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Review of ultra-high-energy
cosmic rays (UHECRS)

with air-shower
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¢ Measurements of cosmic

rays from 10° eV to 1020 eV

¢ Origins 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 in
decades

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



Cosmic microwave

background radiation (CMBR)

y. T Bz ¢
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Planck Collaboration

L

¢ Interaction between >50 EeV proton and cosmic
microwave backgrounds (CMB) via pion production N 0
/ o . N P+ Yemp 2 AT o ptan
¢ Heaver nuclei also interact via photo-disintegration

L)

¢ Mean free path: 50-100 Mpc (cosmological A A—1
neighborhood) SN+ vems = 7N +p

¢ Cutoff feature expected above 50 EeV

L)

¢ The universe's largest interactions between the
most energetic particles and the oldest photons

K. Greisen, PRL 16 (17): 748—750. (1966), G.T. Zatsepin and V.A. Kuz'min, JETP Letters. 4: 78-80 (1966)



~Supernova | Gamma-ray burst,

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

or "New physics", such as
magnetic monopoles

¢ Limitation of nearby sources due to GZK cutoff

5 —1
¢ Less deflections by Galactic/extragalactic magnetic fields ¢ ~ 10°Z (10 Ee\f)

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

¢ A next-generation astronomy using charged particles
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How to detect extremely in'f.req _uent UHECRs?

. — Extensive air showers
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Surface detector array (SD)
CORSIKA webpage https://web.ikp.kit.edu/corsika/movies

Fluorescence detector (FD)
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https://web.ikp.kit.edu/corsika/movies

Latest UHECR observatories

. 2 Telescope Array
@ Experiment (TA)

; & Utah, USA
® 2008~, 700 km?2
® TAx4 — 2800 km?2

2 Pierre Auger Observatory
(Auger)

8 Malargle, Argentina

OBSERVATORY

2 AugerPrime upgrade
scintillator + radio +

Google Earth buried muon detector




R.A. Batista et al.,
Front.Astron.Space Sci.
6 (2019) 23
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https://pos.sissa.it/444/031
https://www.frontiersin.org/articles/10.3389/fspas.2019.00023/full
https://www.sciencedirect.com/science/article/pii/S0927650523000051?via=ihub
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A Telescope Array

X g{eCubz ¢ Firmly confirmed the spectrum
lerre Auger cutoff above 50 EeV
Yakutsk
; KG SIBYLL 2.3 & No detection above 300 EeV -
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Energy (eV) A. Coleman et al., Astropart. Phys. 149, 102819 (2023)
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PIERRE

AUGER 101
o L . _ 102 "TUPARKER  —jceCube = — ANITA-II
¢ Search for ultra-relativistic magnetic et NS RICE _ Auger
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log, (E/eV) Telescope Array collab., PRD 113, 062003 (2026)
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Northern TA ApJL, 898:L28 (2020)
Etrn> 8.8 EeV

Equatorial Coordinates
60 __

¢ Significant (> 50) large-scale anisotropy
observed by Pierre Auger Observatory

¢ 125 degrees away from Galactic Center

& Supporting the extragalactic origins
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PIERRE
AUGER

OBSERVATORY

Cutoff (E1a>52.3 EeV Eauger>40 EeV), ~1000 events T. Fujii et al., PoS (ICRC2021) 291 (2020)

Equatorial Coordinates
60 __

P OO P OO Ty PSP PSPPI PR O 0 S RRPS  r P FOPPPSIPRSR S S O R PR

Residual intensity (N j,-N o)/N oy,

¢ 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

PIERRE T. Fujii, PoS (ICRC2023) 031 (2023)
AUGER 90
e T O ICRC 2023
Equatorial L A G.P. ..
9 60 O T Pty erACH? Preliminary
D #-NGC6946 - R AQ,
O o O\
O O R * M5LSF . ¢ NGC-1275/ 310
307 0 ¢ Mrk50 i oeomikar © .
O ) IR R LI * _N_:c}_c__4_6_3_ Lo FONURRRN B S -
O -
RA. | s
(deg) :5 :

______ C253
Z S.G.P.
O TA
Auger
_90) S

% : 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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2021 May 27, 04:35:56 AM
Detection of "Amaterasu particle”
with Telescope Array experiment
Telescope Array Collaboration, Science 382, 903 (2023)
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B Date: 27 May 2021 Time: 10:35:56.474337 UTC

20} SDO0116: 2.2 MIP at 3.6 km
10 l\

68- SD0217: 21.8 MIP at 2.3 km

43¢ SDO0316: 19.2 MIP at 2.4 km
A Surface detector array of TA 100 SD0317: 78.6 MIP at 1.5 km

