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€ Origins of ultra-high-
energy cosmic rays

(UHECRS) are still largely
unknown

¢ The most energetic
particles in the universe

¢ Only ~1013 eV by the
Earth's largest particle
accelerator

¢ Extremely infrequent

¢ A huge effective area,
~1000 km?

¢ Long term observation
over decades

1 exa-electron-volts (EeV) = 1018 @V Particle Data Group, Phys.Rev.D, 98, 030001 (2018)



- Supernova Gamma-ray burst. ‘ Neutron star
' '_. ’ _,. : _ ZNEN . | A | ' - _f'., | Ll

Image credits: Max Plank Inst./DESY/Science Comm/RIKEN

or "New physics"”
¢ Limitation of nearby sources due to "GZK cutoff"

P+VCMB—>A+—>P+7TO éN'I'?/CMB_)A:%N/'l'p

—1
¢ Less deflections by Galactic/extragalactic magnetic fields ¢ ~ 10°Z (105 V)
e

¢ Directional correlations between UHECRs and nearby inhomogeneous
sources to identify their origins

¢ A next-generation "astronomy" using charged particles
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Development of
coincidence method
within 0.4 millisecond
(B. Rossi, 1931)

Discovered coincidence
signals of distant detectors
with 150 m spacing at 3450
m (P. Auger, 1939)

Particle shower at 3027 m

(W.B. Fretter, 1949)
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K.H. Kampert, A.A. Watson, Eur. Phys. J. H 37, 359412 (2012)


https://link.springer.com/article/10.1140/epjh/e2012-30013-x

First detection of ~100 EeV
at Volcano Ranch Array (1963)
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J. Linsley, “Evidence for a Primary Cosmic-Ray Particle with
Energy 1020 eV”. Phys. Rev. Lett. 10 (4 Feb. 1963), 146-148

2.7K cosmic microwave backgrounds
(CMB) by Penzias and Wilson (1965)
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From wikipedia
A.A. Penzias and R.W. Wilson, "A Measurement of Excess Antenna Temperature at 4080

Mc/s", Astrophys. J. Lett. 142: 419—-421 (1965)

Prediction of Greisen, Zatsepin and Kuzmin (GZK)
Cutoff (1966) 0
P+vomp = AT o p+r7

K. Greisen, “End to the cosmic ray spectrum?” Phys. Rev. Lett. 16 (1966), 748—750

G.T. Zatsepin and V.A. Kuzmin, “Upper limit of the spectrum of cosmic rays”. JETP Lett.
4 (1966), 78-80
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and M. Oda (1958),

time

R ¢ First detection by

* Proposed by K. Suga

also by Greisen and
Chudakov at the same
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https://ci.nii.ac.jp/naid/110004631939
https://arxiv.org/abs/1112.5686

Fly's Eye (Utah, USA)
Construction started from 1976,
after a confirmation of
fluorescence signal at Volcano
Ly Ranch Array
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The highest energy cosmic ray so far, 15th October, 1991
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Start the High Resolution Fly's Eye (HiRes-1) from 1994.

1.2

Observed Xmax IS consistent with
hadron primary, unlikely with
gamma-ray

Xmax = 815 * 60 g/cm?
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https://ui.adsabs.harvard.edu/abs/1995ApJ...441..144B/abstract

Latest UHECR observatories ,,11

- % Telescope Array
@ Experiment (TA)

¥ & (tah USA
% 2008~, 700 km?

S TAx4 — 2800 km?

2 Pierre Auger Observatory
(Auger)

8 Malargle, Argentina

S 2004 ad 3000 km?

® AugerPrime upgrade
scintillator + small PMT +
radio + buried muon detector
+ high speed electronics

Google Earth
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PRL 134, 021001 (2025)

¢ Constrain proton
fraction above 30 EeV
to be <70% by non-
detection of UHE
neutrinos

¢ PRL 135, 031001

(2025)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.135.031001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.021001
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https://pos.sissa.it/395/402/
https://arxiv.org/abs/1805.02496

¢ Large uncertainty of the cross section from the
giant dipole resonants for A < 60 nuclel

¢ Multidisciplinary research among nuclear

physics, UHECR and CMB

A. Tamii, E. Kido et., Eur. Phys. J. A 59, 208 (2023)

E. Kido et al., Astropart.Phys. 152 (2023) 102866
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D. Boncioli et al., Sci. Reports 7:4882 (2017)
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https://www.nature.com/articles/s41598-017-05120-7
https://arxiv.org/abs/2211.03986
https://www.sciencedirect.com/science/article/pii/S092765052300052X?via=ihub
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Fig. 3 Compilation of muon measurements converted to the abstract z-scale and after cross-calibrating the energy scales
of the experiments as described in the text (image from Dembinski et al. (2019)). Shown for comparison are predicted
Zmass-values based on air shower simulations and Xyax-measurements (grey band). The prediction from the GSF model
(Dembinski et al. 2018) for zmass is also shown (dashed line). J. Albrecht et al., arXiv:2105.06138 (2021)
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_ Detection of "Amaterasu particle”

e i

#9144x1020 eV = 244 exa-electron volts (EeV)
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https://www.science.org/doi/10.1126/science.abo5095
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¢ E =244 x 29 (stat.) +51,-76 (syst.) EeV
& Unexpectedly, came from the Local Void

