20th Anniversary of the foundation of the Pierre Auger Observatory
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The Pierre Auger Collaboration

~500 members
from 89 institutions,

Argentina
. Australia
17 countries erasi ﬂ

Colombia*

Czech Republic g -
France -
Germany

Italy

Mexico

Netherlands

Doctoral researchers Poland
Portugal
Romania

- about 425 theses since beginning — ‘
USA
- completed 324 PhD theses "\_Pierre Auger

Observatory
- many new professorships W Full mombers

Associate members

T — E——

20th Anniversary of the foundation of the Pierre Auger Observatory 2



The Pierre Auger Collaboration
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~500 members
from 89 institutions

B Full members
Associale members
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The Observatory

Loma Amarilla

T s s | [km]

""" R e vot A
® ® 0.0 % 0. 0. 0 0 00 0 000000 e 0 (] L] L) 30

. . .. Pyt v . c.o o o .CLF.......................... .o o\ o o
ooo.'BLF-oooooooooooooo Los

® 0 0 0 ® 000 0.0 09 00 000 00 000000000 00 00 .Morados

.....0.... ..........0.........0............. p 0... _20
alargiie DNINF ] e k-
® ® 0 0 0 0 0 0 0 -"-"-.uﬁ —_
Los Leones R e

@Water-Cherenkov stations

=SD1500 : 1600, 1.5 km grid,
3000 km?

20th Anniversary of the foundation of the Pierre Auger Observatory



The Observatory
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“Water-Cherenkov stations
=SD1500 : 1600, 1.5 km grid,
3000 km?2

@4 Fluorescence Sites
=24 telescopes, 1-30°0 FoV
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The Observatory
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“Water-Cherenkov stations
=SD1500 : 1600, 1.5 km grid,
3000 km?
=61, 0.75 km grid, ~25 km?
@4 Fluorescence Sites
=24 telescopes, 1-30°0 FoV

= 3 high elevation FD,
30-600 FoV

@Underground Muon
Detectors
=7 in engineering array
phase - 61 aside the
Infill stations
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The Observatory

o - <Water-Cherenkov stations
[km] =SD1500 : 1600, 1.5 km grid,
i 3000 km?2

=61, 0.75 km grid, ~25 km?
©4 Fluorescence Sites

=24 telescopes, 1-30°0 FoV

= 3 high elevation FD,
30-600 FoV

S of i AR AR W\, : @Underground Muon

NS e, T T — s 5 Detectors

....................... ; .‘ =7 in engineering array
ooooooooooooooooooooooooooooooooooooo LI | ¢ phase-61 aSidethe
e ‘ S Infill stations

DIIERREE = ey : | @AERA radio antennas
............. : =153 graded 17 km?2

" Los Leones

+Atmospheric monitoring devices
CLF, XLF, Lidars, ...
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Event reconstruction and energy scale
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Energy spectrum

[Results mostly from ICRC2019]
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Energy spectrum
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The combined energy spectrum
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Mass composition
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20th Anniversary of the foundation of the Pierre Auger Observatory



Evolution of <Xn.x> with energy
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Xmax resolution
~25 gcm=2at 10178
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1019 eV

Osys < 10 g cm*?

log,o(E/eV) | FD
18.5-18.6 1098
18.6-18.7 834
18.7-18.8 578
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19.0-19.1 281
19.1-19.2 191
19.2-19.3 131
19.3-194 111
19.4-19.5 66
> 19.5- 62
Total 4177
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<Xmax> and its fluctuations from FD
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<Xmax> from SD

700

650

550

= (X2 - 1500m L
o (X% - 750m [4]
= (X )-ICRC-2017

IIIIIIIII|IIII|IIII

max

For E>30 EeV,

T —

1050 events SD
128 events FD
600 ------ QGSJetll-04
125005 events —  Epos-LHC
l | L 1 1 l 1 1 1 L l 1 | 1 1 l L 1 1 1 I 1 | | L l
17.5 18 18.5 19 19.5 20
Iog10 (E/eV)

Rate of change of primary mass not constant with
energy, in agreement with results from FD

log,,(E/eV) SD
18.5-18.6 45872
18.6-18.7 27783
18.7-18.8 17011
18.8-18.9 11631
18.9-19.0 7960
19.0-19.1 5489
19.1-19.2 3582
19.2-19.3 2290
19.3-194 1473
19.4-19.5 864
19.5-19.6 527
19.6-19.7 286
19.7-19.8 131
19.8-19.9 72
>19.9 34
Total 125005
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Mass composition at the ankle

S0 (1000)
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Large Scale anisotropy

