The 100-year endeavor for detecting
“the highest energy cosmic rays
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. . . . V.F. H Phys. Z.
¢ Energetic particles in the universe 535(6)San ys. £.13, 1804 (1912)

¢ Discovered by V.F. Hess (1912), Nobel Prize —sF -
in Physics (1936) |

¢ Proton(90%), Helium(8%),
electron and heavier nuclel

¢,4A : Hess (1912) A )
. Kolhorster (1913)
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1 exa-electron volts (EeV) = 1018 eV
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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

Particle Data Group, Phys.Rev.D, 98, 030001 (2018)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.030001
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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



© Osaka Metropolitan University/Kyoto University/Ryuunosuke Takeshige



@

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
320 + 38 (stat.) + 85 (syst.) EeV, "Oh-My-God" particle
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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 /10

- % Telescope Array
@ Experiment (TA)

¥ & (tah USA
% 2008~, 700 km?

S TAx4 — 3000 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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Detection of "Amaterasu” particle
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Telescope Array Collaboration, Science 382, 903 (2023)
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https://www.science.org/doi/10.1126/science.abo5095
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Equatorial
coordinates

¢ E =244 x 29 (stat.) +51,-76 (syst.) EeV
¢ Unexpectedly, come from the Local Void

¢ No promising astronomical source candidates
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Relative expected flux [arbitrary units]

Relative time from earliest detector [ps]
East-West distance [km]

Possible source region (Unger
and Farrar, arXiv:2312.13273

Monopole (Frampton,
arxXiv:.2403.12322)

Binary neutron star merger
(Farrar, arXiv:2405.12004)

Ultra-heavy composition like Te
or Pt (Zhang+, arXiv:2405.17409)


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

[ceCube ¢ Firmly confirmed the spectrum cutoff above 50 EeV
¢® Pierre Auger
Vakutsk & No detection above 300 EeV
: KG SIBYLL 2.3 ¢ Tension of the spectra at highest energies? -
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Energy (eV) A. Coleman et al., Astropart. Phys. 149, 102819 (2023)
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Gradually increase to the heavier composition above 3 EeV
R.A. Batista et al., Front.Astron.Space Sci. 6 (2019) 23
—1 ...
E 7+ atomic number TA reported a heavy composition
0~ 1027 —— ' - above 100 EeV from isotropy
10 EeV (mass composition)

Telescope Array Collaboration, PRL 133, 041001 (2024)
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m Northern TA ApJL, 898:L28 (2020)
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observed by Pierre Auger Observatory

Residual intensity (N, -N op)/N exp

Equatorial Coordinates
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Southern Auger Science 357, 1266 (2017)

gggg{ EAuger> 3 EeV 6.90 us.ir.1919-years data
90 arXiv:2408.05292

BREAKTHROUGH

Joint analysis
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Galactic center

¢ Significant (> 50) large-scale anisotropy

¢ 125 degrees away from Galactic Center

& Supporting the extragalactic origins
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https://arxiv.org/pdf/2107.02949
https://iopscience.iop.org/article/10.3847/2041-8213/aba0bc
https://www.science.org/doi/10.1126/science.aan4338
https://arxiv.org/abs/2408.05292
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¢ Intriguing intermediate-scale anisotropies (~20 degrees) such as hot/warm spots
¢ No excess from M87 of Virgo cluster, dubbed " Virgo scandal

¢ Isotropic distributions of UHECRSs than our (optimistic) expectation


https://arxiv.org/pdf/2107.02949

T. Fujii, PoS (ICRC2023) 031 (2023)
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After over-100-year endeavor for detecting cosmic rays,
origins of UHECRS are still inconclusive...& We need future observatories!


https://www.frontiersin.org/articles/10.3389/fspas.2019.00023/full
https://www.sciencedirect.com/science/article/pii/S0927650523000051?via=ihub
https://pos.sissa.it/444/031

Art of cosmic ray (Hiroshi Nakajima, Japan
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UHECRSs as a high energy pioneer

€ Pros
¢ The most energetic particle in the Universe, ~3.2x1020 eV (=320 EeV)

¢ s~ 800 TeV (ref. \s ~ 14 TeV at the Earth's largest accelerator)

LER & >
8 e
» - 4 ..
Fro > y
/-
-
« 3 “ i .\‘
\ / ey $ !

