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Cosmic messengers at ultra-high energies (UHE)

* Messengers providing different information about the potential sources:

e Cosmic rays e Gamma-rays * Neutrinos * Neutrons * Qravitational waves
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Cosmic messengers at ultra-high energies (UHE)

* Messengers providing different information about the potential sources:

e Cosmic rays e Gamma-rays * Neutrinos * Neutrons * Qravitational waves

Cosmic rays (nuclei):
« Accelerated by extreme astrophysical events
o Deflected by magnetic fields

Nucleus \
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Cosmic messengers at ultra-high energies (UHE)

* Messengers providing different information about the potential sources:

e Cosmic rays e Gamma-rays * Neutrinos * Neutrons * Qravitational waves

Cosmic rays (nuclei): Gamma-rays:

« Accelerated by extreme astrophysical events e Propagate in straight lines
o Deflected by magnetic fields « Easily absorbed at ultra-high energies
Photon

Nucleus
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Cosmic messengers at ultra-high energies (UHE)

* Messengers providing different information about the potential sources:

e Cosmic rays e Gamma-rays * Neutrinos * Neutrons * Qravitational waves

Cosmic rays (nuclei): Gamma-rays:
« Accelerated by extreme astrophysical events e Propagate in straight lines
o Deflected by magnetic fields « Easily absorbed at ultra-high energies
Neutrinos:

e Not deflected and not absorbed
e Low interaction rate — difficult to detect

Nucleus
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Cosmic messengers at ultra-high energies (UHE)

* Messengers providing different information about the potential sources:

e Cosmic rays e Gamma-rays * Neutrinos * Neutrons * Qravitational waves

Cosmic rays (nuclei): Gamma-rays:
« Accelerated by extreme astrophysical events e Propagate in straight lines
o Deflected by magnetic fields « Easily absorbed at ultra-high energies
Neutrinos: Neutrons:

« Not deflected and not absorbed e Propagate in straight lines
» Low interaction rate — difficult to detect ¢ Not distinguishable from protons

Nucleus
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Cosmic messengers at ultra-high energies (UHE)

* Messengers providing different information about the potential sources:

e Cosmic rays e Gamma-rays * Neutrinos * Neutrons * Qravitational waves

Alerts crucial to study
transient events

Cosmic rays (nuclei): Gamma-rays:
« Accelerated by extreme astrophysical events e Propagate in straight lines
o Deflected by magnetic fields « Easily absorbed at ultra-high energies
Neutrinos: Neutrons:

« Not deflected and not absorbed e Propagate in straight lines
» Low interaction rate — difficult to detect ¢ Not distinguishable from protons

Nucleus
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Cosmic messengers at ultra-high energies (UHE)

* Messengers providing different information about the potential sources:

e Cosmic rays e Gamma-rays * Neutrinos * Neutrons * Qravitational waves

They can be observed by the Alerts crucial to study
Pierre Auger Observatory fransient events

Cosmic rays (nuclei): Gamma-rays:

« Accelerated by extreme astrophysical events e Propagate in straight lines
o Deflected by magnetic fields « Easily absorbed at ultra-high energies
Neutrinos: Neutrons:

« Not deflected and not absorbed e Propagate in straight lines
» Low interaction rate — difficult to detect ¢ Not distinguishable from protons

Nucleus
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Cosmic messengers at ultra-high energies (UHE)

* Messengers providing different information about the potential sources:

e Cosmic rays e Gamma-rays * Neutrinos * Neutrons * Qravitational waves

They can be observed by the Neutral particles which point Alerts crucial to study
Pierre Auger Observatory back to their origin fransient events

Cosmic rays (nuclei): Gamma-rays:

« Accelerated by extreme astrophysical events e Propagate in straight lines
o Deflected by magnetic fields « Easily absorbed at ultra-high energies
Neutrinos: Neutrons:

« Not deflected and not absorbed e Propagate in straight lines
» Low interaction rate — difficult to detect ¢ Not distinguishable from protons

Nucleus
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Extensive air showers

(Very low rate of particles at ultra-high energies— detection through extensive air showers (EAS))

e UHE particles start interacting with atmospheric nuclei (N, O, Ar)

— cascades of ionised particles + electromagnetic radiation Primary Particle

e Cascades observed by ground-based detectors, like the Pierre Auger Observatory ‘l’
interaction

with air nuclei j:::\\\\\

TC(—K K —>TC

hadronic ;/\1, J\, J\;