¢ No promising astronomical source candidates

Equatorial
coordinates

aurusA
5C 4945

Dec. (deg.) |

Telescope Array Collaboration, Science 382, 903 (2023)
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¢ Possible source region [Unger and

&

Farrar, ApdL 962 L5 (2024)]

Magnetic monopole [Frampton,
Phys.Lett.B 855, 138777 (2024)]

Ultra-heavy composition like Te or Pt
[Zhang, Murase+, arXiv:2405.17409]

Binary neutron star merger [Farrar,
PRL 134, 081003 (2025)]

Bursting magnetar [Shimoda and
Wada, arXiv:2409.19915]


https://www.science.org/doi/10.1126/science.abo5095

PIERRE T. Fujii, PoS (ICRC2023) 031 (2023)
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% : Starburst galaxies 4 : Active galactic nuclei
>100 EeV of TA 15-years and Auger 17-years Need more statistics with_mass identification capabilities
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¢ 1st GCOS workshop 2021 online

¢ https://agenda.astro.ru.nl/event/18/

¢ 2nd GCOS workshop 2022 Wuppertal

¢ https://agenda.astro.ru.nl/event/21/

¢ 3rd GCOS workshop 2023 Brussels (June 10 - 11, 2023)

¢ https://indico.iihe.ac.be/event/1729/

¢ 4th GCOS workshop 2025 Tokyo (September 9 - 11, 2025)
¢ https://indico.cern.ch/e/gcos2025



https://agenda.astro.ru.nl/event/18/
https://agenda.astro.ru.nl/event/21/
https://indico.iihe.ac.be/event/1729/
https://indico.cern.ch/e/gcos2025

¢ Charged-particle astronomy to clarify the origin and nature of the most
energetic particles in the universe

¢ Unprecedented effective area, ~60,000 km? and mass identification capabilities

¢ Begin operations in 2030s, One team in the world Energy, E (joule) :
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https://arxiv.org/abs/2502.05657

dir. expo. [10° km? yr] per year

¢ Number of sites = 2, Trigger energy threshold: 10 EeV

¢ Energy resolution: 10%, mass resolution: In(A) ~ 1,

arrival direction: 1 degree

considerations

two 20,000 km? arrays, 0,,,, = 80°, lat. = £30°

total |
north — ~
southI

—30° 0° +30° +60°

declination [deg]
J.R. Hérandel et al. PoS (ICRC 2021) 027

—60°

¢ Detector design and possible installation sites are under

¥ v

-t
nkov

layered water Che
detector

nested wat€r Cherenkov
detector

Figure 6: Detection concepts, using a layered (left) and a
nested (right) water Cherenkov detector with a radio antenna
on top.

A. Parenti in PO-1 PoS (ICRC2025) 354

Figure 7: A FAST telescope frame,
showing four PMTs at the focus of

a 1.6 m diameter segmented mir-
ror. The support structure 1s made
The UV

band-pass filter can be seen attached

from aluminium profiles.

to the periphery of the camera box
[100, 101].

Y. Tameda et al., (CRAFFT)
S. Sakura et al., (FAST)

Ideas and Requirements for the Global Cosmic-Ray Observatory https://arxiv.org/abs/2502.05657
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¢ 9 scintillators and to be installed
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fluorescence spectrum (AIRFLY 2007
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Chromatic Fluorescence Detection :

color ratio R = high-pass / total

horizontal color ratio
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Machine learning will be capable to "Event-by-event" mass(-group) of
primary cosmic rays

¢ Optimization of detector design from feedbacks of machine learning
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Charged-particle astronomy to clarlfy the origin and nature of UHECRSs
® Unprecedented effective area, ~60,000 km? and:mass identification capabilities

2 Constrain a detailed structure of the Galactic magnetic field

€

Detect ultra-high-energy neutrinos and photons, and search for new physics beyond
standard model

¢ Understand hadronic interaction and air-shower physics at the highest energies
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Strong connections to astrophysics and particle physics
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Northern TA ApJL, 898:L28 (2020)
Etrn> 8.8 EeV
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T. Fujii et al., PoS (ICRC2021) 291 (2020)
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¢ Intriguing intermediate-scale anisotropies (~20 degrees) such as hot/warm spots
¢ No excess from Virgo cluster, dubbed "Virgo scandal’

¢ Isotropic distributions of UHECRSs than our (optimistic) expectation


https://arxiv.org/abs/2107.02949
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Multi-messenger synergies
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