


Ultra-High Energy Cosmic Rays

Charged nuclei and neutral particles with energies = 1017 eV

The quest for the sources

e |dentification of the sources and/or source regions

* determination of the acceleration mechanism producing UHECRs
e study of the characteristics of the sources

Multi-messenger studies (neutrinos, gamma-rays)

the
science

Investigation of the UHECR propagation

e Measurements/limits on magnetic fields (GMF,EGMF)
* Photon background, photonuclear cross-sections

case e matter distribution

Particle physics at UHE

e Fundamental physics (LIV, Dark matter)

e hadronic interactions at UHE

e study of the characteristics of the sources

Multi-purpose applications

* atmospheric physics - TGF, Elves
* cosmo-geophysics

The Pierre Auger Observatory INAF, 26-05-2021



The quest for the sources

1048

H

(@)
.
(@)

}_l
(@)
S
=
/
G
/

B,ungc >

Galaxy
s Clusters

EPeV

AL

£
20
.Ea 42 \\\ \\\
> 10 FRII AGNS‘b %
' tarburst
§ 0 galaxies ’
£ 10™- Iy
E i
() I
HL GRB
2 10%- | S
D | LL GRBs
o= I
LL |
107 —>
I
!Mln \0'
1034 | effective \\Cg
| number N
| density
l
1070 108 106 10% 1072 10° 107

Effective number density [Mpc™]

G in the acceleration
C» ch >> I d

S prad and P

mat

G BHG —fast t

region

acc

—— small energy losses

Deflection in Galactic and extragalactic magnetlc flelds

o

~yY

G source power such to reach the observed UHECRSs intensities

G acceleration mechanism able to reach >1020 eV

30

B L 6x10%eV

3uG kpc

Fraction of cosmic rays from distance > D

0.8

0.6

0.4

0.2

ElZ

Gly(dk hl) inity of the
1kpc x 10kpc

(Kotera & Olinto, ARAA 201 1) 9
B<107°G

--------- E > 100 EeV
—— E>60EeV
— — E>40EeV

The Pierre Auger Observatory

INAF, 26-05-2021



Complementarity of UHECRs and neutrinos
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E > 6x101% eV

HESE 4yr with Eqe, > 100 TeV (green) / Classical vy, +Vy 6yr with £, > 200 TeV (red)

Galactic

* event appears in both samples

Auger 2014 E > 52 EeV (x)/ TA 2014 E > 57 EeV (4) / smoothed anisotropy map (AB5gg, = 20°)
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(Ahlers & Halzen, PTEP 2017)
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How to make progress
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» Air shower measurements

> Atmospheric phenomena and geophysics

Secondary particles and multi-messenger observations

\ Model predictions
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External input from
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Phenomenological studies

Theory/models vs. data
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The Pierre Auger Observatory ﬂ!" ¥

Netherlands

Poland
Portugal
Romania
Slovenia
1l
L4
5 \ Pierre Auger

Observatory

B Full members
Associate members

Radio antenna array
(153 antennas, 17

s Infillamay of 750 m [ || Ll LIDARSs and laser
- (63 stations, 23.4 U | facilities

4 fluorescence detectors
(24 telescopes in total)

1665 surface detectors:
water-Cherenkov tanks
(grid of 1.5 km, 3000 km?2)

~400 members
from 17 Countries, 89 institutions

INAF
%ﬁembers from * co-spokesperson (A.Castellina, OA-To)
« 2 INAF (OA-To and IASF-Pa) * task leader for AugerPrime (Auger upgrade) surface detectors
« 8 INFN (TO, MI, AQ/GSSI, Roma2, NA, LE, CT, PA) * task leader for the maintenance of the Auger surface detectors
* 8 Universities * analysis task leader for the Spectrum task
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The Pierre Auger Observatory

Telescope Array (TA)

yr

= Auger SD vertical (2004 - 2014)

Delta, UT, USA o~ 10000 - == Auger SD inclined (2004 - 2013)
==Telescope Array SD, 6 < 45° (05/2008 - 05/2015)
==Telescope Array SD, 6 < 55° (05/2008 - 05/2015)

