEs) at the PMT should
be 10 ns, but examining the raw PE distributions in data
shows a discrepancy above 50 PEs. Improved studies of the
PMTs have decreased the size of this uncertainty in this work,
although it is still one of the dominant sources of uncertainty.
Systematic uncertainties have been derived by varying the size
of this effect and observing the impact on the flux.

4.5.3. Charge Uncertainty

The charge uncertainty encapsulates how much a PMT
measurement will vary for a fixed amount of light, as well as
the relative differences in photon detection efficiency from
PMT to PMT. The amount of uncertainty has been varied and
the effect on the flux studied. This is not a dominant source of
systematic uncertainty.

4.5.4. Absolute PMT Efficiency/Time Dependence

The absolute PMT efficiency cannot be precisely determined
using the calibration system (see Abeysekara et al. 2017a for a
discussion). Instead, an event selection based on charge and
timing cuts is implemented to identify incident vertical muons.
Vertical muons provide a monoenergetic source of light and
can be used to measure the relative efficiency of each PMT by
matching the muon peak position to the expected one from the
MC simulations. These efficiencies were determined for
different epochs in time and used to measure the range of
uncertainties. This is one of the dominant sources of
uncertainty, along with the late light simulation.

Figure 12. Significance map above 56 TeV in reconstructed energy for the GP (left) and NN (right). The maximum significance is 11.2σ for the GP and 11.6σ for the
NN. Both significance maps have been smoothed for presentation purposes.

Table 5
Systematic Uncertainties on Fit Parameters

Estimator Parameter Sys. Low Sys. High

GP f0 −2.11×10−14 2.00×10−14

α −0.03 0.01
β −0.03 0.01

NN f0 −1.69×10−14 3.23×10−14

α −0.02 0.03
β −0.02 0.02

Note. The systematic uncertainties on the fit parameters, for each estimator.
The units for f0 are TeV cm−2 s−1.
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Extended Data Fig. 5 | Phenomenological fits to the γ−ray observations of 
LHAASO J1908+0621, and previous observations of potential counterparts. 
The inset shows the KM2A significance map, indicating the potential 
counterparts of the UHE γ-ray source. The colour bar shows the significance 
( TS). The green circle indicates the PSF of LHAASO. The Fermi LAT points for 
LHAASO J1908+0621 analysed in this work, as well as ARGO48, HESS49 and 
HAWC4 data, are shown together with the LHAASO measurements. The dotted 
curve shows the leptonic model of radiation, assuming an injection of electron/
positron pairs according to the pulsar’s spin-down behaviour, with a breaking 
index of 2 and an initial rotation period of 0.04 s. A fraction of 6% of the current 
spin-down power of the pulsar PSR J1907+0602 at a distance of 2.4 kpc is 
assumed to be converted to e± pairs to support the γ-ray emission. The injection 
spectrum of electrons is assumed to be N E E E( ) ∝ exp{−[ /(800 TeV)] }e

2
e
−1.75 .  

The solid curves correspond to the hadronic model of radiation. Two types of 
energy distributions are assumed for the parent proton population: (i) a single 
power-law spectrum of parent protons, N(E) ≈ E−1.85exp[−E/(380 TeV)] (thin solid 
curve); (ii) a broken power-law spectrum with an exponential cutoff of parent 
protons, with indices 1.2 and 2.7 below and above 25 TeV, respectively, and a 
cutoff energy of 1.3 PeV (thick solid curve). In the inset sky map, the black 
diamond shows the position of PSR J1907+0602, the black contours correspond 
to the location of supernova remnant SNR G40.5-0.5 and the white circle is the 
position and size of HESS J1908+063. The cyan regions are the dense clumps 
described in Methods. The average density in the whole γ-ray emission region is 
estimated to be about 10 cm−3. γ-ray absorption due to photon–photon pair 
production (see Methods) is taken into account in the theoretical curve.

LHAASO Collaboration, 
Nature, 594, 33-36 (2021)

best-fit Nishimura-Kamata-Greisen (NKG) function [20].
The energy resolutions with S50 are roughly estimated to
be 20% and 10% for 100 and 400 TeV, respectively. The
absolute energy scale uncertainty was estimated to be 12%
from thewestwarddisplacement of theMoon’s shadowcenter
due to the geomagnetic field [21]. The live time of the dataset
is 719 days fromFebruary 2014 toMay 2017, and the average
effective detection time for the Galactic plane observation is
approximately 3700 h at the zenith angle less than 40°. The
data selection criteria are the same in our previous work [12]
except for the muon cut condition. According to the CASA-
MIA experiment, the marginal excess along the Galactic
plane in the sub-PeV energies is 1.63 σ, and the fraction of
excess to cosmic-ray background events is estimated to be
approximately 3 × 10−5 [18]. In order to search for signals
with such a small excess fraction,we adopt a tightmuon cut in
the present analyses requiring for gamma-ray-like events to
satisfyΣNμ < 2.1 × 10−4 ðΣρÞ1.2 or ΣNμ < 0.4, where ΣNμ

is the total number of muons detected in the underground
muon detector array. This is just one order of magnitude
tighter than the criterion used in our previous work [12]. The
cosmic-ray survival ratio with this tight muon cut is exper-
imentally estimated to be approximately 10−6 above 400TeV,
while the gamma-ray survival ratio is estimated to be 30% by
the MC simulation. The comparison between the cosmic-ray
data and the MC simulation is described in Fig. S1 in
Supplemental Material [22].
Results and discussion.—Figure 1 shows arrival direc-

