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The physics case at the highest energies
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The Pierre Auger Observatory

500 members, 17 countries
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The Hybrid paradigm

Longitudinal profile
FD - calorimetric measurement
- duty cycle 15%

Density of particles at the ground
SD - duty cycle ~ 100%

Use the energy scale provided by FD to
calibrate the entire SD data sample
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Four independent measurements

Flux uncertainties

7-14% SD dense array
6% SD vertical (< 60°)
5% SD inclined (60°-80°)
10% Hybrid vertical (< 60°)

Auger Collaboration @ ICRC 2017

14% Energy scale uncertainty

Energy resolution

13% SD dense array

15% SD vertical (< 60°)
19% SD inclined (60°-80°)
10% Hybrid vertical (< 60°)
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The combined Auger spectrum

e ' Auger Collaboratlon @ ICRC 2017 e E’;P:;U;e ,
™ -
. 38 (o 0" 2 - msry
el
- ;
-
W
q
E Eankle = (5.08 + 0.06 + 0.8) EeV
(o]
¢
b [ B +
! E; =(39+2+8) EeV

E°J(E)/

e Auger (ICRC 2017)

17 5 18 0 18.5 19.0 19.5 20.0
lg(E/eV)
ENY|
1+ ()

E<E  J(E)xE™™ E>E . J(E) xE™ 2
No indication of dependence on declination

ankle ankle



850

800

X e [g/cm?]

650

600

average of X

|IIII|III'1_I'.|_IIII|IIII|IIII

¢ Auger SD ICRCAT (prel)£stat .~

n ’ -~
T +sys. P

® Auger FD ICRCA1T (prel.) £ stat. ;, ]

— 1
A
X

D‘IT ,1D1B ,1D1E|

E [eV]

1 DEE

) [g/cn?’]

Max

o(X

90
80
70
60
50
40
30
20
10

Auger Collaboration @ ICRC 2017

std. deviation of X

= — EPOS-LHC
= ---- Sibyll2.3

e QGSJetll-04
= e proton
LA T L
E $

3 gt 1 :

1
g__________ iron
E||| Lol Lol Lol
10" 10" 0™ 107

1
E [eV]

FD Syst uncertainty ~ 10 g cm? (20 g cm at the lowest energies)

FD Xmax resolution ~ 20 g cm?(30 g cm™ at the lowest energies)

— non constant composition

large proton fraction at the ankle

increase of the mean mass above and below ~ 2 EeV
— interpretation depends on hadronic interaction models



Heavier components take over with energy — exhaustion of sources
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dE/dX [PeV/(g/cr)]

How well hadronic models match data?

Hybrid events ~ 10" eV, 0°< zenith 60°
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Search for photons and neutrinos

Photons

4 photons candidate above 10 EeV (SD)

3 photons candidate between 1-2 EeV (Hybrid)

Strictest limits at E> 1 EeV

- Top-down model strongly disfavored

- CR proton dominated scenario start to be
disfavoured
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Auger data (spectrum and X __ simultaneously) vs astrophysical scenarios

Post-LHC models for air shower propagation through the atmosphere
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CAVEAT: Dependence on the propagation models
i.e cross sections for photo-disintegration and for background light spectrum



Normalized Rate

Large Scale anisotropy at the highest energies
Auger Collaborations @ ICRC 2017

E > 8 EeV
Harmonic analysis in right ascension a Exposure=76800 km?sr y
E [EeV] events amplitude » phase [deg.] P(>r)
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Interpretation —»
P Diffusion in extra-galactic magnetic field by nearby sources




Indication of anisotropy at intermediate scale
Auger @ ICRC2017

New study motivated by Fermi-LAT observations of high-energy gamma rays
PRELIMINARY!

Active galactic nuclei - E > 60 EeV

AGN from 2FHL catalog.
17 bright objects within 250 Mpc.
Flux >50GeV as proxy for UHECR

TS=15.2 E,>60 EeV
f ~7%W=T7°
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post-trial probability

Starburst Galaxies 23 bright objects
3x10% (~ 2.7 o)

within 250 Mpc. Radio Flux > 1.4 GHZ as
proxy for UHECR
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isotropic fraction plus the anisotropic

component from selected sources f__ TS =24.9 E > 39 EeV
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Test statistics (TS): likelihood ratio
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4 x 10 (~ 4.9 0)
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Directional exposure and relative Attenuation according to JCAPO4 (2017) 38.
weight of sources taken into account. Negligible for nearby objects (starburst)



| ~ spectrum features
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- better understanding of hadronic interaction models

- isolate a light component pointing back to astrophysical sources



Auger upgrade program: Auger Prime

3.8 m? (1 cm thick) scintillators on each of the main array station

Auger Collaboration @ ICRC 2017

Scintillators sensitive to the electromagnetic
content of the shower
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Auger Collaboration @ ICRC 2017

The Engineering array (12 upgrgaded station ) in operation since October 2016

Lateral Profile
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Time Schedule

- Designed finalized and tested

- 180 SSD modules to be shipped by the end of 2017
- finish construction by 2019

- data taking up to 2025
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AUGER vs Telescope Array
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Marginally consistent at the highest energies
Position and steepness of the suppression quite different

We are observing the sky from different Hemispheres
Does the point of view matters?



AUGER vs Telescope Array
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No indication of dependence
on declination

Compatible with the dipole
anisotropy observed at E > 8 EeV
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Auger and Telescope Array

Exposure (Time O Area)
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- Auger and TA are complementary

Auger ~3000 km?, TA~ 700 km?

Auger exposure ~ 8 times TA
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How well our hadronic models match data?

Average muon content per shower

(inclined hybrid)

® Augerdata
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QGSJET 11-04

F -y A F Y

Physical Review D 91, 032003 (2015)

post-LHC models
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Pion interaction major uncertainty for muon discrepancy [R. Engel @ ICRC 2015]
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Correlation with UHE neutrinos

Telescope Array, Auger, IceCube Collaborations @ ICRC 2015
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UHE neutrino spectral fluence [GeV cm'z]

Ultra-high energy neutrino follow-up of gravitational waves events
GW150914 and GW151226

The Pierre Auger Collaboration, Phys. Rev. D 94, 122007 (2016)
Search for neutrinos in time window of 500s or 1 day around the events

Sensitiviy for 6 in the band -65° up to 60°
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Energy deposit (PeV/(glcm?))
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Search for ultrarelativistic monopole

The Pierre Auger Collaboration, Phys. Rev. D 94, 082002 (2016)
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