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Origin of highest energy cosmic rays 
still unknown!
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What  we  know about UHECRs:

• No single (apparent) dominant source (or source class ???)

• Complex composition (nuclei from p to Fe)

• Highest energy Galactic CRs overlap in energy the lowest 
energy (extragalactic) UHECRs

  Acceleration, propagation and interactions near source, all  
shape     the spectrum

• Multi-messenger approach will be essential 
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What  we  WANT  TO  know:

• Are sources weak and abundant or strong and rare?

• What are the principal source types?
✦ Sources may not all be visible today (e.g., transients)

• What are the sources’ spectra and composition?
✦ Are UHECR sources (approximately) standardized?

• Better knowledge of magnetic fields
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  Many topics to discuss…

•  Observational methods and data

•  Complexities of interpreting measurements 
• Air showers depend on UHE particle physics
• Arrival direction ≠ source direction due to magnetic deflections

•  Key results from UHECR observations, so far
• Multimessenger approach:  also use neutrinos & gamma rays

•Acceleration mechanisms & possible sources
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V. Versi, UHECR22

WCD = water Cherenkov detector; FD = fluorescence detector
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moonless  
nights
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Key components of UHECR observatory: 
• 1600 (ea) Water Cherenkov & Scintillator Detectors, 1.5 km spacing (100%) 
• Radio (100%, best for large zenith angle) 
• Fluorescence Detector ➜ Longitudinal profile (15%) 



UHECRs:  Facts to remember
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• Mixed composition, evolves with energy

•  Upper limit on energy mainly from accelerator(s) 
— not GZK

• Sources apparently abundant rather than few & 
powerful
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Air shower development & Xmax
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Air shower development & Xmax
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• Integrated long. profile ➜ Etot 
• Xmax: 

• deep: light 
• shallow: light or heavy 
• variation “σ(Xmax)” 

• large: light or mixed  
composition 

• narrow:  
- small range of A; heavy
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Each 𝛑0 ➜ 𝛄𝛄 ⇒ EM cascade 
Each 𝛑± ➜ hadronic collision, if E𝛑 ≿ 100 GeV 
              ➜ 𝜇 𝛎  if E𝛑  ≾100 GeV 
 ≈ 90% of initial energy in EM cascade.



Air shower development & Xmax
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• Integrated longitudinal profile ➜ Etot 
• Xmax: 

• deep: light 
• shallow: light or heavy 
• variation “σ(Xmax)” 

• large: light or mixed  
• composition 
• narrow:  - small range of A or heavy
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Each 𝛑0 ➜ 𝛄𝛄 ⇒ EM cascade 
Each 𝛑± ➜ hadronic collision, if E𝛑 ≿ 100 GeV 
              ➜ 𝜇 𝛎  if E𝛑  ≾100 GeV 
 ≈ 90% of initial energy in EM cascade.



Energy Spectrum
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  Upper limit on energy comes mainly from accelerator(s)

 Peak rigidity R (≡ E/Z) ≈ 5 EV  (70 EeV Si, 35 EeV N)

• Distinct features emerging in spectrum

• Auger and TA agree within uncertainties (Auger has ~5x 
statistics and direct energy calibration; less reliance on 
modeling)

• Highest energy Galactic CRs overlap the lowest energy 
extragalactic UHECRs
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depends on Air Fluorescence Yield
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Spectrum measured

10 EeV
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V. Versi, UHECR22
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Low energy discrepancy resolved by common 
fluorescence yield & invisible energy

➜ spectrum discrepancy ≿30EeV;  
cannot mostly be astrophysical

V. Versi, UHECR22



Composition
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• Composition becomes heavier with energy 

•  TA & Auger observations agree 

• Interpreting data to infer actual composition requires UHE 
air shower modeling
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Xmax σXmax
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TA measurement of composition is consistent with Auger’s

Earlier differences due to: 
• TA reliance on simulations 
• low statistics 
• sensitivity to shower modeling



UHECR air shower modeling
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• Leading models:  Sibyll23.d and EPOS-LHC [also QGSJET]

• Tuned to LHC-data

• Discrepancies describing UHE air showers (10x greater CM 
energy; not p-p: UHECR + air nucleus, then pi’s,etc + air)

• ~30% more muons observed than models predict

• predicted <Xmax> ~ 1σ too deep

• muon production depth,… 

➜ Composition may be somewhat heavier than current models
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