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Recap Air Showers
• particle beam: primary cosmic rays from space
• target: atmosphere, avalance of elemetary particles
• avalance of secondary particles
• traversed matter density: slant depth X, units [g/cm2]

sea level: ∼ 1000 g/cm2 at vertical incidence
∼ 2000 g/cm2 at 60◦

∼ 35000 g/cm2 at 90◦

• electromagnetic component: photons, electrons, positrons
• splitting length: radiation length X0 ∼ 37 g/cm2

• critical energy: εem ∼ 87 MeV (brems./rad. = ion.)
• hadronic component: baryons and mesons

• splitting length: interaction length λp ∼ 80 g/cm2

• critical energy: εhad ∼ 10 GeV (λint = λdec)
• shower maximum Xmax = λp +X0 ln (E0/(2AM εem)
• number of muons (X ≥ Xmax) Nµ = (E0/εhad)βA1−β

• number of em particles (at Xmax) Nem = (E0 −Nµεhad) /εem
(primary energy E0, pion multiplicity M , mass number A, β = ln 2/3M/ lnM ≈ 0.9)

the bare minimum air shower knowledge:

• shower maximum Xmax ∝ ln(E0/A)
• Xmax increases logarithmically with energy
• proton showers penetrate deeper than iron showers (∆Xmax ∼ 100 g/cm2)

• number of muons Nµ ∝ E0.9
0 A0.1

• proton showers have less muons than iron showers (∆Nµ/Nµ ≈ 30%)
• details depend on properties hadronic interactions at UHE

(multiplicity, elasticitiy, cross sections, ...)
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Ultrahigh-Energy Cosmic Rays

• Air Shower Physics
(electromagnetic and hadronic showers, shower maximum, muons in air showers)

• Detection Techniques
(particles, fluorescence- and Cherenkov-light, radio)

• Key Observations (and their Interpretation)
(anisotropies, mass, spectrum, Peters cycle, propagation, cosmic magnetic fields)



Air Shower Detection

F. Schröder, 2017



Air Shower Detection

Engel, Heck, Pierog Ann.Rev.Nucl.Part.Sci. 61 (2011) 467
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Particle Detectors



Telescope Array

Pierre Auger Observatory
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T.Stanev, “High Energy Cosmic Rays” (2010)





PDG 2022

NEW HIGHEST EVENT DETECTED BY TA
22

2021/05/27 10:35:56.47, No FD observation

E = 243.6 ± 10.7 EeV, θ = 38.6°, φ = 206.8° - Preliminary

(E = 242.8 EeV with the atmospheric energy correction) - Preliminary

S800 = 529.5 ± 23.3 (VEM) 

DIRECTION IN THE SKY-MAP
23

E = 243.6 EeV
(RA, Dec) = 
(255.85, 16.08)
(l, b) = 
(36.11, 30.98)
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Fluorescence Telescopes
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Fly’s Eye Coll., ApJ 441 (1995) 144

see also T.Fitoussi et al, JCAP 01 (2020) 042



“Hybrid Detection” (e.g. fluorescence and particles)



“Hybrid Detection” (e.g. fluorescence and particles)
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Non-Imaging Cherenkov Detectors







Radio Detectors



T. Huege, Phys.Rept. 620 (2016) 1



Auger Coll., PRL 116 (2016) 241101



Some Results (E and A)



Energy Spectrum
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Energy Spectrum
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Mass Composition
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Future UHECR Experiments

Auger&TA UHECR sky 2018 [σloc ]



UHECR Detection at Ground?
e.g. Global Cosmic-Ray Observatory (GCOS): 2 × (Auger × 10) (North and South)
2× 30000 km2 , 2.2 km detector spacing, 2× 9000 stations, threshold 30 EeV

I. Maris UHECR22



UHECR Detection at Ground? One GCOS site (30k km2) vs. Sicily (25k km2)



UHECR Detection From Space?
e.g. POEMMA (JCAP 06 (2021) 007)



UHECR Detection From Space?
e.g. POEMMA (JCAP 06 (2021) 007)



UHECR Detection From Space?
Pathfinder Mini-EUSO on the ISS

→ possible duty cycle: 18%
(13% taking into account clouds)



Future UHECR Experiments
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all at 50 EeV, except POEMMA limb at 300 EeV
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AGN SBG RG

AGN: active galactic nuclei, SBG: starburst galaxies, RG: radio galaxies



Ultrahigh-Energy Cosmic Rays

• Air Shower Physics
(electromagnetic and hadronic showers, shower maximum, muons in air showers)

• Detection Techniques
(particles, fluorescence- and Cherenkov-light, radio)

• Key Observations (and their Interpretation)
(anisotropies, mass, spectrum, Peters cycle, propagation, cosmic magnetic fields)
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