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i) The Pierre Auger Observatory



The Pierre Auger Cosmic Ray Observatory
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[NIM 798:172–213, 2015]



SD: Track-length integral from lateral sampling?
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Issue: spacing of  detectors > Molière radius

[Linsley, PRL 10:146–148]

[Linsley, ICRC 1977]

~1020 eV!

~1020 eV!



Track-length integral → Air-shower size
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S(ropt) as shower-size estimate [Hillas, Acta Phys. Acad. 
Sci. Hung., 29, Suppl. 3, page 355]
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[Watson et al., ECRS 2022]
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Longitudinal profile reconstruction
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Energy scale

[PRD 100 (2019) 082003] [Dawson, ICRC2019]
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Propagation of  FD energy scale

Power-law extrapolation: no break in ER required



ii) Searching for sources in arrival directions

➡ Aiming to capture in the UHECR arrival directions a pattern 
suggestive in an evident way of  a class of  astrophysical objects. 



First harmonic in RA
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‣Control of  the event rate/directional exposure in right ascension 
➡ Fourier expansion of  the directional intensity

[Science 57 (2017) 1266, ApJ 868 (2018) 1]



Extragalactic origin
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Direction of  the local void 

Laniakea: Norma (attractor) + Pavo-Indus + 
Virgo supercluster (Virgo cluster + Local sheet) 

Local sheet : 10-15 Mpc diameter, 0.5 Mpc 
height, with a void region ~70 Mpc North in 
supergalactic coordinates

[Science 57 (2017) 1266]



Blind searches for over-densities
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[ApJ 935 (2022)170]



Autocorrelation and correlation with structures
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[ApJ 935 (2022)170]



Catalog-based correlations
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Catalog-based correlations
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SBG signal compatible with linear 
growth within the expected variance:[ApJ 935 (2022)170]



iii) Energy spectrum and mass composition: probing 
source properties

➡ Constraints on: 
‣ acceleration/escape processes  
‣ energetics of  the sources  
‣ abundances of  elements in the source 

environments 



Features in the energy spectrum > 1017 eV
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[EPJC 81 (2021) 966]
Smooth second/

iron knee

Instep feature

[PRD 102 (2020) 062005]



Measurements of  the depth of  shower maximum Xmax
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Rate of  change of  Xmax with energy
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[Yuchkov, ICRC2021]



Xmax moments:  data vs simulations
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[Yuchkov, ICRC2021]



Astrophysical picture
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✦ Hard ejected spectra (quasi 
mono-elemental fluxes at UHE) 

✦ Energy cutoff  ~5Z EeV
✦ Steepening above ~50 EeV:  

combination of  the maximum 
energy of  acceleration of  the 
heaviest nuclei at the sources and 
the GZK effect

✦ Steepening above ~10 EeV:   
interplay between the flux 
contributions of  He and CNO 
injected at the source with their 
distinct cutoff  energies, shaped by 
photodisintegration during the 
propagation

✦ Luminosity density (E2qgen(E)):         
6 1044 erg Mpc-3 yr-1

[PRL 125 (2020) 121106]



iv) Puzzles in extensive air showers

« The subject of  cosmic rays is unique in modern physics for the 
minuteness of  the phenomena, the delicacy of  the observations, 
the adventurous excursions of  the observers, the subtlety of  the 

analysis, the grandeur of  the inferences » B. Rossi 



Comparison of  longitudinal and lateral shower profiles

- 23 -

[PRL, 117 (2016) 192001]



Muon number in inclined showers (θ > 60°)
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[PRL, 126 (2021) 152002]

[PRD, 91 (2015) 032003]



Direct measurement of  muons at lower energy
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[EPJC, 80 (2020) 751]



Muon production in hadronic showers
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[Courtesy, R. Engel]

Muon energy spectrum in EAS relative to that of  Sibyll 2.1



v) Photons, neutrinos, (super-heavy) dark matter
« Une fourmi  parlant français 

Parlant latin et javanais 

Ça n'existe pas ça n'existe pas 

Et pourquoi pas ? » R. Desnos 



Why searching for SHDM?
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‣ Concordance model in cosmology: no interaction between 
SM and DM sectors

‣ Most of  DM models: concordance model slightly wrong to 
make the dark sector (slightly) observable through the weak 

interaction or a new feeble one

‣ What if  the concordance model is exact in the sense that 
gravitation is the only portal? 

‣ Abundance of  DM produced during reheating matching 
the relic abundance observed today for some combinations 

of  Hinf, Treh, and for MX quite large

‣ No new physics at LHC: problem of  the Higgs mass not 
solved by naturalness?