¢ to make a light bulb flash during only 1 second

¢ Possible directional correlations toward nearby powerful astronomical objects as next
generation astronomy

-€C

Pioneering search for new physics at an unprecedented energies for accelerators

N/

€ Cons

L)

¢ Extremely infrequent: 1 particle/km?2/century (>50 EeV)

—1
¢ Challenging to detect UHECRs 0~ 10°7 L
10 EeV

¢ Manage a lot of systematic uncertainties



Cosmic microwave
background radiation (CIVIBR) Earth
Cosmic Ray | Cosmic Ray

¢ Interaction between >50 EeV proton and CMB via pion
production

¢ Heaver nuclel also interact via photo-disintegration

¢ Mean free path: 50-100 Mpc (cosmological
neighborhood)

¢ Cutoff feature of energy spectrum above 50 EeV

¢ The universe's largest-scale interaction 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) Planck Collaboration



—1
Deflection angle 3 Important observable

O
in Milky Way 0~ 1072 10 EeV Z : atomic number (mass composition)
1 EeV proton 10 EeV proton
= O(8 EeV), Fe(26 EeV) = O(80 EeV), Fe(260 EeV)
IS N Earth

10

" X'size of Milky
way galaxy

Galactic Center “ _,

—20

R. Higuchi (RIKEN) by CRPropa



i quehm\,a. " Neutrof star Ac ' ‘ Gamma-ray burst.

27 ] Image credits: Max Plank Inst./RIKEN/DESY/Science Comm  _,, or "New physics”
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T T v inhomogeneous sources to identify their origins

SIZE
A. M. Hillas, Astron. Astrophys.. 22, 425 1084y ® A next-generation "astronomy" using charged particles
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+ Target : > 10195 eV, ultrahigh-energy cosmic rays, neutrino and gamma rays

+ Huge target volume (10x Auger or TAx4) = Fluorescence detector array

Fine pixelated camera

Too expensive to cover a huge area
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p luorescence detector Array of Single-pi

Fluorescence detector Array of Single-pixel Telescopes
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UHECR detections
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Performance studies with FAST
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Low-cost, easily deployable

Global Gosmic ray Ohservatory (GCOS
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https://www.fast-project.org

Multi-messenger synergies
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0~ 10°7 Z : atomic number_ |
10 EeV (mass composition)
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Gradually increase to the heavier composition above 3 EeV
R.A. Batista et al., Front.Astron.Space Sci. 6 (2019) 23



Auger and TA joint analysis for all-sky survey

¢ Energy calibration at
common declination band
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Observation of dipole structure above 8 EeV .
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Pierre Auger Collaboration. Science 357, 1266 (2017)



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
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Pierre Auger Collaboration, ApJ 891, 142 (2020)
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https://sky.esa.int/?target=308.71805%2060.15367778&hips=DSS2+color&fov=0.4038209968608235&cooframe=J2000&sci=true&lang=en

UHECR full-sky by TA and Auger
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Directly penetrating Subaru HSC CCDs S. Kawanomoto, M. Koike, T et al., Scientific Reprts :16091 (2023)

¢

Altitude 4139 m, Mauna Kea, Hawai CCD size N o
Optical and Infra-red telescope 30 mm X 6_0 mm |

8.2 m diameter mirror 0.2 mm thickness

34' x 27' field of view 150 sec. exposure

116 CCDs

Image credit: https://subarutelescope.org
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https://subarutelescope.org
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https://www.nature.com/articles/s41598-023-42164-4
https://www.darkenergysurvey.org/
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Image credit: https://subarutelescope.or

¢ Possible installation of surface detector array at ventilation room of Subaru Telescope

¢ 4 plastic scintillators with 20 m spacing, providing a unique detection combining
with Subaru telescope and cosmic ray detectors, like a "lens” of extensive air shower


https://subarutelescope.org

Extremely energetic particles detected by AGASA .

AGASA + A20 N. Hayashida, et al.,
Akeno Giant Air Shower Array (AGASA) N ..,,,,,+60° Dec  Phys FovLot. 73
1993~2004, Effective area of 100 km? s /- 0030
December 3rd 1993, 213 (170 — 260) EeV /= . /1 / ° \ J % o
May 10th 2001, ~280 EeV gl /

; : R A ) O
c Mape e Jae -30
%,M M. Takeda et al., ApJ

.7 60 522, 225 (1999)

Supergalactic Plane
N. Sakaki et al., Proceedings of
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No GZK cutoff in spectrum? Proton dominated composition
at highest energies?
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https://www.sciencedirect.com/science/article/abs/pii/S0920563204006723?via=ihub
https://iopscience.iop.org/article/10.1088/0954-3899/29/10/201
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