tions of gamma-ray-like events in (a) 100ð¼102.0Þ < E <
158ð¼102.2Þ TeV, (b) 158ð¼102.2Þ<E<398ð¼102.6ÞTeV,
and (c) 398ð¼102.6Þ < E < 1000ð¼103.0Þ TeV, remaining
after the tight muon cut. It is seen that the observed arrival
directions concentrate in a region along the Galactic plane
(see also Fig. 2). Particularly in Fig. 1(c), 23 gamma-ray-
like events are observed in jbj < 10° which we define as the
on region (NON ¼ 23), while only ten events are observed
in jbj > 20° which we define as the off region (NOFF ¼ 10).
Since the total number of events before the tight muon cut
is 8.6 × 106, the cosmic-ray survival ratio is estimated to be
1.2 × 10−6 in jbj > 20° above 398 TeV. We use NOFF in
jbj > 20° to estimate the number of cosmic-ray background
events, because the contribution from extragalactic gamma
rays in E > 100 TeV is expected to be strongly suppressed
due to the pair-production interaction with the extragalactic
background light. The mean free path lengths for the pair
production for 100 TeV and 1 PeV are a few megaparsecs
and 10 kpc, respectively [29].
Since the ratio (α) of exposures in on and off regions is

estimated to be 0.27 by the MC simulation with our
geometrical exposure, the expected number of background
events in the on region with jbj < 10° is NBG ¼ αNOFF ¼
2.73, and the Li-Ma significance [30] of the diffuse gamma
rays in the on region is calculated to be 5.9 σ. The number
of events and the significances in each energy bin are
summarized in Table S1 in Supplemental Material [22].

The observed distribution of the number of muons for
E > 398 TeV after the muon cut is consistent with that
estimated from the gamma-ray MC simulation as shown in
Fig. S2 in Supplemental Material [22]. The highest-energy
957ðþ166

−141ÞTeV gamma ray is observed near the Galactic
plane, where the uncertainty in energy is defined as the
quadratic sum of the absolute energy-scale error (12%) and
the energy resolution [12]. Solid circles in Fig. 2 display
NON − NOFF as a function of b in (a) 100 < E < 158 TeV,
(b) 158 < E < 398 TeV, and (c) 398 < E < 1000 TeV.
The concentration of diffuse gamma rays around the
Galactic plane is apparent particularly in Fig. 2.
In order to estimate contribution from the known

gamma-ray sources, we searched for gamma-ray signals

FIG. 1. The arrival direction of each gamma-ray-like event
observed with (a) 100 < E < 158 TeV, (b) 158<E<398TeV,
and (c) 398 < E < 1000 TeV, respectively, in the equatorial
coordinate. The blue solid circles show arrival directions of
gamma-ray-like events observed by the Tibet ASþMD array.
The area of each circle is proportional to the measured energy of
each event. The red plus marks show directions of the known
Galactic TeV sources (including the unidentified sources) listed
in the TeV gamma-ray catalog [9]. The solid curve indicates the
Galactic plane, while the shaded areas indicate the sky regions
outside the field of view of the Tibet ASþMD array.
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cosmic ray density profile above 100 GeV from ref. 19, which clearly 
favours the 1/r profile. Alternatively, the 1/r profile is less striking 
for TeV cosmic rays because of their escape time.

The angular size of the Cygnus Cocoon is about 2.1°, which trans-
lates into a radius of r = 55 pc at 1.4 kpc. The size of the Cocoon is 
similar in both the TeV and GeV energy range. Assuming a loss-free 
regime, the particles from tens of GeV to hundreds of TeV diffuse 
in the region over a time tdiff given by tdiff = r2/(2D) (ref. 20), where D 
is the particle diffusion coefficient. If D(E*) = β D0(E*), where D0(E*) 
is the average diffusion coefficient in the Galaxy at a given energy E* 
and β is the suppression coefficient, then at 10 GeV
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The diffusion time (tdiff) of 10 GeV particles detected with 
Fermi-LAT needs to be shorter than the age of the Cyg OB2 associa-
tion tage, that is, tdiff (10 GeV) < tage ≈ 1−7 Myr (ref. 21), which yields 
β > 0.002. By contrast, the diffusion time of 100 TeV particles must 
be longer than the light-travel time to the edges of the Cocoon, 
tdiff (100 TeV) ≫ Rdiff/c, where Rdiff is the diffusion radius and c is the 
speed of light. With D0(100 TeV) = 3 × 1030 cm2 s−1, we obtain β ≪ 1. 
The combination of observations by the GeV and TeV instruments 
provides unique insights to particle transport in the Cocoon super-
bubble. The ‘suppression of the diffusion coefficient’ (β) is found to 
be 0.002 < β ≪ 1. This confirms that closer to particle injectors, high 
turbulence is driven by the accelerated particles, and cosmic rays 
are likely to diffuse more slowly than in other regions of the Galaxy.

As discussed in ref. 10, although the PWN powered by PSR 
J2021+4026 and PSR J2032+4127 cannot explain this extended 
Cocoon emission, we cannot rule out that the emission could be 
from a yet-undiscovered PWN. The nearby γ Cygni SNR might 
not have been able to diffuse over the Cocoon region because of 
its young age10. The γ-ray emission measured from the Cocoon 

region over five orders of magnitude in energy is likely produced by  
protons in the GeV to PeV range that collide with the ambient dense 
gas. The spectral shape in the TeV energy range is well described by 
a power law without an indication of a cut-off up to energies above 
100 TeV. Therefore, it might be the case that the powerful shocks 
produced by multiple strong star winds in the Cygnus Cocoon can 
accelerate particles, not only to energies up to tens of TeV as previ-
ously indicated by the Fermi-LAT detection, but even beyond PeV 
energies. However, the presence of a cut-off or a break in the GeV to 
TeV γ-ray spectrum at a few TeV, as evidenced in the measurements 
of both ARGO and HAWC detectors, argues against the efficiency 
of the acceleration process beyond several hundred TeV.