Energy [EeV] N d, d, d aq [°]

interval median

4-8 50 88317 0.01070007 —0.016+£0.009 0.0197000° 70434
> 8 115 36,924 0.060700% —0.028+£0.014 0.066"000%  98+9
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3 01f
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Energy [EeV]

3-D Dipole above 8 EeV at (x,5) = (989,-259) : (6.67:2)%
Amplitude increasing with energy
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Large Scale anisotropy

Search for large scale anisotropies down to 0.03 EeV
- SD1500 + SD750 data,
- East-West method below 2 EeV
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Predominantly Galactic origin below 1-2 EeV,
extragalactic origin above

— ———
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Intermediate anisotropy

Total SD events with E>32 EeV : 2157

2
Total exposure 101,400 km?2 sr yr Blind search
Scan ranges:

32 EeV =< Eth < 80 EeV (1 EeV steps)
- 1° < P = 30° (1° steps)

.90 =

NGC4945

Most significant excess

_ Lok 2 , for E>38 EeV

180 7T R, S o (x=2020, &= -450) ~20
b : N o A gl . from CenA

Centaurus A

3.9 o effect (post-trial)

for E>37 EeV, 28° window
e
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Intermediate anisotropy

v AGNs
3FHL catalog < 250 Mpc
33 sources (CenA, Fornax A, M87...)
Flux proxy ¢(>10 GeV)

Starburst Galaxies
32 sources (Circinus, M82, M83,...)
<250 Mpc
Flux proxy ¢(>1.4 GHz), > 0.3 Jy

Swift-BAT
>300 radio loud and quiet sources
<250 Mpc
$>13.4 10-'2 erg cm2 s-1

2MRS
~104 sources with D>1 Mpc
<250 Mpc
Flux proxy ¢(14-195 keV)

2AInL

Test statistic, TS

35 :— Populations Composition scenarios 35— Populations Composition scenarios
I —=— Starburst galaxies —A r ——2MRS > 1 Mpc —A
30/— —*—v-ray AGN - - - No attenuation 30 —= Swift-BAT - - - No attenuation
C =J,s -
C a s
25 E <
El r o
F 0° 8
— E L2 o
200 e T
151 E £ 2
E p° 5 ®
10 - ) N E
— 22 h 0®
g P ae
5 5071 n
Fe .o oo < E =
0 =L 2 - : . 31 0 : : : x i 1
40 50 60 70 80 40 50 60 70 80

Threshold energy [EeV] Threshold energy [EeV]

Likelihood analysis

TS = ZLOQ [L(w, fanis)/lf(fanis — O)]

v

Catalog En TS | Local p-value | post-trial Saniso 0
Starburst || 38 EeV | 29.5 41077 450 1173% | 157;°
Y—AGN | 39EeV | 17.8 | 1x107* 316 | 673% | 1475°
Swift-BAT || 38 EeV | 22.2 | 2x107° 3.60 | 813% |1579°
2MRS || 40EeV | 220 | 2x1073 360 | 1979% | 157}°

(2's1)?'d ‘enjea-d [eao
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Likelihood analysis with catalogs

> 30 -
5 | N
(/)25_— $
'_
2 [ VY
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: mf 21 s
15:— ' ;‘ ..\\% = §
oF ?:.s’\s,\ il S
oy % o
(% 3 2
B 3
5 -
ol Lo b b b Lo Lo Loy Loy L la 1y

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time ordered event # > 32 EeV

Rejection of isotropy hypothesis

APJ 400 for SBGs Significance increasing with time !
[Jan 2004-Apr 2017] 2.7 ¢ for yv-AGN "— —
ICRC2019 4.5 0 for SBGs

[Jan 2004-Aug 2018] 3.10 fory-AGN
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Cosmogenic neutrino and photon fluxes

p+y —n + 7t

—>,u+—|—VH
— et + 7, + v

= Maximum sensitivity around EeV
k (20% CL) < 4.4. 102 GeV cm-2 s sr1

= Exclusion of a significant region of
parameter space (Zmax, m) from non
observation of v

L e—

® Auger SD1500 (2019) UL 95% CL
@ Auger Hybrid (2017) UL 95% CL

©- Auger HECO+SD750 (2019) UL 95% CL

i
UPES: ty
1

10

s TA(2017) UL 95% CL .

KASCADE -Grande (2017), U.L.at 90% C.L.
EAS-MSU (2017), U.L.at90% C.L.