507 detector stations, 680 km?2

36 fluorescence telescopes 8000 -

6000 -
4000 A

2000 -

Directional exposure w(é)/km

O 1 I 1 I 1 Ll - 1 1
—-90 —-70 —=50 =30 —10 10 30 50 70 90
Declination 6/°

Overlap region can be used for 3
cross-checks and cross-calibration

Pierre Auger Observatory
Province Mendoza, Argentina
1660 detector stations, 3000 km?2
27 fluorescence telescopes

* Main experiments: Auger Observatory (Southern Hemisphere) and Telescope Array (Northern hemisphere)
e Hybrid detectors (Surface Stations + Fluorescence Telescopes): 100% duty cycle for SD, ~15% for FD

* Together, full sky coverage, but exposures 1:8 - 1:6

* Area 1:7 (3000 km2 for Auger, 680 km2 for TA)

e Multi-messenger studies : only Auger can detect neutrinos (horizontal showers)

The Pierre Auger Observatory INAF, 26-05-2021



The energy spectrum
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™ hard injection spectrum (y ~ 1)
M production of cosmogenic v

and vy is suppressed

[Auger, Phys.Rev.D 102, 062005 (2020) (Editor's Suggestion) ]
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The mass composition

Shower size
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= Rate of change of primary mass not constant with energy (as expected from constant composition)

= |F hadronic interaction models reliable, then the primary composition gets lighter up to ~ 2 108 eV,
and then evolves to intermediate masses
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Hadronic interactions

Evidence for underestimation of muon production in models

Proton-proton equivalent c.m. energy +/s / TeV
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Astrophysical interpretation
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Large scale anisotropy
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[Auger, Science 357 (2017) 1266]

Arrival directions follow mass
~ distribution of near-by galaxies:
=] extragalactic origin of sources
mN
Hl
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Medium scale anisotropy

(Auger Astrophys. J.2018, ICRC 2019)
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Multi-messengers
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Multi-messengers - transient events

GW170817 TXS 0506+056

- TXS 0506+056 follow-up
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¥ neutrino candidate (IceCube)

ApJL (2017), special issue (70 collaborations)

[ApJL (2017), special issue (70 collaborations)]
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AugerPrime upgrade (2022-2025)

Science case
1. Extend energy range of mass-sensitive measurements (lower and higher end)

2. New measurements / observables that fully exploit event-by-event charge/mass estimates
3. Multi-hybrid events to verify our understanding (reconstruction, hadronic interactions)

4. Reduction of systematic uncertainties at single event level (fluctuations)

5. Improve our triggers for neutrinos, exotic events, atmospheric phenomena

6. Learning for our Phase | data set: re-analysis of full data set with new knowledge (DNN, ...)

Each of the 1660 surface detectors are being equipped with

@Surface Scintillator Detector (SSD) to measure the mass composition in
combination with the Water Cherenkov Detectors (WCD).

@Surface Detector Electronics (SDEU) to improve the performance of the WCD
~ | @small PMT to increase the dynamic range of the WCD.

= +# @Radio Detector (RD) to measure the radio emission of showers in atmosphere
' (30-80 MH_z)

@ Underground Muon Detector (UMD) to have a direct muon measurement and
cross-check the SSD-WCD combined analysis (infill area)

[A. Castellina, UHECR2018, EPJ Web of Conf. 210 (2019) 06002]
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Auger
phase |

R ———————

2020 2021 2022 2023 2024 2025

SSD production

SSD deployment

SPMT production
Auger SPMT deployment

" UUB production
Prime
UUB deployment
(Auger RD production

phase “) RD deployment
UMD production
UMD deployment

DATA TAKING

Auger Phase 1 Auger Phase 2 = AugerPrime

. , = Deployment started in 2019
= Deployment started in 2002 —> data taking from 2004 = Completion end 2022

= Analysis of Phase 2 data : 2023-2025
= Back to reanalysis of Phase 1+2

= Completion of Observatory in 2008
= Analysis of Phase 1 data : completion foreseen mid 2022

end 2023: scientific review by international panel (required by Finance Board)
2025: end of International agreement

2025-2030: extension of international agreement upon positive outcome of review 1

