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THE COSMIC RAY ENERGY SPECTRUM

I 109 eV: galactic,
strong solar modulation

I 109 eV to 1015 eV: galactic,
probably from SNR

I 1015 eV to 1019 eV
some hints of:

I galactic anisotropy at
1018 eV

I composition from heavy
to light

I Above 1019 eV: UHECR
terra incognita!
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Particle Accelerators Full of Spin and Fury, Signifying
Something

Elwood H. Smith

Published in the NYT on August 1, 2011
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Black Holes Belch Universe’s Most Energetic Particles

Image courtesy NASA E/PO, Sonoma State University, Aurore Simonnet

Published in National Geographic News on November 8, 2007

“We discovered the sources of the highest-energy particles in the universe,"
said team member Miguel Mostafa...
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BLACK HOLE OUTFLOWS FROM CENTAURUS A

Credit: X-ray: NASA/CXC/CfA/R.Kraft et al.; Sub-mm: MPIfR/ESO/APEX/A.Weiss et al.; Optical: ESO/WFI
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MOTIVATION

SOURCES OF UHECRS

I Determine acceleration or other production mechanism
I Find maximum energy of sources
I Discover sources or source regions
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MOTIVATION

PROPAGATION OF ULTRA-HIGH ENERGY COSMIC RAYS

I Identify energy loss processes
I Determine strength of galactic and extra-galactic magnetic

fields
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MOTIVATION

PARTICLE PHYSICS BEYOND LHC ENERGIES

I Determine characteristics of particle production
I Search for new phenomena, probe fundamental principles
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EXTENSIVE AIR SHOWERS
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THE PIERRE AUGER OBSERVATORY
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THE AUGER SURFACE DETECTOR
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THE AUGER SURFACE DETECTOR
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THE AUGER SURFACE DETECTOR
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THE AUGER FLUORESCENCE DETECTOR
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THE AUGER FLUORESCENCE DETECTOR
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THE AUGER FLUORESCENCE DETECTOR
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I HAD A HYBRID DREAM...
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I HAD A HYBRID DREAM...
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I HAD A HYBRID DREAM...
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special hybrid events (01.01.2004 - 18.07.2007)

Stereo
582
30 / month

Triple
58
5 / month

Event 200716104390 (11.6.2007)
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AN AUGER EVENT
I SD: large statistics in 24/7 mode, fully efficient at 3 EeV

I FD: calorimetric particle ID & calibration, 14% duty cycle

I energy resolution ∼ 15%

I angular resolution 1◦ − 2◦ (SD) and < 1◦ (hybrid)
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SIZE OF THE AUGER OBSERVATORY
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SIZE OF THE AUGER OBSERVATORY

9/11/17, 6(56 AMPierre Auger Observatory Public Event Explorer
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SIZE OF THE AUGER OBSERVATORY
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ENERGY SPECTRUM
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ENERGY SPECTRUM
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ENERGY SPECTRUMCombined Energy SpectrumCombined Energy Spectrum
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TAKE HOME MESSAGE I

I Many ways to fit the spectrum!
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Partial spectra are grouped according to the mass number:
A = 1 (red), 2 ≤ A ≤ 4 (gray), 5 ≤ A ≤ 26 (green),
27 ≤ A (blue), and total (brown).

Armando di Matteo, ICRC2015
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TAKE HOME MESSAGE II
I total systematic uncertainty: 14% (energy scale)
I flux uncertainty: 6% (SD)
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PRIMARY COMPOSITION

I Longitudinal profile information from FD
Longitudinal Shower Profiles with the Pierre Auger
Fluorescence Telescopes
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PRIMARY COMPOSITION

I Longitudinal profile information from FD
Longitudinal Shower Profiles with the Pierre Auger
Fluorescence Telescopes
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LONGITUDINAL SHOWER DEVELOPMENT
SHOWER MAXIMUM (Xmax) CORRELATES WITH PRIMARY MASS
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LONGITUDINAL SHOWER DEVELOPMENT
SHOWER MAXIMUM (Xmax) CORRELATES WITH PRIMARY MASS

average
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PROTON-AIR CROSS-SECTION
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INELASTIC PROTON-PROTON CROSS-SECTION
STANDARD GLAUBER CONVERSION + PROPAGATION OF MODELING UNC.

