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Some of the ULB contributions to Auger:

- energy spectrum of cosmic rays

- long term performance of the detectors and
calibration

“Geraardsber) - mass composition enhanced anisotropies

- searches for photons

- AugerPrime upgrade detector
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Pierre Auger Observatory

and AugerPrim

ﬂ Sub-array of 750 m
?| (63 stations, 23.4 km?)

Pierre Auger Observatory
Province Mendoza, Argentina

High elevation telescopes (3)

More than 400 members, =
98 institutes, 17 countries

Water-Cherenkov

detectors and
1665 surface detectors: Fluorescence
Southern hemisphere: Malargue, water-Cherenkov tanks telescopes
Province Mendoza. Araentina (grid of 1.5 km, 3000 km?)




(some..) Auger detectors




Five independent measurements of the energy spectrum and the instep
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very good agreement between the
energy spectra (better than 5%)

14% energy systematic uncertainty



Five independent measurements of the energy spectrum and the instep
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Presence of the second knee and a new feature: the instep
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Five independent measurements of the energy spectrum and the instep
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Presence of the second knee and a new feature: the instep




Comparison with Telescope Array measurement
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Comparison with Telescope Array measurement: declination dependency?

EleV] 10" ; ‘
16 17 18 19 20
DO LS T L RS B | B .
E _o ¥
~ 246 _a }+
N —
E . 5
T 244 [PRemaaaald RN, i s
- B Saag, atall =
I(? 24.2 %QQ C.doo S % " 0" | N ]
il E D ® X —— full f.o.v. fit
0 24— =N o 90.0° <& <425°
oo f y S rand l
N . .
(:) 23.6; % E[eV]
W o34 + :
N
G E
8} 232 —e— Auger (2021) L1 = B
23 o Telescope Armay (2019) (E x 0.920) 3 |
P S R A S PRI I PITIN IPITE B i
N ¢ —4— I
16 165 17 175 18 185 19 195 20 SR Al -
IoglO(E/eV) 2 i
Auger data: the expected flux difference from the dipole 09 | o 9000 <5 <azse ]
Difference at the highest energies not fully understood . e




Modification of hadronic models

Combined fit of correlated Xmax distribution
and S(1000) signal at ground

Combined fit of correlated Xmax distribution
and S(1000) signal at ground allowing

for an angular-dependent muon re-scaling
(only mean muon number changed)

Combined fit of correlated Xmax distribution
and S(1000) signal at ground allowing

for an angular-dependent muon re-scaling
(only mean muon number changed) and
shifting Xmax of all primaries by fixed value
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A shift in X,.x and muon number required

Assumptions: relative fluctuations no change
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Main effect from re-scalling muon component in a zenith angle dependent way
Scalling Xmax leads to further improvements



Mass composition distribution over the sky

w7, Smoothing over 30° k
FD Exposure E > 10"*7eV
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Extension of searches for photons to

% PRELIMINARY PRELIMINARY
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Selection of deep air-showers with small
number of muons

energies smaller than 107 eV
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Integral photon flux E, > E?, [km2 yr sr]
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Auger Hybrid (This Work) U.L. at 95% C.L.

Auger SD 1500 m (2019) U.L. at 95% C.L.

Auger HECO + SD 750 m (2019) U.L. at 95% C.L.
Telescope Array (2019) at 95% C.L.

HAWG J1825-134 alike source

GZK pure proton (Kampert et al. 2011)

| GZK pure ron (Kampert et . 2011)

--------- SHDM (Kalashev & Kuznetsov 2016)
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Leading the extension to low energies by including the underground muon detectors






Summary

Pierre Auger Observatory: Phase |

Very large exposure: 80000 up to 120000 km? sr year depending on the analysis

The instep: a new unexpected spectral feature that could naturally be explained by the change in
mass composition

A change in the mass composition is established (light at 1 EeV getting heavier with energy)
Composition highly linked to hadronic interactions and air-shower simulations

Large scale anisotropies have been measured, small scale anisotropies hard to assess. The dipole
and its energy dependency need a complex interpretation involving the mass composition, the
particle horizon, magnetic fields, local source distribution

Phase Il

- At least 40 000 km? sr year additional exposure expected

Increased sensitivity towards mass composition

Usage of modern techniques (deep learning) in data analysis

Auger data are now public (10%): opendata.auger.org
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Backup
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Auger Prime upgrade

Physics motivation
- Composition measurement
up to 1020 eV
- Composition selected anisotropy

- Particle physics with air showers Composition sensitivity

i 9,
- Much better understanding of with 100% duty cycle

new and old data

Components of AugerPrime

- 3.8 m2 scintillator panels (SSD)

- New electronics (40 MHz -> 120 MHz)
- Small PMT (dynamic range WCD)

- Radio antennas for inclined showers

- Underground muon counters
(750 m array, 433 m array)

- Enhanced duty cycle of fluorescence tel.

