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1. Introduction

 Ultra High Energy Cosmic Rays (UHECR)
* The Pierre Auger Observatory

2. Current results

Energy spectrum
Composition New and unexpected (before Auger) scenario for UHECR

Anisotropy
DM constraints

3. Perspectives (to solve open issues)

* AugerPrime (only if somebody in the audience ask for it :))



Ultrahigh Energy Cosmic Rays

Energy losses
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Spallation processes

Where do they come from?  How are they accelerated?  What is thelr c:omposltlon’>
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Ultrahigh Energy Cosmic Rays

Primary Particle
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The heavier the particle the
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Ultrahigh Energy Cosmic Rays
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Direct measurements:
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BESS-TeV (2004, only p)
ATIC-2 (2009, only p)
CREAM-I1 (2011, only p)
RUNJOB (2005, only p)
PAMELA (2011, only p)
AMS-02 (2015, only p)

Air shower measurements:
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CASA-MIA (1999)
TIBET-IIl (2008)
EAS-TOP (1999)
IceTop-73 (2013)
KASCADE (2005)
KASCADE-Grande (2013)
Fly's Eye (1994)
AGASA (2003)
HiRes 1 (2008)
HiRes 2 (2008)
TA (2015)

Auger (2015)

Nice power law with spectral index close

to -3 with small deviations (with the
most interesting information!)

/ 1 particle per m® and year

This talk:

1 particle per km? and cent
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Scaled flux E*° J(E) (mZs'srleV'?)
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The Pierre Auger Observatory

Loma Amarilla

Surface detector (SD)
100% duty cycle

SD-1500m SD-750m
3000 km? 23.5 km?
1600 WCDs 61 WCDs

Fluorescence detector (FD) I Lo AR I SR I T XL R L

15% duty cycle ~ eelleenl eeeeeceiiacceensean s gt Nl iy

4 units x 6 telescopes 1 units x 3 telescopes (HEAT) '-:-:-:.:-:-:.:.}:.:.:.:::.:.:::.:.:.:.:.:.:.:.:.:. ...............
overlooking SD-1500m overlooking SD-750m

FoV 30° x 30° FoV 30° x 30°
Minimum elevation 1.5° Minimum elevation 30°

Central
Campus

70
[km]



The Pierre Auger Observatory

Loma Amarilla

Underground muon detector (°}|
100% duty cycle e

UMD-750m (AMIGA)

23.5 km?

61x30m? Plastic Scintillators
buried 2.3m triggering from WCDs

Radio detector (RD) S
100% duty cycle ™

30-80 MHz (AERA)
153 radio stations over 17 km?
Spacing from 150m to 750m

Physics observables must basically be
extracted from:

* signal size

* signal timing

70




The hybrid tercbnique
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The hybrid tercbnique
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Energy spectrum: all-particle flux

E/eV
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— S - | Flux uncertainties:
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Energy spectrum: all-particle flux

E/eV
18 19 20 -
10 10 10 Unprecedented statistics!!
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Energy spectrum: all-particle flux

E /eV
1018 1019 1020

Eankle = (5~08 + 0.06 4 0.8) EeV

+

Es = (39 4+ 2 + 8) EeV
Ey/e = (234 1+ 4) EeV

B Auger (ICRC 2017)

Combined spectrum -

75 180 185 _ 190 195 200
Ig(E/eV)

What is the origin of the flux
suppression?

* Propagation effect?
“Greisen-Zatsepin-Kuzmin”

Proton —— .. —'O Photo-pion production

. a . Photo-disintegration

* Maximum injection energy?
What is the origin of the ankle?

* Propagation effect?

Proton — .5"_.6_. Photo-pair production

cMB

 Transition effect?
* Interactions in the source
environment?



Energy spectrum: all-particle flux

E /eV
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Compositipn
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4 Xmax

contains information
on primary mass
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Composition
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Transition towards heavier elements just below the ankle

Can we says something on relative abundances? 19
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relative abundance
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* What is the composition
at the sources?

* What is the injected
flux?
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Combining spectrum and composition
from simple to complex

 Identical uniformly distributed sources with a rigidity-dependent injection of nuclei (E/2Z)

Injection flux: Free parameters:
dN |1 for Eg/Z, < R.
anN _ .JU.Z f{rED}, . D/ (¥ cut JO Rcut y fa
daE ;r exp(1 - zu,qm) for Eo/Zy = Reut
Models for propagation Models for EAS
MC code  Ophotodisine. FBL model
SPG | SimProp PSB Gilmore 2012 EPOS-LHC
STG | SimProp TALYS Gilmore 2012 Svbill 2.1
SPD | SimProp PSB Dominguez 2011 ybiil <.
CTG | CRPropa TALYS Gilmore 2012 QGSJet 11-04

CTD | CRPropa TALYS Dominguez 2011
CGD | CRPropa Geant4 Dominguez 2011 22




Reference model (SPG+EPOS):.