Inelastic proton-proton cross section

Extended Glauber conversion with inelastic screening + propagation of modeling uncertainties
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Ralf Ulrich for the Pierre Auger Collaboration 13
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UHE PHOTON LIMITS
PRINCIPAL COMPONENT ANALYSIS
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PHOTON FLUX LIMITS
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UHE NEUTRINO SEARCHES
VERY INCLINED SHOWERS

Identifying neutrinos in data

2 / 13
Basis of identification criteria: inclined young (deep) shower.

The discrimination power is enhanced when looking at inclined showers.

(1) Inclined showers are mainly regular nucleonic cosmic rays.

They interact high in the atmosphere.

At ground level there are mainly muons.

(2, 3 and 4) Neutrinos can induce showers close to the ground.

Challenge: identify neutrino showers in a background of nucleonic showers.

Search for:
I up-going (Earth skimming) showers
I down-going deep showers

27
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DIFFUSE NEUTRINO LIMITS

Searches for Cosmogenic Photons and NeutrinosSearches for Cosmogenic Photons and Neutrinos
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Figure 2: Integral upper limit (at 90% C.L.) for a diffuse neutrino flux of UHE dN/dEn = kE�2 given as
a normalization, k, (straight red line), and differential upper limit (see text). Limits are quoted for a single
flavor assuming equal flavor ratios. Similar limits from ANITAII [8] and IceCube [9] are displayed along
with prediction for several neutrino models (cosmogenic [10, 11, 12], astrophysical [13].)

3.2 Limits to point-like sources of UHE neutrinos

The Earth-skimming channel is very effective at converting the tau neutrinos into exiting tau
leptons when the arrival direction is very close to the horizontal. It can be shown that over 90%
(⇠ 100%) of the ES exposure is obtained for zenith angles between 90� and 92.5� (95�). As a result
the sky coverage provided by these interactions reaches declinations between �54.5� and 59.5�.
The DG selections enhance the visible declination band towards the south all the way to �84.5�

covering a large fraction of the sky. The exposure as a function of zenith can be converted to an
average exposure for a given declination integrating in right ascension. It displays strong peaks for
the ES selection close to two extreme declinations apparent in the obtained bounds.

The non-observation of neutrino candidates is cast into a bound on point sources which is
calculated as a function of declination, d , also assuming a flavor ratio of 1:1:1. The results are
displayed in Fig. 3, for the first time combining the three searches and for data that have an increase
of about seven years of full exposure over previous results [15].

3.3 Targeted searches for correlations with the GW events

The reported detection of gravitational wave events produced by bynary Black Hole (BH)
mergers by the Advanced Ligo Collaboration has triggered a targeted search for coincidence events
that would complement these observations. BH mergers could accelerate cosmic rays to the high-

4

[16 of 30]

Auger Collab., ICRC2017p + γCMB =⇒ n + π+
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TAKE HOME MESSAGE III
I new method to extend composition measurement
I mass interpretation is model dependent
I cross section measurement beyond LHC energies
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TAKE HOME MESSAGE III
I new method to extend composition measurement
I mass interpretation is model dependent
I cross section measurement beyond LHC energies
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TAKE HOME MESSAGE III
I new method to extend composition measurement
I mass interpretation is model dependent
I cross section measurement beyond LHC energies
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Results, σinel
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Lower energy point
76.95±5.4(stat)+5.2/-7.2(syst)±7(glauber)
at
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spp = 38.7 ± 2.5TeV

Higher energy point
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at
√
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(Model uncertainties may be underestimated, since there are other theoretical models available for the conversion)

Ralf Ulrich for the Pierre Auger Collaboration 13
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TAKE HOME MESSAGE IV