0

10"

102

107

N\ l:\jg\\g?[unm] ]lIII|T|'| |||||rI'I'| |||||I'IT| TTTT

Integral photon flux for E > E_[km? sryr]

10

H
Lo el 1 L1

E, [eV]

Jlllll 1

1017 1018

5
10 10%

10%°

=== AGN (Murase 2014)

-« = Pulsars SFR evolution (Fang 2014)
== Cosmogenic: p SFR (Aloisio 2015)
Cosmogenic: p, Fermi-LAT, Emin = 3 X 1017 eV (Ahlers 2010)
Cosmogenic: p, FRII & SFR source evol. (Kampert 2012) 7
s Cosmogenic: p or mixed, SFR & GRB (Kotera 2010)
s Cosmogenic: Fe, FRII & SFR source evol. (Kampert 2012)

Single flavor
. eiVyiVr=1:1:1

106

90% CL limit Auger
&\ (Earth-Skimming)
90% CL limit \»

Auger (2019)

[y

2
~
1

90% CL limit
ANITA I+11+11l (2018)

90% CL limit
IceCube (2018)

Waxman-Bahcall bound (2015)

90% CL limit
- Auger (2019)
3

E2 dN/dE (GeV cm~2s71 sr71)

E, (eV)

p+y —p + 7
_>
GZKp (Gelmini’08) SHDM v
L GZK p (Kampert+, 2011) - == SHOM'
P GZK Fe (Kampert+, 2011) — TD
- = 7B

> Most sensitive EAS detector for E,>0.8 EeV

> Most top-down models excluded by experimental
result

» Most optimistic models with proton primaries already
excluded
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Constraints to neutrino models

5.0 . = ! ! . 100
90% CL \ Pierre Auger, Jan 04 - Aug 18
4.5 fRsrops . Proton spectrum at injection: -
\ E~25, Epay =6 X 1020 eV 80
\ .
4.0 % evolution « (1+z)m i
\
3.5- '\. B 60
E \, 90%CL
,\:g 3.0 '\. analytical i
2.5 : "
2.0
20
1.5
1.0 0
2.0 25 3.0 3.5 4.0 4.5 5.0
m

Black lines & colored background: v fluxes obtained with Monte Carlo CRPropa 3 (A. Van Vliet et al.) -
proton flux at Earth normalized to Auger spectrum at E = 7 x 10%% eV,
Blue line: fluxes obtained with approx. analytical approach (Yoshida et al.)

Exclusion of a significant region of
parameter space (Zmax, m) from non

observation of v
—

Confidence level [%]

(Cosmogenic neutrino models)

protons, FRII evol. (Kampert 2012)

protons, FRII evol. (Kotera 2010)

protons, SFR evol. (Aloisio 2015)

protons, SFR evol, Epax = 102! eV (Kotera 2010)
protons, SFR evol. (Kampert 2012)

protons, GRB evol. (Kotera 2010)

protons, Fermi-LAT, Ei, = 10%° eV (Ahlers 2010)
protons, Fermi-LAT, Eni, = 107> eV (Ahlers 2010)
mixed CR (Kotera 2010)

iron, FRII (Kampert 2012)

(Astrophysical neutrino models]

radio-loud AGN (Murase 2014)
Pulsars, SFR evol. (Fang 2014)

1 1 1 1

PRELIMINARY

99% C.L.

T T T T T T T

4 5 6 7 8 9 10

Number of events

11

J.Alvarez-Muniz, UHECR2018
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(R,)/(E/10"eV)

EPOS-LHC
= QGSJetll-04
- SIBYLL-2.3¢
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_002 T 1 A | |l 1 1 1
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— O. .

0.6F 5 O .
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~0.8 "o e R ’
- ", S e ]
: K= TN -

—1.0F 6 EpOS-LHC T, 0P ]
- O QGSJetIl-04 =

_1. .......l...l...l....
300 620 640 660 680 700 720 740

(Xmax) /g Cm_z

In the energy range 3x1077 eV to 2x10'8 eV simulations
fail to reproduce muon densities

38% (53%) increase in <N, > at 1 EeV needed for EPOS-LHC (QGSJetll-04)
T —

D
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More information from muons

T

B 3.0 x 107
N m = Al_ﬁ —EO Epos-lLHC I I ! ! ! »
Edec 25 _ 2.0 uz']
o
. 20 = o
Strong correlation between E.4/Eo and N, -
independent on the hadronic interaction model = 15 1Rz
o o
1.0 - e
m E,had B log (m) o 0.5 :J
al —= _— ﬁ - —_— 0.5 . o . 3
i=1 EO 10g (mm,) S
0.0 | | | | | | 0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2
2 2 2 2 a.
o(N,) o(ay) o(as) o(a,)
N— =~ + + + ! 0.30 YV Y Y v \ 4 v
M Y] X9 e EPOS-LHC ¢ data ' .
0.25 - QGSJetI1-04 t-mass-Xmax-fit
. . SIBYLL-2.3¢
Fluctuations in the muon number = probe of the ' o
first interation at UHE Il "
S ol
’ :_“_l'.) - l -Ir [
. . . . & e e
First measurement of intrinsic ® * --------------------

