
Figure 1: (Left) An example of a cosmic-ray extensive air shower recorded by the CCD of
Subaru-HSC. (Right) A schematic view of the four possible incident directions of a charged
particle penetrating the depletion layer of a CCD.

Mauna Kea in Hawaii. Subaru HSC typically observes distant stars, galaxies and other inter-

stellar objects in the optical and infrared by utilising more than one hundred 2k⇥4k Charge

Coupled Devices (CCDs). The total area of the CCD array is approximately 0.18m2.

When an extensive air shower occurs in the vicinity of Subaru HSC, charged particles pene-

trate into the depletion layer of the CCDs. If this occurs during an exposure period i.e. whilst the

telescope is measuring, the particles leave long thin “tracks” on the final image. An example of

this effect is shown in Figure 1 (left). In this case, the majority of tracks are aligned in a similar

direction, indicating the probable arrival direction of the original cosmic ray. Noticeably, there

are a few tracks not aligned with the general direction of the shower. These may be deflected

particles from the same shower, or randomly directed particles originating from the constant

background of low energy cosmic ray showers.

The angle of entry into the CCD for each particle can be determined based on the tracks

length. However, this still leaves 4 possibilities for the 3D direction of the particle, as illus-

trated in Figure 1 (right). The procedure for deciding upon a particles direction and how these
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primarily consist of electromagnetic particles.
We applied a neural network proton-photon
classifier, developed for photoinduced shower
searches using the TA SD (23, 24), to this event.
The classifier excludes a photon as the pri-
mary particle at the 99.986% confidence lev-
el, instead favoring a proton as the primary

particle. However, the classifier is unable to
distinguish between protons and heavier
nuclei for this event because the fluorescence
detectors were not operating at the time (owing
to bright moonlight).
The core position of this event was located

1.1 km from the northwest edge of the SD (Fig.

1A). We evaluate the statistical uncertainty
of the reconstructed energy using a detector
simulation (12) and assuming the reconstructed
geometry and energy parameters; we find an
energy resolution of 29 EeV for this event.
Assuming an energy spectrum of E−4.8 above
100 EeV, as previously measured using the TA

Fig. 1. The high-energy particle event observed by TA SD on 27 May 2021.
(A) Map of the TA SD; each dot indicates the location of a SD station. The black
arrow indicates the shower direction projected on the ground. The landing shower
core position was located at (−9471 ± 31 m, 1904 ± 23 m), measured from the
center of the SD. The size of the colored circles is proportional to the number of
particles detected by each station, and the color denotes the relative time from
the earliest detector [both quantified in (B)]. (B) The corresponding detector
waveforms for each station, in flash analog–to–digital converter (FADC) counts. Each
detector has a separate y axis. Labels indicate the detector number, total signal
in units of the minimum ionizing particle (MIP), and the distance from the shower
axis. Thick and thin lines (mostly overlapping) are the recorded signals in the upper and lower layers of each station. Each SD is identified by a four-digit number:
The first two digits correspond to the column of the array in which the SD is located (numbered west to east), and the second two digits correspond to the row
(numbered south to north). Colors correspond to those in (A). UTC, coordinated universal time.

Table 1. Reconstructed properties of the high-energy event. The reconstructed energy and S800 are given for the high-energy particle. The arrival
direction is given in both the observed zenith-azimuth coordinates and the derived equatorial coordinates. The azimuth angle is defined to be anticlockwise
from the east. The event time is expressed in UTC.

Time (UTC) Energy (EeV) S800 (m−2) Zenith angle Azimuth angle R.A. Dec.

27 May 2021 10:35:56 244 T 29 stat:ð Þ þ51
$76 syst:ð Þ 530 ± 57 38.6 ± 0.4° 206.8 ± 0.6° 255.9 ± 0.6° 16.1 ± 0.5°
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primarily consist of electromagnetic particles.
We applied a neural network proton-photon
classifier, developed for photoinduced shower
searches using the TA SD (23, 24), to this event.
The classifier excludes a photon as the pri-
mary particle at the 99.986% confidence lev-
el, instead favoring a proton as the primary

particle. However, the classifier is unable to
distinguish between protons and heavier
nuclei for this event because the fluorescence
detectors were not operating at the time (owing
to bright moonlight).
The core position of this event was located

1.1 km from the northwest edge of the SD (Fig.

