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Astroparticle Physics Open Questions:

What are the sources of the Ultra-High Energy Cosmic Rays (UHECRs)?

What are the sources of Astrophysical Neutrinos?
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Astroparticle Physics Questions:

What are the sources of the Ultra-High Energy Cosmic Rays (UHECRs)?

Cosmiic rays with energy above 1 EeV = 10" eV, others E>100 PeV = 107 eV
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What is the spectrum of UHECRS?

What is the composition of UHIECRSs?

What is the sky distribution of arrival directiomns?
Where are the neutrino and gamma-ray secondaries?

What physical processes do UHECRs probe?
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Outliune:

What are the sources of the Ultra-High Energy Cosmic Rays (UHECRs)?

S S 3 _
Cosmiic rays with energy above 1 EeV = 10" eV, others E>100 PeV = 107 eV
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What is the <c<o>1nnl]p<o>s[ilt[i<o>1n1 of UHECRS?
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What is the sky distribution of arrival directions?
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What physical processes do UHECRs probe?
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Submitted to the US Community Study
on the Future of Parti rsics (Snowmass 2021)

Ultra-High-Energy Cosmic Rays

The Intersection of the Cosmic and Energy Frontiers

Abstract: The present white paper is submitted as part of the “Snowmass® process to help
inform the long-term plans of the United States Department of Energy and the National Science
Foundation for high-energy physics. It summarizes the science questions driving the Ultra-High-
Enerpgy Cosmic-Ray ECR) community and provides recommendations on the strategy to answer
them in the next two decades.

Coleman et al, 2022
arXiv:2205.05845

And the upcoming
Snowmass Cosmic Frontier 7 report
Adhikari et al 2022
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3,000 km? array of 1665 water Cherenkov tanks
with 1.5km distancing
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What is the spectruum. of UHECRSs?
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Auger Composition ICRC 2021

AUGER -
Mass composition at Earth

A=1
1<A<S
4 <A<23
22 < A <39
38 < A<57

log10(E/eV)




PIERRE
AUGER

OBSERVATORY

Auger Composition ICRC 2021

Mass composition at Earth

el
logi10(E/eV)

A=1
1<A<S
4<A<23

! - A - 'sTe
22 < A < 39

38 < A<57T

43



Auger Spectrum ICRC 2021
E [eV]

PIERRE
AUGER 10'6 10'7 10'® 10'° 10°°
Y'—_' Tlll] 1 1 1IIIIII 1 1 ll]lIl] 1 1 T 171 | 1 || D T 1T 17711

OBSERVATORY
\ EXTRAGALACTIC

®000ogoee®®® %,

yr
2,
]

]
% ¥ E,. or GZK?
. °? o-Ood-.‘

1T T T

| .~.~.

®

il
J
¢
o

c.'.

|

PPt S

—e— Auger combined

'_T.—‘-_‘
<4

TI]IIT]

|

lllllllllllllllllllllllllllllll:lllll 11 |

| Ly 0 %
16 165 17 175 18 185 19 195 20 205
Iogm(E/eV)




Auger Spectrum+Composition ICRC 2021
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What is the sky distribution of arrival directions
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Auger Dipole
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Auger Spectrum ICRC 2021
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TA hotspot (E>50 EeV)
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Augrer s]l\q\f]nma]pg (E>38 EeV and 41 EeV)
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A , Starbursts Galaxies or Active Galactic Nuclei?
M82 — Starburst Galaxy SRR '

| : T e nt rsA—AGN g Event Horizon Telescope
Sculptor Galaxy NGC 253~ e T € ! ‘éu 5 e L Image of M87



I pc 1kpe 1 Mpc

— [ =1.0

]

Al
x

o
—
4
——
-
el
4
L
~
o~
i
-
»
p.
frp—
N’
—
-~
S’
. i
. i
-
-~
S’
~—
'ﬁ—l
20
o~
-\
-

1074

Galaxy clusters

10-10 — l . ] | _ - Coleman et al, 2022
10% 10° 1019 108 10 10® 102 10% arXiv:2205.05845
Comoving size - I' [em] 53




Auger Spectrum ICRC 2021
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Where are the neutruno and Qramnumia=ray secondaries?