The break in the γ-ray spectrum around a few TeV could be due 
to either leakage of cosmic rays from the Cocoon or a cut-off in the 
cosmic ray spectrum injected from the source. In the first scenario, 
the γ-ray emission is dominated by recent starburst activities less 
than 0.1 Myr ago. The diffusion length in the Cocoon is 100–1,000 
times less than that in the interstellar medium owing to strong mag-
netic turbulence10 that is plausibly driven by starburst activities. The 
lower-energy cosmic rays are confined by the magnetic field of the 
Cocoon, whereas higher-energy cosmic rays escape from the region 
before producing γ rays, which results in a spectral break from GeV 
to TeV regime. An injection index of α ≈ −2.1 for the cosmic ray spec-
trum is needed to explain the Fermi-LAT observation. Such a spec-
trum can be achieved by different particle acceleration mechanisms, 
for example through shock acceleration. An example of the leakage 
model is illustrated as the thick solid grey line in Fig. 2a. Assuming 
a recent activity that happened 0.1 Myr ago and a gas density of 30 
nucleons per cm3 as suggested by H i and H ii observations22, the 
proton injection luminosity is found to be Lp ≈ 4 × 1037 erg s−1 above 
1 GeV (Methods). The data above 100 TeV suggest that the stellar 
winds inject protons to above PeV with a hard spectrum.

In the second scenario, the γ-ray emission is produced by contin-
uous starburst activities over the OB2 star lifetime, 1–7 Myr. In this 
scenario, a hard cosmic ray spectrum of α ≈ −2.0, depending on the 

Projected radius (pc)
0 10 20 30 40 50 60

0

0.02

0.04

0.06

0.08

0.10

0.14

0.12

Co
sm

ic 
ra

y e
ne

rg
y d

en
sit

y (
eV

 cm
–3

)

Continuous profile
1/r profile
Cosmic ray density (>10 TeV)

Local cosmic ray density (>10 TeV)

Cosmic ray density (>100 GeV),
Aharonian et al. (2019)

1015

Eγ (eV)

Ф γ (
Te

V 
cm

–2
 s–1

)

10141013101210111010109
10–13

10–12

10–11

10–10

10–9a b

HAWC
Fermi 4FGL
Fermi-LAT Collaboration (2011)
Aharonian et al. (2019)

A recent burst
Continuous injection

ARGO

Fig. 2 | Spectral energy distribution of the γ-ray emission and cosmic ray density at the Cocoon region. a, Spectral energy distribution of the Cocoon 
measured by different γ-ray instruments. Here, Φγ is the γ-ray flux, which is given by Eγ

2 × dN/dEγ and Eγ is the γ-ray energy. Blue circles are the spectral 
measurements for the Cocoon in this study. The errors on the flux points are the 1σ statistical errors. At low TeV energy, HAWC data agree with the 
measurements by the ARGO observatory shown in grey squares14. The red and grey circles are the Fermi-LAT flux points published in ref. 15 and ref. 10, 
respectively. The grey triangles are from the Fermi-LAT analysis in ref. 19. The grey solid and dashed lines are γ-ray spectra derived from the hadronic 
modelling of the region. (The leptonic modelling results are provided in Extended Data Fig. 1). b, Cosmic ray energy density profile calculated for four 
rings (0–15!pc, 15–29!pc, 29–44!pc and 44–55!pc) centred at the OB2 association. The green circles are the cosmic ray densities derived above 10!TeV 
using HAWC γ-ray data. The y errors are the statistical errors and the x error bars are the width of the x bins. The orange and blue lines are the 1/r profile 
(signature of the continuous particle injection) and constant profile (signature of the burst injection), respectively, calculated by assuming a spherical 
symmetry for the γ-ray emission region and by averaging the density profile over the line of sight within the emission region. The black dashed line is the 
local cosmic ray density above 10!TeV based on Alpha Magnetic Spectrometer measurements18. The black triangles are the cosmic ray densities above 
100!GeV from ref. 19.
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declination (dec.) = 41.51° ± 0.04°), which is a slightly extended 
source with a Gaussian width of 0.27° and is possibly associated 
with the PWN TeV J2032+4130 (refs. 12,13), and HAWC J2030+409, 
which is a very-high-energy counterpart of the GeV Cygnus 
Cocoon10 (Methods). The region after subtraction of HAWC 
J2031+415 (PWN) and 2HWC J2020+403 (γ Cygni) is shown  
in Fig. 1b.

HAWC J2030+409 contributes ~90% to the total flux detected 
at the ROI and is detected with a test statistic (equation (1), likeli-
hood ratio test), TS, of 195.2 at the position RA = 307.65° ± 0.30°, 
dec. = 40.93° ± 0.26°. The extension is well described by a 
Gaussian profile with a width of 2.13° ± 0.15° (stat.) ± 0.06° (syst.). 
The location and the Gaussian width of the source are consistent 
with the measurements by Fermi-LAT from above 1 GeV to a few 
hundred GeV.

The spectral energy distribution of the Cygnus Cocoon 
has been extended from 10 TeV in the previously published  
measurement by the ARGO observatory14 to 200 TeV in this 
analysis. The measurement above 0.75 TeV can be described 
by a power-law spectrum E/�E& = /
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E0 = 4.2 TeV being the pivot energy. The flux normalization is 
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(TZTU�). The flux is compat-
ible with an extrapolation from the Fermi-LAT measurement at 
1–300 GeV (refs. 10,15). Compared to Γ = −2.1 in the Fermi-LAT GeV 
data, a significant softening of the energy spectral density is evident 
at a few TeV in the ARGO data14 and persists beyond 100 TeV in the 
HAWC data (Fig. 2a).