The Pierre Auger Observatory INAF, 26-05-2021



L'Osservatorio Pierre Auger € completamente finanziato in Italia da INFN attraverso fondi di
Progetto di CSN-II [costruzione, maintenance, calcolo, common Funds per INFN e Universita
INAF copre i Common Funds per i dipendenti

C .t. .t N\
I'Osservatorio e' in fase di deployment dell'Upgrade, che in particolare include la messa in opera di
nuova elettronica, |'inclusione di nuovi rivelatori a scintillazione e il primo utilizzo nella fisica

astroparticellare di ultra-high energy di un apparato radio (1660 antenne operanti nella regione di
frequenza 20-80 MHz, installare su ognuna delle stazioni del rivelatore di superficie).

Essendo conclusa 'attivita di progettazione e produzione dei nuovi rivelatori di AugerPrime (upgrade

di Auger) non servono figure come ingegneri o progettisti.
Ritardo da Covid-19

Occorrono giovani ricercatori con profilo astrofisico con
= esperienza nel campo dei rivelatori (in particolare fotomoltiplicatori e antenne radio)
= esperienza nell'analisi statistica dei dati
= esperienza in tecniche di analisi tipo Deep Neural Network

= Ingresso di ricercatori Tl per avere adeguati profili interni in grado di garantire CON
CONTINUITA" gestione ed analisi dei dati di Auger Fase 1, di AugerPrime e del backtracking

= Arruolamento di giovani post-Doc con contratti TD o AdR

= |[nvestimento in formazione: finanziamento di dottorati rivolti a studi multimessenger

The Pierre Auger Observatory INAF, 26-05-2021 18



The future of UHECRS

Coinvolgimento di parte dei membri della Collaborazione Auger in progetti e R&D

APPEC: European Astroparticle Physics Strategy 2017-2026
Snowmass process 2021-2026

What matters most

exposure [km? sr yr]
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What is the Nature and Origin
of the Highest-Energy
Particles in the Universe?

(Sarazin et al, 1903.04063)
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Backup

The Pierre Auger Observatory
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Atmospheric phenomena

Cosmic Ray Propagation Time
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Lorentz Invariance Violation
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GZK photons propagated following the two
scenarios (A=global and B=local minima)

= A: no limits on LIV can be imposed
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Dark matter
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Figure 1: Constraints on the mass and lifetime of
super-heavy DM particles from the absence of UHE
photons (green) and from the absence of CR with en-
ergy above 10202 eV (blue). The allowed region lies
above the curves. For illustration purpose, the 95%
CL upper limit on mass obtained from the possible
value of the Hubble rate at the end of inflation for a

reheating efficiency of 1% (10%) is shown as the ver-
tical dashed (dotted) line .

[Auger, Snowmass21 CF1-CF7_203, 2021]

Magnetic monopoles
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Search for sources of UHE Photons

>0.1

flux upper limit [photons km? yr']
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Targeted search
® no significant excess

® constrains on the allowed parameter space for

the allows the extrapolation of the HESS flux
® upper limit on cut-off at ~ 2 EeV

[Auger Coll., ApJ 837 (2017) L25]
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Blind search
® no significant excess
® upper limits compatible with different hypotheses

- EG sources at > 5 Mpc
- transient or beamed Galactic sources
- sources inefficient in photon production

Auger Coll., ApJ 789 (2014) 160
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Discrimination of astrophysical scenarios with AugerPrime

EJ [eV2 km'2 st yr ]
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foresee the possibility to tag a fraction as
small as 10% of protons at the highest
energies with significance o (scenario 1)
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we can

Considering two different benchmark scenarios

1- maximum rigidity model
2- photodisintegration model

evaluate the discrimination power for the two scenarios

with the measure of Xmax, or of muons
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Multimessengers - collaborations

ooooooooo

Collaboration, working groups and common papers with /DL

Telescope Array
UHECR spectrum, composition, full sky search for anisotropy

Telescope Array, IceCube, Antares
search for coincidences among CRs and neutrinos

AMON (Astrophysical Multimessenger Observatory Network)
transients and their counterparts

Virgo and LIGO
neutrino follow-up of Gravitational Wave events

DWF (Deeper, Wider and Faster)
>30 collaborations multi-wavelength correlation

with fast transients
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