Construction of the SSDs complete

VERTICAL (0-60°)

e
aqlo
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What can we say about the UHECRs sources from energy spectrum and

mass composition measurements?
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Different model scenarios considered for low-energy part

A=1
1<A<S8
4<A<23
22<A <39
38 <A <57

Bands:
Experimental uncertainties
(model uncertainties smaller)

Energy scale: o, (E)/E = 14%

Xinax scale: 6 (X)) = 6 +9 g cm™

(transition to galactic component), similar results for total composition obtained
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Ultra high energy neutrinos

—===- AGN (Murase 2014)
—-— Pulsars SFR evolution (Fang 2014) Single flavor
Cosmogenic: p SFR (Aloisio 2015) Veivivem 111
——— Cosmogenic: p, Fermi-LAT, Eqo =3 x 1017 eV (Ahlers 2010) 4*—%—
Cosmogenic: p, FRII & SFR source evol. (Kampert 2012)
Cosmogenic: p or mixed, SFR & GRB (Kotera 2010)
Cosmogenic: Fe, FRI & SFR source evol. (Kampert 2012)
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90% CL limit Auger
(Earth-Skimming) 90% CL limit

90% CLIimitRy, ANTAIHIIF1I (2018)
IAuger (2019) Ny

0% CL limit

o
[ceCubs (2018) Waxman-Bahcall bound (2015)

s0% L mi (JCAP 10 (2019) 022,
S JCAP 11 (2019) 004)

1047 10 10 1020 21
F. (a\)

n coincidence

Multimessenger: searches of neutrinos
with GW

Sources searches: aperture compatible to lceCube for
preferential directions

Future: we will lower the detection threshold with new
electronics

Neutrino search using inclined air showers

P

muons

=

electromagnetic
particles

Expected number of v events =
Pierre Auger, 1 Jan 04 - 31 Aug 18|
]

protons, FRIl evol. (Kampert 2012).

[
e

protons, FRI evol. (Kotera 2010)

protons, SFR evol. (Aloisio 2015)

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

protons, GRB evol. (Kotera 2010)

itons, Fermi-LAT, Exiy = 1017 eV (Ahlers 2010)
NS, Fermi-LAT, Epiy = 107 eV (Ahlers 2010)
mixed CR (Kotera 2010)

iron, FRII (Kampert 2012)

radio-loud AGN (Murase 2014)

Pulsars, SFR evol. (Fang 2014):

Eyae

T

Number of events



From air-showers to primary particle charateristic

[;wo/B] wpdsp yies
000T

signal [VEM]
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S (1000 m)
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distance to axis [m]

Erp = [ dE/dX+ invisible energy correction, Esp = (6, $1000)
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From air-showers to primary particle charateristic

1000

[EEN
o
o

[y
o

SD energy estimators

=

0.2

1 234

10 20 100
Eqp [EeV]

Erp = [ dE/dX+ invisible energy correction, Esp = (6, $1000)

©Q
El
=
@ =
g8
g
e
)
=
[}
21000
B
5 S (1000 m)
? 100 e,
R
I \%ﬂ’?\ ﬁ*
! 1000 2000 3000

distance to axis [m]

16



Anisotropies at small scales

PE pyger

x10°
22

Direction fixed to that of Cen A, free £, and ¥

E,>41EeV, ¥ =27 3.99 post-trial deviation from isotropy (5% excess)

Starburst galaxies (radio) - expected ¢(EMW

10®

> 41 EeV) [km sr'yr'] - Galactic coordinates - W = 24°

> 38 EeV) [km?sriyri]

Model flux map

(Jonathan Biteau)

correlations with catalogues

All data until end of 2020, optimized quality cuts: 120,000 km2 s

Catalog Ep [EeV] W[deg] a[%] TS Post-trial p-value
All galaxies (IR) 40 240 150 182 6.7x107*
Starbursts (radio) 38 251 96 248 3.1x 107
All AGNs (X-rays) 41 27 4% 85 193 40x107*
Jetted AGNs (y-rays) 40 239 64 173 1.0x107?
Year
2006 2008 2010 2012 2014 2016 2018 2020

— Starburst galaxies (radio) - E,, = 38 EeV
—— Jetied AGN (y-rays) - £, =40 EeV
— AIIAGN (hard X-rays) - E,, = 41 EeV

— Centaurus region - E,, = 41 EeV §

Cumulated TS > E,,
&

% 20 0 50 80

Linear growth of the TS

Expected 50 reach in 2025-2030

—— Galaxios > 1 Mpe () - £, = 40EeV o

8102 Irdy

100

Auger exposure > 32 EeV [10° km? yr sr]

6102 J¥OI

Centaurus region excess

4.(
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Large scale anisotropy

Harmonic analysis in right ascension «
Significant dipolar modulation (5.2¢) above 8 x 10 eV: (6.5753)% at (a,d) = (100°, —24°)

- Expected if cosmic rays diffuse in Galaxy from sources distributed similar to near-by galaxies

- Strong indication for extragalactic origin
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Large scale anisotropy

4-8 EeV 8-16 EeV
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Large scale anisotropy

0.1 F 1

Dipole amplitude

1
5 10 50
Energy [EeV]

Energy-independent dipole amplitude disfavored at the level of 3.7¢

Combined analysis with Telescope Array coll.:
better constrain on the dipole direction

Gal. pl. - < -
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