GeV γ rays observed by Fermi-LAT can be produced either by 
high-energy protons interacting with gas or by high-energy elec-
trons upscattering stellar radiation and dust emission10. Above a few 
TeV, the inverse-Compton process between relativistic electrons 
and stellar photons is suppressed by the Klein–Nishina effect. If 
produced by electrons, the γ-ray emission is therefore not expected 

to be peaked toward the stellar clusters, but rather trace the dif-
fuse dust emission across the entire Cocoon. This adds difficulty to 
the task of distinguishing the leptonic and hadronic origins of the 
γ-ray radiation. The measurements of the Cygnus Cocoon emission 
above 10 TeV break the degeneracy of the two origins. As shown 
in Extended Data Fig. 1, we find it unlikely that a single electron 
population produces γ rays from GeV to the highest energy by 
inverse-Compton emission without its synchrotron radiation vio-
lating the flux constraints posed by radio16 and X-ray17 observations. 
The leptonic origin of the γ-ray radiation by the Cygnus Cocoon is 
therefore disfavoured as uniquely responsible for the observed GeV 
and TeV flux.

The cosmic ray energy density above a proton energy of 10 TeV 
is calculated for four annuli up to 55 pc from Cyg OB2 (Fig. 2b). We 
find that the cosmic ray energy density in all spatial bins is larger 
than the local cosmic ray energy density of 10−3 eV cm−3 based on 
Alpha Magnetic Spectrometer measurements18. Therefore, as for the 
GeV γ rays10, TeV γ rays come from the freshly accelerated cosmic 
rays inside the Cygnus Cocoon, rather than from the older Galactic 
population.

The radial profile of the cosmic ray density yields information 
on the mechanism that accelerates particles in the Cygnus Cocoon. 
Assuming that a cosmic ray accelerator has been active in the cen-
tre of the region at a radius of r = 0, roughly at the location of Cyg 
OB2, a 1/r dependence of the cosmic ray density would imply that 
the acceleration process has continuously injected particles in the 
region for 1–7 Myr. A continuous acceleration process, which can-
not be guaranteed by a single supernova explosion event, could be 
produced by the combined and long-lasting effect of multiple pow-
erful star winds. Conversely, a constant radial profile would imply a 
recent (< 0.1 Myr) burst-like injection of cosmic rays, such as from a 
supernova explosion event. Although the measured cosmic ray pro-
file seems to agree with a 1/r dependence, a constant profile, namely 
a burst-like injection, cannot be excluded. This is in contrast to the 
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Fig. 1 | Significance map of the Cocoon region before and after subtraction of the known sources at the region. a, Significance map of the Cocoon region. 
The map is in Galactic coordinates, where b and l refer to latitude and longitude, respectively. It is produced as described in ref. 11. The blue contours are 
four annuli centred at the OB2 association as listed in Supplementary Table 1. The green contour is the ROI used for the study, which masks the bright 
source 2HWC J2019+367. b, Significance map of the Cocoon region after subtracting HAWC J2031+415 (PWN) and 2HWC J2020+403 (γ Cygni). The 
light-blue, medium-blue and dark-blue dashed lines are contours for 0.16, 0.24 and 0.32 photons per 0.1°!×!0.1° spatial bin, respectively, from Fermi-LAT 
Cocoon10. Both maps are made assuming a 0.5° extended disk source and a spectral index of −2.6 with 1,343 days of HAWC data.
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liQaWiRQ (Dec) UelaWiYe WR Whe kQRZQ CUab SRViWiRQ (R.A. =
83.63 , Dec = 22.02 , J2000.0 eSRch) aUe VhRZQ iQ Fig.
15. The laVW eQeUg\ SRiQW iQ Fig. 15 iV RbWaiQed XViQg Whe
biQV ZiWh 100 TeV 1 PeV. WheQ a cRQVWaQW YalXe
iV  XVed  WR  fiW  Whe  SRViWiRQV  aW  all  eQeUgieV,  Ze  RbWaiQ
R.A. = í0.024 0.016 ,  Dec = 0.035 0.014 .
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The  CUab  NebXla  caQ  be  RbVeUYed  b\  KM2A  fRU
abRXW  7.4  hU  SeU  da\  ZiWh  a  ]eQiWh  aQgle  leVV  WhaQ  50 ,
cXlPiQaWiQg aW  7 .  The RbVeUYaWiRQ WiPe fRU ]eQiWh aQgle
leVV  WhaQ  30   iV  4.3  hU  SeU  da\.  TR  check  fRU  a  SRVVible
V\VWePaWic SRiQWiQg eUURU aW laUge ]eQiWh aQgleV, Whe RbVeU-
YaWiRQ  Rf  Whe  CUab  NebXla  aW  ]eQiWh  aQgleV  higheU  WhaQ
30   iV  aQal\]ed  VeSaUaWel\.  AW  eQeUgieV  25  TeV,  Whe
achieYed  VigQificaQce  iV  12 ,  aQd  Whe  RbWaiQed  SRViWiRQ
UelaWiYe  WR  Whe  kQRZQ  CUab  SRViWiRQ  iV  R.A.  =
í0.073 0.042 ,  Dec  =  0.074 0.032 .  ThiV  UeVXlW  iV
URXghl\ cRQViVWeQW ZiWh WhaW RbWaiQed XViQg all daWa ZiWh-
iQ VWaWiVWical eUURUV.

◦

AccRUdiQg  WR  WheVe  RbVeUYaWiRQV  Rf  Whe  CUab  NebXla,
Whe  SRiQWiQg  eUURU  Rf  KM2A  fRU  Ȗ-Ua\  eYeQWV  caQ  be
dePRQVWUaWed WR be leVV WhaQ 0.1 .

