





Redshift Horizon 1 Gpe

I(z)/1(0) o [ (1+ z) (E(1+z))72dE/fE°z E72dE = (1+ 2)7}, Xioss ~ 5 GpC



Source Evolution 1 Gpe

star formation rate from B.E. Robertson et al. Astrophys.J. 802 (2015) no.2, L19



UHECR Energy Loss (20 EeV p) 1 Gpe

intensity attenuation p+ycws — P+ €1 + €7, Xioss ~ 1 GPC



UHECR Energy Loss (50 EeV p) 1 Gpo

intensity attenuation p+vyews — P/N + 7%/, X10ss ~ 100 Mpc



The Local Large Scale Structure
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Observation of a Dipolar Anisotropy of UHECR ¢ st

km?Zsr yr
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Pierre Auger Coll, Science 357 (2017) 1266 [8 of 23]



Observation of a Dipolar Anisotropy of UHECR ¢ scev,
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Pierre Auger Coll., Science 357 (2017) 1266 [8 of 23]



Energy Dependence of UHECR Dipole

8-16 EeV

16-32 EeV

Pierre Auger Coll., subm. to Astrophys.J., arXiv:1808.03579 [9 of 23]



Energy Dependence of UHECR gipole
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“Hot Spot” (Telescope Array, £ > 57 EeV, ~ 3 o)

Dec. (deg) ' 7 - - E > 57 EeV

3 Best circle center: RA=144.3°, Dec=+40.3°
Best circle radius: 25°

Total events: 14

Observed: 34 o
Expected : 13.5 Local significance : 5 o

Global significance: 3 o

TA Collaboration ApJ 790 (2014), update ICRC17, C. Jui SUGAR18 [1 10f 23]



Intermediate-scale Anisotropy (pierre Auger Observatory)
starburst galaxies (£ > 39 EeV,, 9.7%, 12.9°, 4.0 ¢)

Observed Excess Map - E > 39 EeV Model Excess Map - Starburst galaxies - E > 39 EeV
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UHECR Energy Spectrum
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UHECR Energy Spectrum
E/eV
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Energy Spectrum and Composition .. = r, 7

e.g.

E2 dN/DE [eV ecm @ s sr]

Taylor et al. 2014

Aloisio et al 2014
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Energy Spectrum and Composition .. = r, 7

e.g.

E2 dN/DE [eV ecm @ s sr]
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A + ~ Interactions at Source - origin of “Ankle”?
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A + v Interactions at Source single Ai; — Enax = Eo A

source environment EBL/CMB detection

cosmic ray

MU, G.Farrar, L.Anchordoqui PRD 92 (2015) 123001
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A + v Interactions at Source galactic mix — Epay = complicated

source environment

EBL/CMB

cosmic ray

MU, G.Farrar, L.Anchordoqui PRD 92 (2015) 123001
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Particle Physics at UHE
ATLAS@LHC Pierre Auger Observatory*

* Bieam = 6.5 TeV * Fpeam > 1 x 108 TeV

* /s=13TeV /s > 400 TeV**
7 kt detector 20 kt water-Cherenkov
» 25 Gt air calorimeter

*to scale but stacked, actual area: 3000 km?

** for p+air (> 60 TeV for Fe+air) [18 of 23]



LHC and UHECR Luminosity
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Proton+Proton Cross Section at /s = 39 and 66 TeV
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Muon Production in o EPOSLHC E—10°ev,0 = 67°
° 0 QGSJet I1-04
Air Showers 081 & Qasfet 1103 — -
v QGSJet01
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Conclusions

UHECR in 2004 UHECRin 2018
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