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High Energy interactions 

p(Fe) Air   Baryons  (leading, net-baryon ≠ 0) 

                  π0                   (  π0     e+e- e+e- …) 

                   π ±        ( π ±   ν ±  if  Ldecay<  Lint ) 

                   K±, D. … 
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ΔX 

Xmax  =  X1 +  ΔX 

Shower  development  
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Shower detection 



A 4 eyes hybrid event !  
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Where we stand  
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The Swiss clock!   

Many and important results !    



Energy spectrum  
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Energy spectrum  

Ankle 

GZK like 

suppression !!! 
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Kotera &Olinto 

Energy spectrum (interpretation )  

Dip (Berezinsky et al) : 

p γ → p e+ e- 

Do we see the GZK or the exhaustion of sources (or both …)??? 

GZK:         

p γ →  → p N 

Mixed models:         

fine tuning! 

The “disappointing” 

model: heavy nuclei and 

no cosmogenic neutrinos 
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Old data 



The “Xmax distributions” 
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Experimental  resolution  X1 X 



Proton cross-

section 

Slightly lower than it was expected at 

the time by most of the models, but in 

good agreement with recent LHC data. 

If  % p > 20%,   % He < 25% 
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Xmax distributions 

As the energy increases 

the distributions become 

narrower !!! 
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<Xmax> and RMS(Xmax) 

A clear change above 3 1018 eV                              

Beam composition ???  Hadronic interactions???  

γ Fe p 
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Nuclei fraction from Xmax distributions 

 

almost no Fe and  <10% of p  at the highest energies 

16 a no “standard” astrophysics scenario !   



If just proton …  

A dramatic increase in 

the proton-proton cross 

section around : 

!!!TeV100s

R.Ulrich 

Reduced statistics 
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Chiral Symmetry Restoration 

Grey to black disk 

G.Farrar et al. 

J.Dias de Deus et al. 

Several models …  

J.Dias de Deus et al. 

Percolation 



The “number of ” 

Current simulations do not provide a good description 

of the number of muons produced in air-showers! 

1019 eV 
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z 

Muon Production Depth (MPD) 

Reconstruct the MPD from 

the measured time traces at 

each SD detectors 

 L. Cazon, R.A. Vazquez, A.A. Watson,  E. Zas, 

Astropart.Phys.21:71-86 (2004)                               

L.Cazon, PhD Thesis (USC 2005) 
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<X 
max > 

Θ ~ 600 
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<ln A> from Xmax and X
max 

(Xmax , X


max ) is sensitive  to hadronic development of 

the shower (rapidity distributions, … ) 
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Photon and neutrino limits 

Current flux limits rule out or strongly disfavor 

top-down models 
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See Lu Lu talk   



Correlation with AGNs 

Vernon-Cetty-Vernon AGN catalog 

33 out of 106 

events correlate 

Up to 12/2012 and excluding 

the prescription set 
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Where we want to go  

Resolve the question of the 

origin of the flux suppression 

(GZK or the exhaustion of 

sources?)  

Energy cutoff 
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Study Hadronic Physics at the 

100 TeV scale 



Increase the sensitivity to muons  

MARTA  
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Disantangle hadronic models from 

composition scenarios 
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Ruben Conceição 

E ~1019 eV 



Auger 2015-2023   
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We are exploring the 100 TeV energy scale, well beyond 

LHC, and  may be we are touching something fundamental! 
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