D.    AQJXODU UHVROXWLRQ

◦

θ2

θ

σPSF

AccRUdiQg  WR  a  UeceQW  HESS  PeaVXUePeQW  [30],  Whe
iQWUiQVic  e[WeQViRQ Rf  TeV Ȗ-Ua\ ePiVViRQ fURP Whe CUab
NebXla  iV  abRXW  0.014 .  CRPSaUed  ZiWh  Whe  PSF  Rf  Whe
KM2A  deWecWRU,  Whe  iQWUiQVic  e[WeQViRQ  iV  Qegligible.
TheUefRUe,  Whe  aQgXlaU  diVWUibXWiRQ  Rf  Ȗ-Ua\V  deWecWed  b\
KM2A fURP Whe CUab NebXla VhRXld be PaiQl\ dXe WR Whe
deWecWRU  aQgXlaU  UeVRlXWiRQ.  FigXUe  16  VhRZV Whe   PeaV-
XUed  aQgXlaU  diVWUibXWiRQ  iQ  KM2A  daWa  iQ  WZR  eQeUg\
UaQgeV. The VRlid-aQgle deQViW\ Rf UecRUded eYeQWV iQ Whe
YiciQiW\ Rf Whe CUab NebXla iV VhRZQ aV a fXQcWiRQ Rf  ,
ZheUe    iV Whe  aQgle  WR  Whe  CUab diUecWiRQ.  The diVWUibX-
WiRQ  iV  geQeUall\  cRQViVWeQW  ZiWh  Whe  aQgXlaU  UeVRlXWiRQ
RbWaiQed  XViQg  MC  ViPXlaWiRQV.  FRU  each  eQeUg\  biQ,  a
GaXVViaQ  fXQcWiRQ  iV  XVed  WR  fiW  Whe  aQgXlaU  diVWUibXWiRQ
VhRZQ iQ Whe lefW-haQd aQd Piddle SaQelV Rf Fig. 16. The
UeVXlWiQg    fURP CUab daWa  iV  cRQViVWeQW  ZiWh  ViPXla-

WiRQV, aV VhRZQ iQ Whe UighW-haQd SaQel Rf Fig. 16.

E.    6SHFWUDO HQHUJ\ GLVWULEXWLRQ
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α χ2

The Ȗ-Ua\ flX[ fURP Whe CUab NebXla iV eVWiPaWed XV-
iQg Whe QXPbeU Rf e[ceVV eYeQWV (N ) aQd Whe cRUUeVSRQd-
iQg VWaWiVWical XQceUWaiQW\ ( ) iQ each eQeUg\ biQ. The Ȗ-
Ua\ ePiVViRQ fURP Whe CUab NebXla iV aVVXPed WR fRllRZ
a  SRZeU-laZ  VSecWUXP  f(E) .  The  UeVSRQVe  Rf  Whe
KM2A deWecWRU ZaV ViPXlaWed b\ WUaciQg Whe WUajecWRU\ Rf
Whe CUab NebXla ZiWhiQ Whe FOV Rf KM2A. The beVW-fiW
YalXeV Rf J aQd   aUe RbWaiQed b\ PiQiPi]iQg a   fXQc-
WiRQ fRU 7 eQeUg\ biQV:

χ2=

7∑

i=1
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Nsi
−NMCi

(J,α)
σNsi

)2

. ���

−1 −2 −1

SiQce Whe fiW Rf Whe VSecWUXP iV fRUZaUd-fRlded, Whe bi-
aVeV aQd eQeUg\ UeVRlXWiRQ iQ Whe eQeUg\ aVVigQPeQWV aUe
WakeQ iQWR accRXQW. The iQflXeQce cRPiQg fURP Whe aV\P-
PeWU\  iQ  eQeUg\  UeVRlXWiRQ  VhRZQ  iQ Fig.  8  caQ be   Qeg-
lecWed.  The  UeVXlWiQg  diffeUeQWial  flX[  (TeV   cP   V )

σSFLJ. 14.      (cRlRU RQliQe) SigQificaQce PaSV ceQWeUed RQ Whe CUab NebXla aW WhUee eQeUg\ UaQgeV.    iV Whe VigPa Rf Whe 2-diPeQViRQ
GaXVViaQ WakeQ accRUdiQg WR Whe PSF Rf KM2A. The cRlRU UeSUeVeQWV Whe VigQificaQce. S iV Whe Pa[iPXP YalXe iQ Whe PaS.

 

 

FLJ. 15.    (cRlRU RQliQe) The ceQWURid Rf Whe VigQificaQce PaS
aURXQd Whe CUab NebXla iQ R.A. aQd Dec diUecWiRQV aV a fXQc-
WiRQ Rf eQeUg\. The daVhed liQeV VhRZ cRQVWaQW YalXeV WhaW fiW
Whe ceQWURid fRU all eQeUgieV.

ObVeUYaWiRQ Rf Whe CUab NebXla ZiWh LHAASO-KM2A í a SeUfRUPaQce VWXd\ ChiQ. Ph\V. C 45, 025002 (2021)
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LHAASO Collaboration, 
Chin. Phys. C45, 023002 (2021)
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Extended Data Fig. 1 | Spectral gamma-ray energy distribution of G106.3+2.7. a, The flux data points with 1σ statistical error bars include measurements 
by Tibet AS+MD (red dots; this work), Fermi30 (blue squares), VERITAS14 (purple pentagons) and the Dominion Radio Astrophysical Observatory’s 
Synthesis Telescope2 (turquoise blue dots). The two red downward arrows above 1014 eV show 99% C.L. upper limits obtained by this work. Note that 
all the VERITAS data points are raised by a factor of 1.62 to account for the spill-over of gamma-ray signals outside their window size of 0.32∘ radius. 
The best-fit gamma-ray energy spectrum in the leptonic model is shown by the black solid curve, with the flux by the electron synchrotron radiation (the 
orange solid curve), the IC scattering of CMB photons (the green dashed curve) and the IC scattering of IR photons (the light blue dash-dotted curve). The 
gray open diamond shows the flux of PSR J2229+6114 obtained in the 2!−!10 keV range6. b, The best-fit gamma-ray energy spectrum in the hadronic model 
is shown by the turquoise blue solid curve. The lower panels show the residual Δσof the fit.