0.10

fluctuations of muons in EAS

0.05

Post-LHC models describe well the

SR o

0.00 T ‘
. o, . . l“l" l“_’u
fluctuations of energy partition in the first .
interaction up to UHE
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Muons and their fluctuations

or

/-‘/K L‘n
o) L ’
Y
‘/¢ l e pb.;:\ 0.30 YV VvV VY VY v v 24 VvV VvV VvV v v
&) ./ T i — EPOS-LHC ¢+ data o - s (E)
s E f 0.05L = QGSJetllos 4-mass-X max-fit 22 =T =T - «—
& v K0 e - SIBYLL-2.3¢
vl / \ Voo A ~
e P g n . %
S i‘. .................... £
:Q::() l"F _____ l__jlr____Ih._“_.--#""““"”"“-“-“"-'."-"."-"-“.': ........................... §
SR B [ S LIS /\:
0.10 - + g
0051 L= EPosire T
Y U -- QGSJetII-04 P
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Fluctuations in the muon number = probe of the first interation at UHE
Post-LHC models give a good description of particle production in the first
interaction
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Before...

Equivalent c.m. energy\'s,, (GeV)

X particles from:
* topological defects
* monopoles
* cosmic strings
* cosmic necklaces

large fluxes of
photons and
neutrinos

super-heavy particles,
topological defects:
Mx ~ 1023 - 1024 eV
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® Auger (ICRC 201%)
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dipolar large scale anisotropy:
UHCRs > 8 EeV are extraGalactic

A 4

intermediate anisotropy hinted by correlations
above 38 EeV (SBGs, 40; AGN, 3.50)
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Dominance of heavier nuclei supported
by non-observation of cosmogenic neutrinos

and now:

E? dN/dE (GeV cm~2s71 sr71)

1076,

10—7,

The Pierre Auger Observatory:
e >15 years of data
* the world largest exposure to UHECRS

=== AGN (Murase 2014)
== Pulsars SFR evolution (Fang 2014)
== Cosmogenic: p SFR (Aloisio 2015)

Single flavor
Cosmogenic: p, Fermi-LAT, Emin = 3 x 1017 eV (Ahlers 2010) VeiVyivr=1:1:1

-

Cosmogenic: p, FRII & SFR source evol. (Kampert 2012) 7
Cosmogenic: p or mixed, SFR & GRB (Kotera 2010) s
Cosmogenic: Fe, FRII & SFR source evol. (Kampert 2012)

90% CL limit Auger
o (Earth-Skimming)

10V

1021
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Astrophysical interpretation

1 =
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Mass fractions at Earth from fitting 2 o0s [ 0 0 ; e
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The AugerPrime science case

study the origin of the suppression
= fundamental constraints to the characteristics of the sources of UHECRs

evaluate the existence of a fraction of protons at the highest energies
= feasibility of charged particle astronomy

provide better estimates of the neutrino and y flux
= potential of future CR experiments

study the hadronic interactions at UHE and look for non standard physics
= exploration of different interaction phase space

Extend operations to 2025, increasing the statistics

Improve the sensitivity to the composition at UHE :

disentagle the electromagnetic and muonic components

[AugerPrime Design Report, arXiv:1604.03637
EPJ Web of Conf.210 (2019) 06002]
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a large exposure detector with
composition sensitivity above
~4 1077 eV

= 12 upgraded stations (Engineering Array) since
2016 with new electronics, higher sampling, large

dynamic range

= the SSD preproduction array: 80 stations (since
March 2019): 120 km?