1A). We evaluate the statistical uncertainty
of the reconstructed energy using a detector
simulation (12) and assuming the reconstructed
geometry and energy parameters; we find an
energy resolution of 29 EeV for this event.
Assuming an energy spectrum of E−4.8 above
100 EeV, as previously measured using the TA

Fig. 1. The high-energy particle event observed by TA SD on 27 May 2021.
(A) Map of the TA SD; each dot indicates the location of a SD station. The black
arrow indicates the shower direction projected on the ground. The landing shower
core position was located at (−9471 ± 31 m, 1904 ± 23 m), measured from the
center of the SD. The size of the colored circles is proportional to the number of
particles detected by each station, and the color denotes the relative time from
the earliest detector [both quantified in (B)]. (B) The corresponding detector
waveforms for each station, in flash analog–to–digital converter (FADC) counts. Each
detector has a separate y axis. Labels indicate the detector number, total signal
in units of the minimum ionizing particle (MIP), and the distance from the shower
axis. Thick and thin lines (mostly overlapping) are the recorded signals in the upper and lower layers of each station. Each SD is identified by a four-digit number:
The first two digits correspond to the column of the array in which the SD is located (numbered west to east), and the second two digits correspond to the row
(numbered south to north). Colors correspond to those in (A). UTC, coordinated universal time.

Table 1. Reconstructed properties of the high-energy event. The reconstructed energy and S800 are given for the high-energy particle. The arrival
direction is given in both the observed zenith-azimuth coordinates and the derived equatorial coordinates. The azimuth angle is defined to be anticlockwise
from the east. The event time is expressed in UTC.

Time (UTC) Energy (EeV) S800 (m−2) Zenith angle Azimuth angle R.A. Dec.

27 May 2021 10:35:56 244 T 29 stat:ð Þ þ51
$76 syst:ð Þ 530 ± 57 38.6 ± 0.4° 206.8 ± 0.6° 255.9 ± 0.6° 16.1 ± 0.5°
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Conventional air-shower detector
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10 μs

Telescope Array Experiment
3 m2 plastic scintillator

507 detectors with 1.2 km 
spacings to cover 700 km2 in 

Utah, USA

1.2 km

Detection of 244-EeV comic ray reported in
Science 382, 903 (2023), dubbed "Amaterasu" particle



5Visualizing high energy particles of extensive air showers with 
Subaru Hyper Supreme-Cam

Direct detection of Subaru HSC CCDs

Image credit: https://subarutelescope.org

Altitude 4139 m, Mauna Kea, Hawai 
Optical and Infra-red telescope  
8.2 m diameter mirror 
34' x 27' field of view

CCD size 
30 mm x 60 mm  
0.2 mm thickness 
150 sec. exposure 

116 CCDs

Seeing shower!

App Store (Mac)

https://subarutelescope.org


Figure 1: (Left) An example of a cosmic-ray extensive air shower recorded by the CCD of
Subaru-HSC. (Right) A schematic view of the four possible incident directions of a charged
particle penetrating the depletion layer of a CCD.

Mauna Kea in Hawaii. Subaru HSC typically observes distant stars, galaxies and other inter-

stellar objects in the optical and infrared by utilising more than one hundred 2k⇥4k Charge

Coupled Devices (CCDs). The total area of the CCD array is approximately 0.18m2.

When an extensive air shower occurs in the vicinity of Subaru HSC, charged particles pene-

trate into the depletion layer of the CCDs. If this occurs during an exposure period i.e. whilst the

telescope is measuring, the particles leave long thin “tracks” on the final image. An example of

this effect is shown in Figure 1 (left). In this case, the majority of tracks are aligned in a similar

direction, indicating the probable arrival direction of the original cosmic ray. Noticeably, there

are a few tracks not aligned with the general direction of the shower. These may be deflected

particles from the same shower, or randomly directed particles originating from the constant

background of low energy cosmic ray showers.