55



Cosmogenic (GZK, BZ*)
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Lunnits on Newtrino and Ganmna-Rays at UHIE
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What physical processes do UHECRs probe?
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Experiment Feature Cosmic Ray Science* Timeline

p; A Ob ¢ Hybrid array: fluorescence, Hadronic interactions, search for BSM, B Prime -

ierre Auger Observatory . . rime upgre
8 Y| surface e/ + radio, 3000 km? UHECR source populations, o, air pg

Hybrid array: fluorescence, UHECR source populations

Telescope Array (TA . : .
pe £ y (TA) surface scintillators, up to 3000 km? | proton-air cross section (0p-Air)

[ TAx4 upgrade

Hybrid array: surface + deep, Hadronic interactions, prompt decays, Upgrade + surface) IceCube-Gen2 IceCube-Gen2
up to 6 km? Galactic to extragalactic transition snhancement deployment operation
Radio array for inclined events, UHECR sources via huge exposure, SRANDProto. GRAND GRAND 200k

up to 200,000 km? search for ZeV particles, op air 200 10k multiple sites, step by step

IceCube / IceCube-Gen2

GRAND

Space scence UHECR sources via huge exposure, o
Space fluorescence and : g p \ EUSO program POEMMA

Cherenkov detector search for ZeV particles, oy air
Hybrid array with Xnax + €/p UHECR sources via event-by-event rigidity, GCOS GCOS
over 40,000 km? forward particle physics, search for BSM, op-air R&D + first site further sites

POEMMA

GCOS

*All experiments contribute to multi-messenger astrophysics also by searches for UHE neutrinos and photons; 2025 2030 2035
several experiments (IceCube, GRAND, POEMMA) have astrophysical neutrinos as primary science case.

Coleman et al, Snowmass, arXiv:2205.05845
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Probe Of Extreme Multi-Messenger Astrophysics

UHECRSs and Cosmic Neutrinos
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Fluorescence from UHECRS

Tau Neutrino Events

UHECR/ -

FIuorescence\

EUSO-SPB2

2023 flight

Science Results:

- Fluorescence from ~30 UHECRS

- 2 Tau Neutrino candidates from
GW230423
- Constraints on ANITONSs
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A
Tau Neutring
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JEM-EUSO Collaboration Meeting

June 2022
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Field Test of the Cherenkov Telescope

Telescope Array site in Utah
March 2022




Giant Radio Array for Neutrino Detection ((GRA\ND))

5 u_ A ' ~ Radio detection of ultra-high-energy air-showers
yin | - ] ('H[:('R
* s’ l i vertical shower
GRAND10k -
) | v | , S K Ty

10,000 kmZ

+ Proto300

. ] geomagnetic effect:
g | radio signal
g . | few 100 MHz

GEANDProtoBOQ) GRAND10k GRAND200k

2022 203X




Volcano Ranch 8 km?

Haverah Park 12 kmz2

AGASA 100 km2

Telescope Array 700 km?

TAx4 2800 km?2

Pierre Auger observatory 3000 kmz2

Global Cosmic Ray Observatory (GCOS)

Telescope Array
TAx4

40000 km?2

3000 km?2

Pierre Auger Observatory

200 km




Future detectors of UHE CRs and Neutriunos
Future Looks ]Blrfug‘]hntl!
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Gracies
Y

Gractas

Future Outlook

Timeline

serPrime upgrade

I'Ax4 upgrade

IceCube-Gen2 IceCube-Gen2
deployment operation

GRAND GRAND 200k
10k multiple sites, step by step

POEMMA

GCOS GCOS
R&D + first site further sites
2025 2030 2035 2040
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EUSO mission 2017 & 2023
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QQE POEMMA at NASA-GSFC

Instrument and Mission Design in 2017-2019

5yr Mission

Alt 525 ki

Wide28.50 Inclunatiomn

95 . orbits

Se]p)aurantﬁ(oum 100s kinn

2 Identical Telescopes
4 I oUUEIroIr

45° FoV Schmidt Optics
1,550 kg mass
590 W power
Data 1 GB/day ——






