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Radiation in the Universe
— Electromagnetic and particles —
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The spectrum of cosmic rays — looking for the highest energies
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The Pierre Auger Collaboration

17 countries , =460 collaborators

Argentina - Australia - Bolivia - Brazil - Colombia - Czech Republic -
France - Germany - Italy - Mexico - Netherlands - Poland - Portugal
- United States

I Full members

Associate members




The Auger Site
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A surface detector station




A surface detector station

Communications
antenna

3 Photomultipliers



A Fluorescence Detector Site
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A Fluorescence Detector Site
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A Fluorescence Detector Site
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A Fluorescence Detector Site




Air shower detection
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Time = Direction

@® Velocity and time
= distance

d = ct

® Perpendicular plane
= direction




Surface detector Energy Determination
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Surface detector Energy Determination
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Surface detector Energy Determination
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@® Combine results
from different
techniques
and detectors

Combined spectrum
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@® Combine results
from different
techniques
and detectors
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Spectral parameters:
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Ez=13+1x 2 EeV
E3s=46+ 3 + 6 EeV

Combined spectrum

J(E) x E* [km™ yr'!sr'eV']

J(E) x E° [km? yrlsr!eV?]

(W
-

ek
-

(W
-

(WY
-

[a—
\O

[a—
o0

[a—
~

W
~

T
°
o %,
‘;

T T,
°
&

® |

spectral index + O, * Oy
7, =3.29 £0.02 £0.10
yz =2.51 +0.03 = 0.05

y3 =3.05 +0.05 =0.10

Y, = 51+03 0.1 Wij = 0.05

BTG

(W
-
()

W
-
)

(W
-
)

S

(O8]

[\

Energy density [erg Mpc™ dex']



Anisotropy: Rayleigh analysis in right ascension

® Harmonic analysis in Right Ascension «

2 N 2 N
Iy = 57 Z; W, COS &;, by = N Z; w; sin &
® Weights account for small non-uniformities

@ Obtain: amplitude and phase of 1st harmonic

b
o = \/aé b2, tan ¢, = —

Uy
@ For events above 8 EeV world
@® Amplitude 4.7f8:§% TOP 10
® Chance probability 2.6 x 108 BREAKTHROUGH

@ After penalization: 5.2¢
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Normalized rates

Event rate vs Right Ascension

1.10

1.05 |-

1.00

0.95 -

)

Rk E~8 EeV |
first harmonic
first+|second hlarmonic --------

0.90
360

300 240 180 120 60 0
Right Ascension [deg]

|3



CR dipole vs 2MRS dipole

0.46

-90

@® Cross indicates CR dipole, Diamond 2MRS dipole

® Expected deflection shown for specific model For magnetic
Fields
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Composition and Xmax
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® Both Xmax and RMS(Xmax) depend on

® Energy: Number of generations in air shower

® Cross-section, i.e., type of primary:
o(Fe-Air) > o(p-Air)
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Composition

. Auger 2013 preliminary
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@ Indication of a change from light to heavy as energy increases
@ Interpretation requires models
@ Observation not compatible with all models



Declination [deg]

Neutrino followup of Gravitational Wave events
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GW170817 / GRB170817A: NS-NS merger

® NS-NS merger seen in Gravitational Waves

® Confirmed as short GRB (Fermi GBM, Integral)
® Fermi LAT, H.E.S.S., HAWC observer region much later

= 1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)
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Neutrino Followup: IceCube, Antares, Pierre Auger Observatory

75°
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0° IR =1t o et
15° GW (90% CL)
- NN AN + NGC 4993
—30° > / ¥ neutrino candidate (IceCube)
\ > O neutrino candidate (ANTARES)
—45° = === = [ceCube horizon
\——/ — ==  ANTARES horizon
—60° Auger FoV (Earth-skimming)
—75° . 7 Auger FoV (down-going)

@ At time of GW trigger:
Event in region of maximum sensitivity for Auger



GW170817 Neutrino Limits

GW170817 Neutrino limits (fluence per flavor: v, +7,)

10° ¢ ANTARES +500 sec time-window |-
S 102?
® Time windows: 500 sec, 14 § 10} feeCube — Auger
days gl P
%: 10| 4”/ ________ EE moderate -
o7
@ Only optimistic model 07 e ctal. 0D o Kimun
constraint by observations N
102} - Aulger
® Consistent with j ot =
® GRB observed off-axis S 10} feeCube Fang &
® Low luminosity GRB & 107 R
1072} Metzger .
- | 14 day time-window 3 days ]
T T S 1 L A T T 1

E/GeV



Auger Upgrade

@® Lack of knowledge of composition limits the interpretation of
results

@® Separate determination of muonic and electro-magnetic signal is
important

Goal:

@ Determine origin of flux suppression: GZK or maximum energy
of sources

@® Search for proton component at the highest energies
(>» astronomy)

@ Study air showers and particle production at
Ecms > [0TeV
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Upgraded Station

\ T

OSes @ Horizontal air showers: Electro-

magnetic component

® Funded

<o)

2 I @ Prototype in the field

22



Conclusions

@ Auger operating since 2004, complete since 2008

@® Robust, stable detector. Results:
@ Spectrum: ankle, suppression
@ Anisotropy: Evidence for dipole
@ Competitive neutrino limits
@ Photon limits rule out some models
@ Exotics: Monopoles, Lorentz violation
@ Muon counting, asymmetries: discrepancy with interaction models
® LIGO/VIRGO GW neutrino followup (MoU)
® Measured p-Air cross-section at 57 TeV
@ Non-cosmic ray science

@ Upgrade in progress

@® Extend science reach
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Related experiments and spinoff

® HAWC Observatory in México: Gamma Ray Astronomy
@ Planning southern hemisphere counterpart SWGO

® LHC experiments: ALICE

@ Driving HPC infrastructure

@ Data intense science: current storage 7PB
® Network demands
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