— the type of primary particle can be inferred from the air shower characteristics

cascade
radiation
VVVV W
TR VooV, W p, N7, K, e Yyyeeyy e
nuclear fragments
muonic component hadronic electromagnetic
neutrinos component component
Eleonora Guido for the Pierre Auger Collaboration 3
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The Pierre Auger Observatory

Ground-based experiment, hybrid detection technique (Surface Detector (SD) + Fluorescence Detector (FD))
Located in Argentina, close to Malargie (~1400 m a.s.l.)

r

Largest observatory in the world for the
. detection of ultra-high-energy particles )

~

San Juan, Cor.dob PR °
Mendoza 0381197 | Buenos Aires

Mar del Plata
Neuquén®™ BahiaxBlanca

Comodoro Rivadavia

E| ate
~3f%abtmemibeaﬂs,ngrom ~90
institutions in 1/ countries
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The Pierre Auger Observatory

Surface Detector (SD) Fluorescence Detector (FD)
o 1660 water-Cherenkov tanks covering a ~3000 km? area, with a 5 24 telescopes in 4 sites overlooking the SD (and 3 additional
spacing of 1.5 km (and a denser smaller array for lower energies) ones for lower energies)
o 3 PMTs collecting the light produced within the tank o Collecting the nitrogen fluorescence light produced in the
o Sampling the shower particles reaching atmosphere

the ground o Duty cycle: ~15%
o Duty cycle: ~100% &

o Ongoing detector upgrade (AugerPrime)

\ Calorimetric energy

< 3,60m > K - '. c§ 50 x%/Ndf= 42.45/44
. N = -
; Xz/Ndf: 10‘8/ 11 \ g i ol gz 40 __
u —e— candidates y ' % B }
i —a— saturated recovered L 5 o 30 —
10° & . . .
- —&— saturated x N Longitudinal
- —¥— non-triggering w u .
i S(lO({ —e— accidental - 20 :— proﬁle
10° E o
- 10 —
10 :_ [ ] [ ] [ ] 0 L | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | E| |
= Lateral distribution o 200 400 600_.180Q 1000 1200 1400 1600
i function % : slant depth [g/cm?]
1 e b oo b o o b o v b e b e b S'gnal 01- fhe '.' Xmax /
500 1000 1500 2000 2500 3000 3500 % >

distance to axis [m] Othal distance

S(r) o rP(r + ny)’*7 Hybrid events = observed by both detectors Depth of shower maximum
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The Pierre Auger Observatory as a multi-messenger detector

SEARCH FOR NEUTRINOS AND PHOTONS

'\ N
b Y h ° ° °
COSMIC RAY MEASUREMENTS Diffuse neutrino flux Diffuse photon flux
: % X — = = AGN (Murase 2014)
£ .’ Cosmogen?c (best—f?t to Auger spectrum - proton) IR Low-lumin. BL Lac (Rodrigues 2021) 102 . Ao G0 780 750 (2025, UL ST 05 % L
( Cosmogenic (best-fit to Auger spectr. & compos. - mixed) = = Magnetars from BNS (Fang 2017) ™ Auger Hybrid (2021), U.L. at 95 % C.L.
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Follow-up of gravitational wave events
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Cosmic rays as multi-messenger probes

* Ultra-high-energy cosmic rays are the main target of the Pierre Auger Observatory

* Combined fit of the energy spectrum and mass composition measurements above 10178 V.

— — e —————————— S— e - e —— =~ 1038 o :

2 . L . N\
/ e |dentical and uniformly distributed extragalactic sources \ =
. * Two populations are necessary to describe the ankle feature i ' Predicted fluxes
‘ (\ll 1037 _
e Rigidity-dependent cutoffs £ at Earth
> | 2ca<a
™ 5<A<22
—_ 1036 23<A<38
] — Ax=39
Cosmogenic neutrinos (and gamma rays) are produced during the 180 185 190 195 200

propagation of UHECRs

-

e Mixed mass composition + low rigidity cutoft

IceCube HESE (2017)
Auger 90% CL (2019)
IceCube 90% CL (2018)
IceCube Gen2 Radio 5y ¢
POEMMA (x12) 5y
RNO-G 5y
ARA-37 3y
Grand200k 3y