SimProm + PSB cross section + Gilmore ‘12 EBL +

EPOS-LHC
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Combining spectrum and composition
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Combining spectrum and composition

Changing hadronic models for EAS

Changing models for propagation
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2
Best minimum (spectral index < 1) very
dependent on the model parameters

Local minimum (spectral index ~ 2 ) is

model independent
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Combining spectrum and composition

* Discrete sources (according to the model of the local large-scale structure) and CGT model with/without
EGMF

Eg{] 5 12 Source properties 4D with EGMF 4D no EGMF 1D no EGMF’
LA y 1.61 0.61 0.87
o[ : _io 10G10( Reut/€V) 18.88 18.48 18.62
= 20 & 1D no EGMF f 3% 1% 0%
- % 4D with EGMF i e 0% 4% 0%
1050 j —8 fi 74 % 68 % 88 %
i Fi 21 % 7 % 12 %
i s fre 0% 0% 0%
19
i ' Several poorly know parameters
i to model properly the observed data
18.5— 4
- The scenario is certainly more complex
N 2 than previously expected
:I 1 11 | 1 111 | 1 111 | 1111 | 1 111 | 1111 | 1111 | 1111 | 0 The magne'tic fiEIdS In the IntergaIaCtIC Space

-5 41 05 0 05 1 15 2 25 needs be taken into account when interpg%ting
data



Arrival directions: intermediate scale and high energy

Search for correlations at intermediate angular scale with:

1. Active Galactic Nuclei from 2FHL catalog:

* Distance < 250 Mpc 17 objects (~ 90% contribution to UHECR flux within 150 Mpc)
* Flux > 50 GeV

2. Starburst galaxies from Fermi-LAT catalog aking into account %Stance of the objects

* Distance < 250 Mpc 23 objects (~ 90% contribution to UHECR flux within 10 Mpc)
* Flux>0.3Jy

. . . . Free parameters are:
Likelihood ratio analysis g

e smearing angle
e Hj: isotropy
o Hy: (1— f)x isotropy + fx fluxMap(s)) e TS = 2log(H:/Hy) 20

AN

the threshold energy
the smearing angle
the fraction of anisotropy

AN

AN
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Test statistic, TS

Arrival directions: intermediate scale and high energy

- Populations

—— y-ray AGN

Composition scenarios

25 % Starburst galaxies —A

- = = No attenuation

—
=
[

30

SBGs:

E>60 EeV
f=7%
Radius 7°
2.70

40 50 60 70
Threshold energy [EeV]

AGNSs:

E>39 EeV
f=10%
Radius 13°
4.00

(z's1)"'d ‘enjea-d [eso

Search Radius [ ° ]

Search Radius [ ° |

Starburst gal

axies - E > 39 EeV

0 T 0.05
SBG Anisotropic Fraction

0.1. -

015

Active galactic nuclei - E > 60 EeV

0.05
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vAGN Anisotropic Fraction
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Arrival directions: intermediate scale and high energy

Observed Excess Map - E > 39 Eev Observed Excess Map - E > 60 Eev
SBGs
Observed . c
3 3
£
event e 5
a [=%
8 8
excess s g
* *
50
14
M Odel “ 12
30 10
£ £
event 8 e
“2 10 g 6 180
excess i e,
2 B0 g
@ @ 2
* I+
-10 eam size b Beam size
-20 s = N, =15

s — - y - - = avt
S NG253 - r] w

Isotropy is disfavored at intermediate scales at 4o level for SBGs
Results indicative of an excess if events from strong nearby sources 28



Arrival directions: large scale and moderate energy

Harmonic analysis in right ascension «
E [EeV] events amplitude » phase[deg.] P(>r)
4-8 81701 0.005"; 05 80 %+ 60 0.60

>8 32187 0.0477000  100£10  2.6x 107"

Slg nificant modulation at 5.20 (5.60 before penalization for energy bins explored)
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Arrival directions: large scale and moderate energy

Harmonic analysis in right ascension «
FE [EeV] events amplitude »r phase [deg.] P(>r)
4-8 81701 0.0057) 005 80 & 60 0.60
>8 32187 0.0477)0  100£10 2.6x10°°

Slg nificant modulation at 5.20 (5.60 before penalization for energy bins explored)
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Arrival directions: large scale and moderate energy
9

90 0.46
~ Dipole from infrar€o
~ Galaxies fic '

1.180 {042

RIS, Wy

..........