The angle of entry into the CCD for each particle can be determined based on the tracks

length. However, this still leaves 4 possibilities for the 3D direction of the particle, as illus-

trated in Figure 1 (right). The procedure for deciding upon a particles direction and how these
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CR層から情報を取り出す
小池先生に習ってpythonコード作る。

~michitaro/anaconda3/bin/python で動かさないといけない。
/mnt/das03/michitaro/cr-counter/extracted/*/*/corr/CORR-0030138*.gz のような
ファイルを自分の所に持ってきてgunzipして処理にかける。
for file in CORR-*.fits ; do ~michitaro/anaconda3/bin/python ../python/cr.py $file
>> data.data ; done

例
個々のCRの重心

クリックでフルサイズ表示
個々のCRを直線近似したときのパラメータ分布。横軸:原点から直線に下ろした法線の角
度、縦軸:原点から直線に下ろした法線の長さ。

Particle densities detected by Subaru HSC

600 mm



Directional analysis of cosmic-ray shower particles
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CR層から情報を取り出す
小池先生に習ってpythonコード作る。

~michitaro/anaconda3/bin/python で動かさないといけない。
/mnt/das03/michitaro/cr-counter/extracted/*/*/corr/CORR-0030138*.gz のような
ファイルを自分の所に持ってきてgunzipして処理にかける。
for file in CORR-*.fits ; do ~michitaro/anaconda3/bin/python ../python/cr.py $file
>> data.data ; done

例
個々のCRの重心

クリックでフルサイズ表示
個々のCRを直線近似したときのパラメータ分布。横軸:原点から直線に下ろした法線の角
度、縦軸:原点から直線に下ろした法線の長さ。
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CCD上での飛跡の向きと天頂方向
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3-D projection of the arrival directions
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Figure 1: (Left) An example of a cosmic-ray extensive air shower recorded by the CCD of

Subaru-HSC. (Right) A schematic view of the four possible incident directions of a charged

particle penetrating the depletion layer of a CCD.

Mauna Kea in Hawaii. Subaru HSC typically observes distant stars, galaxies and other inter-

stellar objects in the optical and infrared by utilising more than one hundred 2k⇥4k Charge

Coupled Devices (CCDs). The total area of the CCD array is approximately 0.18m2 .

When an extensive air shower occurs in the vicinity of Subaru HSC, charged particles pene-

trate into the depletion layer of the CCDs. If this occurs during an exposure period i.e. whilst the

telescope is measuring, the particles leave long thin “tracks” on the final image. An example of

this effect is shown in Figure 1 (left). In this case, the majority of tracks are aligned in a similar

direction, indicating the probable arrival direction of the original cosmic ray. Noticeably, there

are a few tracks not aligned with the general direction of the shower. These may be deflected

particles from the same shower, or randomly directed particles originating from the constant

background of low energy cosmic ray showers.

The angle of entry into the CCD for each particle can be determined based on the tracks

length. However, this still leaves 4 possibilities for the 3D direction of the particle, as illus-

trated in Figure 1 (right). The procedure for deciding upon a particles direction and how these

3
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Subaru HSC data set and search result
Subaru HSC data set between March 2014 and January 2020, total 875 hours exposure.

Formulate the "background model" of single electromagnetic and/or muonic particles

Select "significant" excess events with >20σ compared to background fluctuation → 13 events
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Figure 2: The largest excess visit of Subaru-HSC. Left figure shows positions of cosmic ray
tracks in CCDs. Right figure show the trace back direction of cosmic ray tracks. The large open
circle indicates a pointing direction of Subaru telescope.
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up-going particles are excluded (A and C in Fig. 3), then each measured track has two possible directions (B and 
D in Fig. 3). These directions differ by 180◦ in azimuth in the frame of the camera and have similar probabilities. 
For the sake of demonstration, we choose the trajectory with the smallest zenith angle. Regardless of whether 
this is the true direction, the observation of clustering will be evidence of an EAS. Choosing one direction in 
this way limits the effective detection area of the telescope to π sr.