= 587 55D stations already deployed

= Underground Muon detector

= the largest radio detector (3000 km?2)

M‘UE
4

[ SSD installed (587 detectors) ' with PMT (80 detectors) ' w/o PMT (507 detectors)

20th Anniversary of the foundation of the Pierre Auger Observatory

28



of the Foundation of the

Pierre Auger
Observatory

1074 POEMMA Limb
’ .
//
— 10° 1 I/GRAND UHECR
> -
% -
L e a.,g/:OEMMA -
v] K0 I P — .\ | —r adir ...IOOklng forward to Celebratlng the
- ]
>
S 1o 30th Anniversary in 2029 !
i HiRes
AGASA
103 -
Fly's Eye
102 : . L : :
1990 2000 2010 2020 2030 2040

Year

20th Anniversary of the foundation of the Pierre Auger Observatory 29



BACKUP slides

20th Anniversary of the foundation of the Pierre Auger Observatory



Looking at the second knee
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Full sky search with Auger and Telescope Array

— Large Scale Anisotropy

EAuge, > 8.86 EeV/Eta > 10 EeV, 45° smearing

Energy threshold

8.86 EeV (Auger)
10 EeV (Telescope A

Events

d, = (0.7 % 1. 145 & 0.01 i )%
dy = (+42 + 1'1stat + 0'04calib)0/0
dZ = (_2'6 £ 135 + 1'4'calib)(%) (£1.9%00)

Agreement with Auger alone, smaller
uncertainty

~31000 events Galact ' Hint for a quadrupole moment
alactic plane supergal. plane s+++e++
0.325 0.33 0.335 0.34 0.345 0.35 0.355 0.36 0.365
— | | | I
O(R) [km2yr1sr]
_Intermediate

Epuger > 40 EeV/ E1a > 53.2 EeV, 20° smearing

Scale Anisotropy

Energy threshold
40 EeV (Auger)
53.2 EeV (Telescope Array

W

Events N
Gal. — o— SGP weveees
969 events 4 3 2 1 0 1 2 h 4

local Li-Ma significance [o]

Blind search
(x=12h50m, d= - 500), 4.7 local sign (2.6 post-trial)
(x= 9h30m, d= +549), 4.2 local sign (1.5 post-trial)

Local Sheet
26% higher flux in a band of +240

around the Local Sheet (global
significance 2.80)
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Point-like sources of UHE v

Auger 2018
w— = Auger Earth-Skimming

w— - Auger DGH 75° <6 < 90°
— - Auger DGL 60° <8 < 75°

= = e= |ceCube 2017
o wo e ANTARES 2017
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Follow up of the GW170817 event
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total energy emitted in v, is
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Constraints to models

GW170817 Neutrino limits (fluence per flavor: v, +7,)
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102 T . .
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fE'L' 1071} 4 e ———— EE moderate . .
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Metzger
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E/GeV

38



Transient sources of UHE v

24—

TXS 0506+056
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Cosmo-geophysics: ELVES in Auger

a class of TLE observed in ionosphere as rapidly expanding rings

of light above certain storms

=80-90 km height, hundreds km observable area

= a specific trigger is designed for the elves —> new one in 2017

(900 ps - 3x readout window)

= Observatory footprint for elves > 3 106 km?2

=more observed during Malargue summer

=>40% correlated to lightening of ~6 1021 - 3 1022 eV (WWLLN-

World Wide Lightning Location Network )

ELVES v mic R in the A r FD camer

Cosmic Ray Propagation Time Elves Propagation Time
Projected onto the Camera Projected onto the Camera

L] ] ]

L}
30 -

Elevation (deg.)
Elevation (deg.)

[*) 'S wm c ~ 0
Time Since First Trigger (us)

10 15 ] 5 10 15
Azimuth (deg.) A Azimuth (deg.)

E 8 8 3

3
Time Since First Trigger (us)

Im
-~

g 8

IS
(=]

0
B

< ELVES ,

) w " SPRITES

Altitude, km

ELVES : Emissions of Light and Very low frequency
perturbations due to Electromagnetic pulse Sources.

Auger is the first and only ground-
based facility that measures elves
with year-round operation, full
horizon coverage, controlled photon
counting, and 100 ns resolution.
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Searches for Lorentz invariance violation
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Effects suppressed for low energy and short travel distances : UHECRs !!!

3 independent scenarios tested
P Auger data used

» Propagation of UHECRs E " Combined fit starting
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» Propagation of GZK photons » Amax distributions model

) Air shower physics » Upper limits on photon flux <_/
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LIV - hadron sector
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LIV - photon sector
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LIV - air showers
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Searches for magnetic monopoles

¢ intermediate mass ultra-relativistic monopoles with

800 E_ --Mon;opole--‘5.102--"-’~-e\l;--y=14011 .................. ................. ............
~1011-1076 2 ~ 1025 g o L
M~1011-1076 eV/c (I.MM), Eron ~ 10 . .eV cz.:\n be 7005 oroton 100 6V
present today as relic of phase transitions in the early 600 ]

Universe

¢ search based on larger energy deposit and deeper
development due to superposition of many showers
produced by the IMM
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