NATURE ASTRONOMY | www.nature.com/natureastronomy

LETTERSNATURE ASTRONOMY

package18, which allows us to estimate the parent particle spectrum 
to best reproduce the observed gamma-ray energy spectrum. For 
the energy distribution of the parent particles, we assume an expo-
nential cut-off power-law form of dN=dE / E!α exp !E=Ecutð Þ

I
. 

We provide the best-fit gamma-ray spectra for hadronic and lep-
tonic models (Extended Data Fig. 1) and list the best-fit param-
eters (Supplementary Table 2). In the hadronic model, we obtain 
Ecut ≈ 0.5 PeV and α ≈ 1.8. The value of α falls between that pre-
dicted in the standard diffusive shock acceleration (α = 2) and the 
asymptotic limit of the very efficient proton acceleration (α = 1.5)  
(refs. 19,20). The total energy of protons with energies >1 GeV 
(>0.5 PeV) is estimated to be ~5.0 × 1047 erg (3.0 × 1046 erg) for a tar-
get gas density of 10 cm−3. One might argue that, considering the 
estimated SNR age of 10 kyr, PeV protons escape the SNR much 
earlier than the present time in the standard theory of cosmic-ray 
acceleration. Given that Ecut ≈ 0.5 PeV and that the maximum energy 
of protons that remain inside an SNR is proportional to τ−0.5 where 
τ is the SNR age21, protons should be accelerated up to ~1.6 PeV at 
τ = 1 kyr in the case of G106.3+2.7. This suggests that the accelera-
tion of protons at G106.3+2.7 should be efficient enough21 to push 
their maximum energy up to ~1.6 PeV during the SNR free expan-
sion phase. In addition, G106.3+2.7 has a dense molecular cloud 
nearby that is indispensable for accelerated protons to produce 
TeV gamma rays via π0 production. With α ≈ 1.8, the proton energy 
spectrum does not appear softened, which implies that protons may 
not be able to escape the SNR easily owing to the suppression of the 
diffusion coefficient (Supplementary Information). Future observa-
tions of the physical parameters of G106.3+2.7 such as the magnetic 
field and the particle density could provide useful information for 
these theoretical studies on its mechanisms of particle acceleration 
and confinement.

Alternatively, the observed gamma-ray emission might result 
from protons accelerated by the SNR up to 0.1 PeV and then 
re-accelerated up to 1 PeV by the adiabatic compression of the 
Boomerang pulsar wind nebula (PWN) inside the SNR22. If the 
adiabatic compression ended at an age of 5 kyr as estimated in ref. 22,  
accelerated PeV protons need to travel a distance of 6 pc from the 
Boomerang PWN to the molecular cloud during the lapse time 
of T = 5 kyr until the present time. The diffusion coeffiicient of a 
0.5 PeV proton in the interstellar medium with a magnetic field of 
3 μG would be D ≈ 2 × 1030 cm2 s−1 (ref. 23), which gives a diffusion 
length of L ! 2

ffiffiffiffiffiffiffi
DT

p

I
 = 380 pc (ref. 24) for T = 5 kyr. As the diffusion 

length around an SNR could be shorter by a factor of 10 or more25, 
we then estimate L ≲ 38 pc. As this is much larger than 6 pc, it would 
be possible for 0.5 PeV protons to diffuse from the Boomerang 
PWN to the molecular cloud and emit TeV gamma rays through π0 
production. This scenario might not be natural, however, consid-
ering that TeV gamma-ray emissions have not been detected from 
other molecular cloud clumps around the source (Fig. 1, green con-
tours) although protons should also be able to diffuse up to them, 
and considering that the proton spectrum needs to be kept hard 
with α ≈ 1.8 after the diffusion of 6 pc for T = 5 kyr.

In the leptonic model, we obtain Ecut ≈ 190 TeV, α ≈ 2.3 and an 
SNR magnetic field strength of ~9 μG. The total energy of relativistic 
electrons with energies >10 MeV is estimated to be ~1.4 × 1047 erg. 
We estimate (Supplementary Information) that electrons need to be 
newly accelerated within 1 kyr if they originate from the SNR, and 
that electrons provided by the Boomerang PWN are not likely to 
produce the observed gamma-ray emission in view of the energy 
budget and the gamma-ray morphology. The X-ray flux for the 
small 2′-radius region at PSR J2229+6114 has been measured in the 
2−10 keV range6, whereas the X-ray flux for the extended region 
of our gamma-ray emission region with the 1σ extent of 0.24° has 
not been published yet, although X-ray data of the region observed 
by Suzaku, XMM-Newton and Chandra are publicly available 
(https://www.darts.isas.jaxa.jp/astro/suzaku/data/public_list/). We 
point out that a flux upper limit on the synchrotron spectrum at 
the X-ray band would provide important information to rule out 
the leptonic scenario for particle acceleration at the gamma-ray 
source (Supplementary Fig. 1). In a scenario presented in previous  
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Fig. 1 | Significance map around SNR G106.3+2.7 as observed by 
Tibet AS+MD above 10!TeV. The inset figure shows our point spread 
function (PSF). The red star with a 1σ statistical position error circle is 
the centroid of gamma-ray emissions determined by this work, whereas 
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centroids determined by VERITAS14, Fermi29 and HAWC15, respectively The 
black contours indicate 1,420!MHz radio emissions from the Dominion 
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emission marks the pulsar PSR J2229+6114.
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Figure 1. Significance maps of the region monitored by LHAASO. A point test source with a spectral index
of 2.6 for WCDA data and 3.0 for KM2A data is used.

significance. In this work, a power-law spectrum is assumed with an index of 2.6 for WCDA data in
the energy range 1�25 TeV and 3.0 for KM2A data at energies E > 25 TeV as initial conditions.
This leaves only one free parameter for the likelihood calculation. According to Wilks’ Theorem, the
TS is distributed as �2 with one degree of freedom (dof), and the significance can be estimated with
S =

p
TS. Figure 1 shows the significance maps obtained in the energy bands 1 TeV < E < 25 TeV

and E > 25 TeV in Galactic coordinates. The signals are clearly visible. However, most sources
in the Galactic plane are nearby and overlapping. Hence, further analysis is needed to derive each
source separately.