For each visit, the directions of the detected tracks were traced back to their position on the sky and plot-
ted as 2D histograms. Two example histograms for visits 073808 and 161642, together with the positions of 
the raw tracks on the CCDs, are shown in Fig. 4. The sky-map histograms have been divided into 12,288 bins, 
with each bin equivalent to ∼ 0.001 sr. A clustering of particle arrival directions is clearly visible for both visits, 
indicating a common source for these particles i.e. a primary cosmic ray. All significant visits show some level 
of clustering. The open black circles in Fig. 4 represent the telescope pointing direction, with these regions also 
containing a large number of entries. This is due to both the increased likelihood of detecting particles coming 
from the telescope pointing detection and an artifact of the analysis procedure which causes the track detection 
algorithm to misinterpret stars, tracks which cross each other, and coincidental bundles of high signal pixels as 
short particle tracks.

��������������������������������
For a single detector, the clustering observed in our results is encouraging and is evidence of having observed 
EASs. With additional silicon imaging detectors, the arrival direction, energy and mass composition of primary 
cosmic rays may be able to be reconstructed. Particle densities at each detector could be directly calculated based 
on the number of tracks and related to a primary energy through a lateral distribution fit, whilst the clustering 

Table 3.  Event information of the possible extensive air showers detected by Subaru HSC.

Visit Date UT Filter ψtel φtel Bsky Ntrack Nmodel Nexcess

034298 2015-07-14 09:17:32 HSC-g 54.2 138.9 413 24745 16685 8060
034480 2015-07-14 13:28:20 HSC-g 72.7 1.4 423 28276 18760 9516
034814 2015-07-15 14:47:34 HSC-r 64.7 45.5 1559 35124 19424 15700
039340 2015-10-06 14:08:04 HSC-y 43.3 63.4 6209 36354 22328 14026
069450 2016-04-15 10:55:54 HSC-y 55.5 54.3 7843 38513 24810 13703
073808 2016-06-11 09:42:43 HSC-i2 59.0 57.1 2880 99476 25113 74363
146672 2018-04-22 09:42:33 HSC-r2 63.2 50.7 2845 32509 18302 14207
161642 2019-01-07 15:31:21 HSC-g 57.4 55.0 358 40683 17182 23500
162680 2019-01-11 05:20:15 HSC-z 66.0 37.0 1874 33089 23908 9181
163754 2019-02-02 15:35:37 HSC-g 51.7 68.7 367 23441 16365 7076
190348 2019-11-01 10:00:11 HSC-g 60.7 61.1 418 26593 17657 8936
202364 2020-01-03 12:39:19 HSC-g 51.1 -67.2 396 24279 15839 8440
203690 2020-01-20 14:27:54 HSC-r2 67.3 -48.5 1017 27180 18166 9014

Figure 3.  A schematic view of the four possible incident directions of a charged particle penetrating the 
depletion layer of a CCD. The open arrows indicate the direction of charge transfer inside the depletion layer of 
the CCD. All four incident directions result in the same track being recorded. The up-going directions (A) and 
(C) are unlikely for cosmic rays (and hence their associated secondary particles).



Reconstructing arrival direction of shower particles
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Results of other extensive air shower events
12
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Future plan to install surface detector array in Subaru
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Discussion to install surface detector array at ventilation room 

4 x 1 m2 plastic scintillators with 20 m spacing 

A new "hybrid" detection with surface detector array and sillicon imaging detector 

1 m
1 m

1 m2 scintillator

Subaru telescope

shower
 front
v ~ c

shower axis



Application for "Dark Matter" or new physics search
Unprecedented detailed measurements for cosmic ray extensive air showers 

Possibility on proton, He, Li, Be ..... Fe identification by separating electrons and 
muons 

Understanding air-shower physics and hadron interaction models 

Search for dark matter signal in CCD of Subaru HSC? 

Potential on new physics search? (Discussed with M. Yamanaka) 

Search for Lepton flavor violating decay?
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Lepton Family number (LF ) violating modesLepton Family number (LF ) violating modesLepton Family number (LF ) violating modesLepton Family number (LF ) violating modes

Γ4 e− νe νµ LF [c] < 1.2 % 90%

Γ5 e−γ LF < 4.2 × 10−13 90%

Γ6 e− e+ e− LF < 1.0 × 10−12 90%

Γ7 e− 2γ LF < 7.2 × 10−11 90%

Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

(gµ+ − gµ−) / gaverage(gµ+ − gµ−) / gaverage(gµ+ − gµ−) / gaverage(gµ+ − gµ−) / gaverage

A test of CPT invariance.