0.38

90
In galactic coordinates (4 4) = (233° -13°)

* Dipole structure is expected if cosmic rays diffuse to the Galaxy from sources distributed similar
to nearby galaxies (e.g. 2MRS catalog)

« Strong indication for extragalactic origin if UHECR above 8 EeV (recallE_ _~ 5 EeV) 31
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State of the art UHECR scenario

Observational facts

Spectrum - has a well defined change in spectral index at ~ 5 EeV (ankle)
- has a strong suppression above ~ 40 EeV

Composition - light (but mixed) dominated below the ankle
— heavier nuclei towards the highest energies

Source models &
propagation — difficult to interpret data due to poorly known model parameters

Anisotropy - firmly (~50 and 4c level) arising from data at large (>8 EeV) and intermediate
(>39 EeV) angular scales
- extragalactic origin above 8 EeV highly favoured

Nice understanding of data, but to still many open questions. Moreover, to make our life not so
easy... hadronic models do not reproduce muon data (the most sensitive observable to
primary masses)! 32



What about DM?

Analyzing the diffuse photon flux “top-down” and “bottom-up” models may be distinguished
Photon showers:

v penetrate deeper in the atmosphere

v produce less muons than showers initiated by hadrons

hybrid observations allows both the longitudinal development and the particle densities at ground to
be measured
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What about DM?

Upper limits on the integral photon flux derived for a photon flux E~
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Results severely constrain “top-down” models in which it is assumed that UHECRs are
the decay products of super-heavy dark matter (SHDM), topological defects (TD) or Z_

bosons (Z-burst) .



Conclusions

goto slide 32 ;)

Thanks
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Hadronic models: muon deficit
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Hadronic models: muon deficit

Underground detectors
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Onground detectors + inclined showers
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All hadronic models (post-LHC) fall
to reproduce muon data from 10*"°
to 10° eV!

38



Future perspective: AugerPrime

Aim: to build a composition sensitive detector up to the highest energies
(above suppression ~ 40 EeV) with 100% duty cycle

3.8 m? scintillators (SSD) on each 1500-m array station
upgrade of station electronics

additional small PMT to increase dynamic range
buried muon counters in 750-m array (AMIGA) 10
increased FD uptime g

s/MIP

zs_ Scintillation detector (SSD)
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Signal (VEM)

» down-going

proton or nuclei
Top of the atmosphere \

EM component >

Top of the atmosphere

EM component /

component

Energy of shower ~ 5EeV
Distance to shower axis ~ 1 km

Zenith angle ~ 80° (“old shower”)

Energy of shower ~ 5EeV

young shower

Distance to shower axis ~ 1 km
Zenith angle ~ 22" (“young shower”)

old shower
1 1 1 1 2 ¥ el P T ol L.
0 1000 2000 3000 0 1000 2000 3000
Time (ns) Time (ns)

» up-going (Earth-Skimming)

Top of the atmosphere

-

EM component

\ hadronic

_—— component

41



0

1072

10°°

Integral photon flux ESE [km?y'sr]

107*

10°°

Ill%w é'_&llllll
<<

HP
Y A
v v v

Hyb 2011

SD 2025 (ideal)

GZK proton |
[ GZK proton II
pm GZK iron 1I

A

v
HP
v

T¢A 2015 (prelim.)

Y
SD 2015 (prelim.)
¥

SD 2025

10%
Energy [eV]

Single flavour, 90% C.L.

107°

-t -t -t
Q Q Q
[s2] ~l =2}

E2dN/JE [GeV cm?s'sr1]

—h
Q

Cosmogenic v models
p. Fermi-LAT, E_ =10"" eV (Ahlers '10)

== = |ceCube (2015) (x 1/3)

— Auger (2013)
wimin ANITAAL (2010) (x 1/3)

-mmm wmm Auger 2023

9 =

. rin 17 f
T T T T TTITTT T T T T TTTTT T 1 = =D, Fermi-LAT,E_ =310 SV(AhleS 10)
min

p. FRII & SFR (Kampert '12)

1
Fe, FRII & SFR (Kampert "12)
[Foooow] por mixed, SFR & GRB (Kotera "10)

= — Waxman-Bahcall '01

| IIIIIII| (=N

10%'

42



e Searches for neutrinos in association with gravitational wave events
detected by LIGO and Virgo

lceCube up-goi
eCihe down-goim
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Discussed here: GW170817 (binary neutron star merger)
2s later detection of a gamma-ray burst (GRB170817A) by Fermi GBM and INTEGRAL

Follow-up observations by many observatories and instruments; searches for associated
neutrinos by IceCube, Antares and Auger
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