208 SD0318:216.9 MIP at 1.3 km

§ May 27th 2021 10:35:56 | .
UTC

¢ E =244 + 29 (stat.)
+51,-76 (syst.) EeV 5

¢ Zenith angle = 38.6°

¢ No operation of
fluorescence telescope
due to twilight

SD0416: 7.3 MIP at 2.3 km

300+ SD0417: 393.6 MIP at 1.1 km
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The most energetic event

in 18 years operation from e s 0 s o o330

East-West distance [km]

May 2008 to May 2026 4 . . . S
Science 382, 903 (2023) 0 5 10 15 20 s

Relative time from earliest detector [us]
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¢ Unexpectedly, came from the Local Void

¢ No promising astronomical source candidates

coordinates

: 90
Equatorial

Lo alV id -\ _.
S @PKS 17174177 I |

""""" Q pr2on - Nec

Telescope Array Collaboration, Science 382, 903 (2023)

Relative expected flux [arbitrary units]

*€C

*€C

*€C

*€C

Magnetic monopole origin
[Frampton, Phys.Lett.B 855,
138777 (2024), Cho et al.,
Phys.Lett.B 851 (2024) 138598]

Superheavy dark matter [P.
Sarmah, PRD 111, 0803048
(2025)]

Lorentz invariance violation
[Das, ApJL 988, L8 (2025)]

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

Ultra-heavy composition like Te
or Pt [Zhang et al, PRL 13,
181002 (2026)]

Bursting magnetar [Shimoda
and Wada, arXiv:2409.19915]

Need more statistics with mass identification capabilities



https://www.science.org/doi/10.1126/science.abo5095
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Charged-particle astronomy to clarify the origin and nature of the most
energetic particles in the universe

— —
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Total Exposure (km? sr yr)

—
-
S

Unprecedented effective area, ~60,000 km?2 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

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

¢ Energy resolution: 10%, mass resolution: In(A) ~ 1
(Xmax ~ 15 g/cm?), arrival direction: 1 degree

¢ Detector design and possible installation sites are under

considerations

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

dir. expo. [10° km? yr] per year

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

10 L total
5| north — ~
south
0 L g T oL
—60° —30° 0° +30° +60°

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

S ' E= 4 a 1.6 m diameter segmented mir-
layered water g*:e'|2"k°" "estemnkw ror. The support structure 1s made

from aluminium profiles. The UV

band-pass filter can be seen attached
Figure 6: Detection concepts, using a layered (left) and a

, , . to the periphery of the camera box
nested (right) water Cherenkov detector with a radio antenna

[100, 101].

. Y. Tameda in PoS (ICRC2025) 411
A. Parenti in PO-1 PoS (ICRC2025) 354 S. Sakurai in PoS (ICRC2025) 380

on top.

Ideas and Requirements for the Global Cosmic-Ray Observatory https://arxiv.org/abs/2502.05657



https://arxiv.org/abs/2502.05657
https://pos.sissa.it/395/027/

¢ UHECRSs: the most energetic energetic and infrequent particles in the universe
¢ Challenging the next-generation astronomy using UHECRSs
¢ Less deflections of the Galactic/extragalactic magnetic fields
¢ Limitation of nearby sources due to GZK cutoff

¢ Directionally correlations between UHECRs and nearby inhomogeneous sources to
clarify their origins

¢ Sensitive to signals induced by ultra-relativistic magnetic monopoles
¢ The highest energy event of Telescope Array experiment on May 27th 2021
¢ E =244 x29 (stat.) +51,-76 (syst.) EeV (~40 J), dubbed "Amaterasu particle"
¢ No obvious source candidates in arrival direction, possibly magnetic monopoles

¢ Further data-collections of TA and Auger, and future observatories such as GCOS are
essential to clarify origins of most energetic particles

UHECR observatories are a frontier for ultra-relativistic magnetic monopole searches
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Mass composition of cosmic rays

21

relative abundance (Si = 109)

c.in2p3.fr/crdb/
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Multi-messenger synergies
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Amaterasu particle
with energy of 244 EeV

Telescope Array Collab Smence 382, 903 (2023)

"Cutoff" region (E > 50 EeV)
in Galactic coordinates
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¢ Source regions are estimated considering magnetic
deflections in both Galactic and extragalactic fields

¢ For heavy nuclel, possible source candidates may be

located beyond the Local Void, nearby "TA hotspot"
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THE ASTROPHYSICAL JOURNAL, 891:142 (10pp), 2020 March 10 Aab et al.
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Figure 1. Reconstructed equatorial dipole amplitude (left) and phase (right). The upper limits at 99% CL are shown for all the energy bins in which the measured
amplitude has a chance probability greater than 1%. The gray bands indicate the amplitude and phase for the energy bin E > 8 EeV. Results from other experiments
are shown for comparison (IceCube Collaboration 2012, 2016; KASCADE-Grande Collaboration 2019).

Pierre Auger Collaboration, ApJ 891, 142 (2020)
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