VALUE (units 10−8) DOCUMENT ID TECN

−0.11±0.12−0.11±0.12−0.11±0.12−0.11±0.12 BENNETT 04 MUG2
• • • We do not use the following data for averages, fits, limits, etc. • • •

−2.6 ±1.6 BAILEY 79 CNTR

µ ELECTRIC DIPOLE MOMENT (d)µ ELECTRIC DIPOLE MOMENT (d)µ ELECTRIC DIPOLE MOMENT (d)µ ELECTRIC DIPOLE MOMENT (d)

A nonzero value is forbidden by both T invariance and P invariance.

VALUE (10−19 e cm) CL% DOCUMENT ID TECN CHG COMMENT

< 1.8< 1.8< 1.8< 1.8 95 1 BENNETT 09 MUG2 ± Storage ring

• • • We do not use the following data for averages, fits, limits, etc. • • •

−0.1±1.0 2 BENNETT 09 MUG2 + Storage ring
−0.1±0.7 3 BENNETT 09 MUG2 − Storage ring
−3.7±3.4 4 BAILEY 78 CNTR ± Storage ring
8.6±4.5 BAILEY 78 CNTR + Storage ring
0.8±4.3 BAILEY 78 CNTR − Storage ring

1This is the combination of the two BENNETT 09 measurements quoted here separately

for µ+ and µ−. The result is also presented as a measurement of (0.0 ± 0.9)× 10−19e
cm.

2Also reported as the limit of
∣

∣d(µ+)
∣

∣ < 2.1× 10−19 e cm at 95% CL.
3Also reported as the limit of

∣

∣d(µ−)
∣

∣ < 1.5× 10−19 e cm at 95% CL.
4This is the combination of the two BAILEY 78 results quoted here separately for µ+ and

µ−. BAILEY 78 uses the convention d = 1/2 · (d
µ+

− d
µ−

) and reports 3.7 ± 3.4. We

convert their result to use the same convention as BENNETT 09.

MUON-ELECTRON CHARGE RATIO ANOMALY qµ+/qe− + 1MUON-ELECTRON CHARGE RATIO ANOMALY qµ+/qe− + 1MUON-ELECTRON CHARGE RATIO ANOMALY qµ+/qe− + 1MUON-ELECTRON CHARGE RATIO ANOMALY qµ+/qe− + 1

VALUE DOCUMENT ID TECN CHG COMMENT

(1.1±2.1)× 10−9(1.1±2.1)× 10−9(1.1±2.1)× 10−9(1.1±2.1)× 10−9 1 MEYER 00 CNTR + 1s–2s muonium
interval

1MEYER 00 measure the 1s–2s muonium interval, and then interpret the result in terms
of muon-electron charge ratio q

µ+
/q

e−
.

µ− DECAY MODESµ− DECAY MODESµ− DECAY MODESµ− DECAY MODES

µ+ modes are charge conjugates of the modes below.

Mode Fraction (Γi /Γ) Confidence level

Γ1 e− νe νµ ≈ 100%

Γ2 e− νe νµγ [a] (6.0±0.5)× 10−8

Γ3 e− νe νµ e
+ e− [b] (3.4±0.4)× 10−5

HTTP://PDG.LBL.GOV Page 4 Created: 6/1/2020 08:33

μ− → e− + e+ + e−

PDG 2021



Dark Energy Survey (DES)
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https://www.darkenergysurvey.org/

Square Kilometer Array (SKA)

PoS(ICRC2023)503

Air shower observation with the SKA S. Buitink

Figure 1: Left: Example of a simulated air shower observation. The SKA consists of fields of 256 antennas
each. This radiation pattern is sampled by more than 10.000 antennas. Right: The SKA core plus satellite
stations. Each blue circle indicates a field of 256 antennas. The squares indicate the foreseen position of
the SKAPA detectors, consisting of a dense core, a ring around the core, and additional decectors near the
satellite station.