3. CONSTRUCTION OF THE CATALOG

The identification of point-like gamma-ray sources and their corresponding significance can be
roughly derived from Figure 1. However, it is important to note that the significance may be over-
estimated due to the overlap with nearby sources. Conversely, in the search for point sources, a
significant portion of the sources may actually be extended, resulting in an underestimation of their
significance. To improve source detection, the significance of a given source is reassessed by coupling
the fitting of localization, extension and spectrum, and new potential sources are also explored. In

LHAASO Collaboration, arXiv:2305.1703v1 (2023)
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1. Array coverage 82,800m2

= 401 x 1m2 plastic scintillators

2. Underground water Cherenkov 
muon detector (MD)  3700m2

Soil over 2m (~16X0) 
= 58m2 with 20”f PMT  x 64 cells

2m
15m

ü Cosmic-ray BG rejection power >99.9% @100TeV.
ü Angular resolution ~0.2° @100TeV,   Energy resolution ~20%@100TeV
ü 100% duty cycle, FOV 𝜃zen<40°(well studied), 𝜃zen<60°(in study) 
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- Energy resolution ~20%  @100TeV 10



ALPACA Construction Plan
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Current configuration

1st MD construction
in 2025

ALPAQUITA w/ MD
gamma-ray sensitive observation
starts in 2025

Full ALPACA
construction in 2026



Heart of the experiment
~Underground muon detector~
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• Long discussions with Bolivian design companies => fixed
• Public call for construction company soon
• Construction of the 1st MD will start in 2025
• First gamma-ray sensitive observation starts in 2025 
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 4      RESUMEN EJECUTIVO 

 
 
 
4. Desarrollo del Proyecto 

4.1. Diseño Arquitectónico 
 
La arquitectura del MD POOL, es sumamente fundamental, no entraña mayores detalles, 
observando una tanque enterrado, con dos ingresos opuestos en sus vértices, los ingresos serán 
mediante una tapa metálica tipo escotilla.  
 

 
vista en 3D del MD POOL, justamente con el entorno natural 

 
4.2. Diseño estructural 

 
El Tanque Subterráneo, es una estructura de hormigón armado de 30mx30mx3.2m enterrado a 
una profundidad de 5.75m y una carga de tierra de 2.5m de altura, además cuenta con dos 
ingresos ubicados en sus extremos diagonalmente opuestos. 
Los dos ingresos tienen un tamaño 2.8x2.8m en el plano horizontal, modelado mediante muros 
de hormigón armado de un espesor de 15cm y una losa maciza (cubierta) con espesor también 
de 15 cm. Para poder ingresar se cuenta con una tapa metálica de ingreso de 90x90cm y una 
escalera marinera metálica, además cuenta con un descanso a una altura de -2.5m, modelado 

6

Site photo + CG image of MD by design company
30m



ALPAQUITA Air Shower Array

Construction status:
2022 Jun.  Deploy detectors
2022 Sep. Partial operation
2023 Apr.  Full operation

¼ALPACA-scale air shower array
1m2 scintillation detector x 97 with 15m spacing
Effective area ~18,000m2

1m2 5mm lead plate
1m2  Scintillator
(50cm x 50cm x 5cm x4)

Inverse pyramid shape
Stainless steel box
(White painted inside)

2-inch PMT  x1

Air Shower Trigger Condition：
Any 4 （Any3 since Jun 2024）detectors with >0.6 
particles within 600ns
à Rate ~280Hz @ CR mode energy ~7 TeV

Counting Mode Condition：
Any1, Any2, Any3, Any4 rates every 0.1 sec 13



ALPAQUITA 
monitoring

14

Daily monitoring
• Eye scan
• Automatic failure detection



Electric field correlation?

15

ALPAQUITA Any1

ALPAQUITA Any2

ALPAQUITA Any3

ALPAQUITA Any4

Electric field



DqOP Median ~1.96 deg

Angular resolution
s50 = DqOP / 2 = ~1o

Even-Odd opening angle：
Opening angle between directions determined
by two independent arrays (even and odd arrays)

Event selection criteria:
• Zenith angle < 40deg
• In Array flag = on
• 1.25 Any 4 flag =  on
• Residual error < 1.0

Performance of ALPAQUITA
Even-Odd Method

DqOP

16



Data-MC comparison
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• Detector calibration data are taken into account
• Good agreement between experimental data and MC
• Air shower array shows expected performance

even-odd opening angle

Total number of particles

zenith angle
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Moon Shadow

Expected line
assuming 1.1o resolution

Center position 0.3o westward

• Shadow of the moon is clearly detected at >8𝜎
• Evolution of the deficit depth suggests the angular 

resolution of 1.1 degree (mode energy = a few TeV)

2𝜎
4𝜎

6𝜎
8𝜎



Forbush decrease in May 2024
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Neutron Monitors and GMDN