‣ Precision measurements of  mH and mtop allowing for 
inferring a very high instability energy scale

[Garny et al. PRL 116 
(2016) 101302, 

Mambrini & Olive 
PRD 103 (2021) 11, 

115009]



LHC SM phase diagrams
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Secondary by-product fluxes from SDHM decay
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Constraints on non-perturbative decay
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[arXiv:2203.08854, arXiv:2208.02353]



Non-thermal SHDM production during reheating
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[arXiv:2203.08854, arXiv:2208.02353]



All the rest…

!
‣Atmospheric electricity phenomena (ELVES, TGFs, …)  
‣Radio-detection of  EAS 
‣Xmax estimations from SD (risetime, DNN, etc.) 
‣Dependences of  <Xmax> in arrival directions 
‣p-air and p-p cross section 
‣Muon production depth 
‣Modification of  hadronic interaction models 
‣Constraints on Lorentz invariance violation 
‣Searches for ANITA-like anomalous events 
‣Low-energy extensions below 1017 eV 
‣Common studies with TA 
‣…

!
‣Multi-messenger implications [V. Novotny’s talk] 
‣Upgrade of  the Observatory [T. Suomijärvi’s talk] 
‣Outreach [R. Sarmento’s talk] 
‣Open data [P. Ghia’s talk]





3FHL catalog                            
(Fermi-LAT, >50 GeV, < 250 Mpc)           

[Ackermann et al., 2016]

Selection by Fermi-LAT            
(HCN survey) < 250 Mpc,           

flux radio>0.3 Jy [Gao & Salomon, 2005]

Hypothesis : CR flux ∝ non-thermal flux of  photons 

➡  Calorimetric argument: natural for environments such that 
starburst galaxies  

(leptonic processes preferred) (hadronic processes preferred)
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Extragalactic gamma-ray sources



Composition and horizons at UHE
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☞ Limited horizons @ 30-40 EeV

[Alves Batista, Boncioli, Di Matteo et al.,  JCAP10(2015)063]
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Sky maps



Cosmic accelerators?
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p, He, ... Fe
π±

π0

µ± + νµ
e± + νe+ νµ

γγ

Cosmic rays,  gamma rays and neutrinos
come likely from the same sources

difficult  
to detectonly charged particles 

can be accelerated in 
el.mag. fields

reacti
ons 

with fields, 

gas, 
dust

5

e

easy to detect

γ,ν 
point back to sources
     (good for astronomy)
but serious backgrounds

γ

but gamma rays are currently  
the most “productive” messengers.

“multi-messenger astrophysics”

⟨E⟩ ⟨E2⟩

COMMENT ? UN SCHEMA GENERIQUE

Rayons cosmiques accélérés dans des 
environnements à fortes turbulences magnétiques

Interactions des RC avec les radiations présentes
dans l'environnement de l'accélérateur

Processus dominants: 

Neutrons et produits de désintégration des pions
pouvant s'échapper 

   L'énergie « libérée » par ces accélérateurs   
 se distribue donc en 

rayons cosmiques ~ photons ~ neutrinos
  

rotating B turbulent B

multi-messenger cascade

Constraints from the Auger Observatory?



GZK cutoff
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[Alves Batista, Boncioli, 
Di Matteo et al., 2015]

Almost same conclusions for nuclei (photo-disintegration)

➡ Reduction of  the CR horizon at UHE

Example with protons



Magnetic deflections

[Jansson & Farrar 2012]

At UHE, CRs may be rigid 
enough to point back to their 
sources within a few degrees

[Unger & Farrar 2017]
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+ Reduced horizon 
➡  Possibility to identify 

nearby sources?

Origin of ultra-high energy cosmic rays

Magnetic fields
At low energy Galactic Magnetic Field (GMF) and InterGalactic

Magnetic Field (IGMF) deflect CR particles
UHECRs are very little deflected

only for E/Z >> 1019 eV deflections become less than a few degrees 
and C R astronomy could become feasible

propagation in G alactic magnetic fields
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* %+Cosmic rays are deflected as :
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3µG

L
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6 ⇥ 1019eVE/Z

Regular component of MF follows
spiral arms

Regular component
B0 = 2 � 3µG coherent over
scales of kpc

Random component with
Brms = fewµG

Intergalactic magnetic field ?

Only for E/Z >> 1019 eV it is possible to point to the source direction
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[Harari et al., 1999]