1. Introduction

The low-frequency part of the Square Kilometre Array will have roughly 60, 000 antennas
within an area of one square kilometer. The antennas are omni-directional and have a large
bandwidth of 50 � 350 MHz. This makes the SKA a unique site for radio detection of air showers,
offering new reconstruction possibilities that can contribute to cosmic-ray source identification.

The size of the SKA determines the upper limit on the cosmic-ray energy at ⇠ 1018 eV. At lower
energies, the strength of the radio signal is the limiting factor. The design and antenna density of
SKA allows for a considerable gain in sensitivity by using beamforming. The lower energy range
will lie around 1016 eV. This part of the cosmic-ray spectrum, between the knee and ankle, is very
complex. It is likely to contain the transition from Galactic to extra-galactic origin. Moreover,
it may contain a secondary Galactic component consisting of cosmic-rays that are re-accelerated
at the Galactic termination shock or that gain their energy in the strongly magnetized shocks of
Wolf-Rayet supernovae [1].

Determining the cosmic-ray mass composition is key to understanding the astrophysics between
the knee and ankle. This needs to be measured with high accuracy as some models predict transitions
between elements of similar masses. The SKA will achieve a reconstruction resolution on -max that
is higher than any other experiment in its energy range. Moreover, new techniques can be developed
that allow the reconstruction of the shape of the longitudinal development, putting unique constraints
on the primary mass composition.
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Air shower observation with the SKA S. Buitink

Figure 2: Left: Reconstruction of -max for LOFAR shower (real data). The reduced j2 of the fit of the
measurements to simulated showers is plotted against the -max of the simulation. The data points are color-
coded by their !-value. Right: Reconstruction of a linear combination of ' and ! for SKA simulations. All
simulations shown here have the same -max values.

In the right panel of Fig. 2 each data point is a simulated SKA shower. All showers have
almost the same value for -max, but their ' and ! values differ. It was shown in [6] that a linear
combination of ! and ' can indeed be reconstructed by fitting a parabola.

In a realistic scenario, -max and ! and/or ' must be reconstructed simultaneously. While this
was shown to be possible [6], it requires an incredible amount of shower simulations. With current
techniques, it is nearly impossible to study the performance of such a reconstruction approach.

A much faster but still accurate approach to simulations is crucial. The new technique of
template synthesis [11] is based on a re-weighting scheme that allows the generation of showers
with arbitrary longitudinal profiles from one origin shower. Alternatively, the fast macroscopic
code MGMR3D, can be used to reconstruct shower parameters including -max [12].

Reconstruction of the !-parameter offers new possibilities to constrain the mass composition.
The right panel of Fig. 3 shows the distribution of ! for sets of 1500 showers that were simulated with
CONEX for five different elements and three hadronic interaction models (EPOS-LHC, QGSJETII-
04, and Sibyll 2.3d). The most pronounced variations are in the high-! tails of the distribution,
which is largest for Helium and smallest for Iron. The fact that not protons but Helium nuclei have
the highest !-values, makes it possible to isolate proton fractions in arbitrary compositions.

The right panel of Fig. 3 contains data points that correspond to arbitrary compositions. Each
point contains 1500 showers with varying fractions of protons, Helium, Carbon, Silicon, and Iron.
The proton fraction is color-coded. Moving from Iron to Helium, both the average -max and the
fraction of high-! showers increases. However, for protons -max is still increasing, while there are
less high-! showers. This allows a direct reconstruction of the proton fraction, which would be a
powerful instrument to study the transition from Galactic to extragalactic sources.
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"Inverse" multi-
messenger observations 
by astronomical 
telescopes for cosmic 
rays 

- 8 g/cm2 on Xmax  
- 3% in Energy 
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Summary and future plans
Visualizing cosmic-ray extensive air showers with Subaru Hyper 
Supreme-Cam
Your insightful suggestions are highly welcome for possible application

Search for exotic physics; Dark matter, WIMP, Monopole, Q-ball?
Search for lepton flavor violating decay? μ+ → e+ e- e+

Future plans and ideas
Further data analysis of Subaru HSC 

Being prepared for an installation of surface detector array
Data taking of dark images in daytime as a cosmic ray detector?

Image credit: https://subarutelescope.org

https://subarutelescope.org