ALPAQUITA Any1 and Any2

Hayakawa et al. 2024, Submitted Manuscript: 
The Solar and Geomagnetic Storms in May 2024 
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Figure 12: Temporal evolutions of interplanetary magnetic field (IMF), solar wind speed and density, 
geomagnetic disturbance, and auroral visibility. The first panel shows the interplanetary magnetic 
field of the solar wind in By (blue) and Bz (red) in the GSM coordinates. The second panel shows 
the solar wind velocity. The third panel shows the density of the solar wind. For these three panels, 
we have derived their source data from the 5-min OMNI data (Papitashvili and King, 2020). The 
IMF and the solar wind data are time-shifted to the subsolar point of Earth’s bow shock. Thus, the 
variations are subject to change depending on the algorithm of the calculation. The fourth panel 

Hayakawa et al. 2024, Submitted Manuscript: 
The Solar and Geomagnetic Storms in May 2024 
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Figure 12: Temporal evolutions of interplanetary magnetic field (IMF), solar wind speed and density, 
geomagnetic disturbance, and auroral visibility. The first panel shows the interplanetary magnetic 
field of the solar wind in By (blue) and Bz (red) in the GSM coordinates. The second panel shows 
the solar wind velocity. The third panel shows the density of the solar wind. For these three panels, 
we have derived their source data from the 5-min OMNI data (Papitashvili and King, 2020). The 
IMF and the solar wind data are time-shifted to the subsolar point of Earth’s bow shock. Thus, the 
variations are subject to change depending on the algorithm of the calculation. The fourth panel 

Hayakawa et al., ApJ, 979:49, 2025.

shock arrival



Median rigidity and amplitude
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• ALPAQUITA response function in CR rigidity
• MC simulation with a model CR spectrum and

composition
• Median rigidity above 12GV geomagnetic cutoff

Any1:76GV, Any2:960GV

ALPAQUITA 
Any1

ALPAQUITA 
Any2 UL

in progress

• Median rigidity and FD amplitude
• ALPAQUITA Any1 aligns with the traditional experiments
• ALPAQUITA Any2 will give a strong constraints at

highest rigidity (UL determination in progress)



PID with Muon lateral (MC study)
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Fig. 3 Normalized muon lateral distribution at an altitude of 4740m, for �-ray initiated showers (blue)
and hadrons (orange). The simulated air showers have energies in the range between 300 to 500TeV and
zenith angles between 15 to 30�
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where Rn is a normalization factor equal to 125 m and k is a free parameter used for

the optimization of the classification process. In general, mk is dependent on both the

energy and zenith angle of the primary particles and therefore, the parameter k is use-

ful to maximize the separation between primaries according to di↵erent conditions. As

mentioned before, this method is similar to the one expressed in [18], which is in turn

inspired on an observable developed for composition studies [24]. Lastly, is important

to notice that when k = 0, Equation 1 is equivalent to the total number of muons in

the shower (
P

Nµ). We will use the analysis with k = 0 as our reference, since it con-

stitutes the main method for �/hadron discrimination in the ALPACA/ALPAQUITA

experiment [17].

Next, we will assess the performance of the classification using mk. We perform

this analysis by means of the separation power ⌘ defined in Equation 2:
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the weight MLD we are able to enhance the sensitivity of ALPAQUITA+MD. In par-

ticular, by using a weight between 1.0 to 2.2 we achieve an improvement between 5

to 18 % in the energy range from 10 to 100TeV. Nevertheless, from the results in the

Figure we should exclude the use of values k > 1.8, since they achieve worse perfor-

mance. That means, despite these values having higher separation powers (taking into

account the right panel of Figure 11), the sensitivity for k > 1.8 is a↵ected by the Q-

factors in each bin and the shift in break point of the distribution. Consequently, the

best sensitivity is achieved with k = 1.6, which in turn could lead to the observation

of 1 or 2 more �-ray point sources in this energy range (taking into account Figure 17

in [17]).
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Fig. 13 Ratio of sensitivities Sk/Sk=0 for di↵erent values of k. The color scale represents the values of
k, ranging from k = 1 (dark) to k = 3 (light color) in intervals of 0.2

5 Conclusion

The observation of � with energies above 100TeV will be crucial to establish the

sources of cosmic rays in our Galaxy and understand its acceleration mechanisms.
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CR showers

gamma-ray showers

lateral distance weighted Nmu
k=0 : nominal

sensitivity improvement w.r.t. k=0 (nominal)

Experimental Astronomy, accepted (2025)

better sensitivity 
than nominal



Summary
• 南半球でsub-PeVガンマ線を観測するALPACA実験を進⾏中
• ¼サイズのALPAQUITA地上アレイが稼働中

• 雷同期事象を観測か
• 基本特性（天頂⾓、∑ 𝜌、even-odd開き⾓）をMCで再現
• ⽉の影を10シグマで確認
• Counting modeで Forbush decreaseを検出。~1TVで制限。
• Muon lateral分布を利⽤したガンマ線検出感度向上

• 2025年に地下ミューオン検出器1号機を建設し、ガンマ線天⽂
学を開始
• 2026年に Full ALPACA (w/ 4 MDs)を完成し、本格的な観測を

開始
22
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Installation of cables Installation of PMTs

GPS survey DAQ system 24



ALPAQUITA Env monitor
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ALPAQUITA Air Shower Analysis
g-ray/cosmic ray

Interaction with atmosphere

Secondary particles (Air shower)

Surface particle detector

Red arrow:
head à core position
direction à arrival direction
length à zenith angle

E ~20 TeV

1. Relative arrival timing   (Color scale)
2. Number of particles (Circle size)
à Reconstruct direction and energy

Electromagnetic (e+/-, g)
Muons  (µ+/-)
Hadrons (p+/-/0 …)

conical shape fitting
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E >100 TeV
(mostly hadronic CRs)

Big Events!
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