I updated limits closing on GZK predictions
I competitive limit to UHE neutrino diffuse flux
I sensitivity to point sources
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Figure 2: Integral upper limit (at 90% C.L.) for a diffuse neutrino flux of UHE dN/dEn = kE�2 given as
a normalization, k, (straight red line), and differential upper limit (see text). Limits are quoted for a single
flavor assuming equal flavor ratios. Similar limits from ANITAII [8] and IceCube [9] are displayed along
with prediction for several neutrino models (cosmogenic [10, 11, 12], astrophysical [13].)

3.2 Limits to point-like sources of UHE neutrinos

The Earth-skimming channel is very effective at converting the tau neutrinos into exiting tau
leptons when the arrival direction is very close to the horizontal. It can be shown that over 90%
(⇠ 100%) of the ES exposure is obtained for zenith angles between 90� and 92.5� (95�). As a result
the sky coverage provided by these interactions reaches declinations between �54.5� and 59.5�.
The DG selections enhance the visible declination band towards the south all the way to �84.5�

covering a large fraction of the sky. The exposure as a function of zenith can be converted to an
average exposure for a given declination integrating in right ascension. It displays strong peaks for
the ES selection close to two extreme declinations apparent in the obtained bounds.

The non-observation of neutrino candidates is cast into a bound on point sources which is
calculated as a function of declination, d , also assuming a flavor ratio of 1:1:1. The results are
displayed in Fig. 3, for the first time combining the three searches and for data that have an increase
of about seven years of full exposure over previous results [15].

3.3 Targeted searches for correlations with the GW events

The reported detection of gravitational wave events produced by bynary Black Hole (BH)
mergers by the Advanced Ligo Collaboration has triggered a targeted search for coincidence events
that would complement these observations. BH mergers could accelerate cosmic rays to the high-

4

[16 of 30]
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LARGE SCALE ANISOTROPY
DIPOLE SEARCHES

I significant (> 5σ) departure from isotropy above 8 EeV
with a ∼ (5± 1)% amplitude in the first harmonic in RA

I phase transition from 270◦ to 90◦ at ∼1 EeV
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LARGE SCALE ANISOTROPY
DIPOLE SEARCHES

I significant (> 5σ) departure from isotropy above 8 EeV
with a ∼ (5± 1)% amplitude in the first harmonic in RA

I phase transition from 270◦ to 90◦ at ∼1 EeV
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INTERMEDIATE SCALE ANISOTROPY
CROSS-CORRELATIONS WITH ASTROPHYSICAL SOURCES

I Cross-correlation with flux-limited catalogs
I Cross-correlation with bright AGNs & star-forming

regions of starburst galaxies

Data Model

VERY PRELIMINARY
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TAKE HOME MESSAGE V

E [EeV]
0.001 0.01 0.1 1 10 100

]°
Ph

as
e 

[

180

270

    0

  90

180

Auger - 750m
Auger - 1500m
KASCADE-Grande

Ice Top (ApJ 2013)
(ICRC 2015)

I significant observation of
dipolar anisotropy

I possible phase transition
around the “ankle” energy

I exploit lower energy
data

I hints of intermediate scale
anisotropy only above
“suppression” energy

I joint and multi-messenger
analysis
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CONCLUSIONS

I ENERGY SPECTRUM
I improved statistics over 3 orders of magnitude
I good agreement on spectral features

I PRIMARY MASS
I no clear picture above ∼ 40 EeV
I p−air and p− p cross section at

√
s = 40− 60 TeV

I photon and neutrino limits start probing GZK limits

I ARRIVAL DIRECTIONS
I significant modulation in RA
I no candidate source identified
I hints of intermediate-scale anisotropy at the highest

energies
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CONCLUSIONS SUMMARY
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THANK YOU VERY MUCH!
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BACK-UP SLIDES
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DETECTOR UPGRADE
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COMPARISON OF ELONGATION RATES
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