It is possible to compute the v fluxes
associated to the best fit results

at high-energy — low v fluxes

e For strong source evolutions expected
sensitivities of future detectors are reached

loglo(E/GeV)
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Neutrino identification at the Pierre Auger Observatory

* The Pierre Auger Observatory is sensitive also to UHE neutrinos

* They are probes to specific astrophysical scenarios and can be used to study transient and steady sources

* They rarely interact with matter — can travel very long distances

o [AVAR o Xe [T dTsTe IV 1 s W TYVNda s ToR o Lo [TTo=Ye =TI G TAIYEFA (from the background of hadron-induced ones)

1. Neutrinos may interact very deep in atmosphere = — even very inclined shower are still “young" at the ground
level (electromagnetic component still present)

2. v_may interact in the Earth crust producing a = — the lepton decays in the atmosphere and an upward-going
shower can be observed

CR Downward-going neutrinos Upward-going neutrinos
COSMIC RAY (INCLINED NEUTRINO (INCLINED
TOP OF THE ATMOSPHERE ( ) TOP OF THE ATMOSPHERE ) TOP OF THE ATMOSPHERE
EM COMPONENT
EM COMPONENT
MUONS | HADRONIC
HADRONIC HADRONIC \:5 i ! COMPONENT EARTH-SKIMMING
COMPONENT COMPONENT TAU NEUTRINO
EARTH a0 LEPTON/
[M. Niechciol]
Eleonora Guido for the Pierre Auger Collaboration 3
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Neutrino identitication at the Pierre Auger Observatory

* The Pierre Auger Observatory is sensitive also to UHE neutrinos

* They are probes to specitic astrophysical scenarios and can be used to study transient and steady sources

* They rarely interact with matter — can travel very long distances

o [AVAR o Xe [T dTsTe IV 1 s W TYVNda s ToR o Lo [TTo=Ye =TI G TAIYEFA (from the background of hadron-induced ones)

1. Neutrinos may interact very deep in atmosphere = — even very inclined shower are still “young" at the ground
level (electromagnetic component still present)

2. v_may interact in the Earth crust producing a = — the lepton decays in the atmosphere and an upward-going
shower can be observed

Search for inclined showers (0 > 60°) with a large electromagnetic component at the ground (SD data are used)

/

footprint on the

-3

N . . .
+E \ Broader signal in each SD station
S .
| (large Area-over-Peak ratio)
SD stations g™ = o = o
> > .
. Seue? Rt - ) ~ 5
> | 3 4 “Slow & broad signal” T L “Fast & narrow signal”
(large I—/W rat|0) A5l L o 3 produced by a F produced by
Energy=0.16 EeV . - EM component 3 muonic component
L 9;11.‘;1:9%08'0:_?;7 +0.08 2% 2
20 ) -xi‘)dof:OJO o : L5 1=
. 3 1 ; ! o
12 .10 8 6 -4 -2 0 0—— 1000 2000 “As“ﬁﬁo“"ﬁ“ 0 0 q000 2000 3000
X (km) time [ns] time [ns]
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The neutrino diffuse flux

Downward-going * 60% < 0 < 75° (high angle) = Events divided in 5 subsample basing on @,.,.
showers * 757 < 0 < 90° (low angle) = Events divided in 3 subsample basing on Nt

— multivariate analysis: different observables in each subsample

— Different Fisher discrimination variables

Earth-skimmi
arth-sKimming * 90° < 0 < 95° = Discriminating observable: <AoP> over all the triggered stations in the event

showers
ES (1 Jan 2004 - 31 Dec 2021) DGH Ngiations € [7, 11] (1 Jan 2004 - 31 Dec 2021)
101 | | | | | | | | | | 101 | | | | | | | | | | |
II:I Data 1 Jan 2004 - 31 Dec 2021. Mean=1.187, Sigma=0.075 1 1)Jan 04 - 31 Dec 21. Mean=-6.éIlO4, Sigma=1.032
Monte Carlo v: Mean=2.837, Sigma=0.723 Monte Carlo v: Mean=6.003, Sigma=3.495
. - PRELIMINARY | 10°-| PRELIMINARY - Analysis recently updated with data until 31
10 (AoP) > 1.83 )
.6 .@ Ntations € [7, 11] Fisher > 3.28 Decem ber 2021
g 107 i e Two search channels shown as an example
(_; (_; 10_2— — ° ° LY o)
= S c e No candidate events have been identified
< 10-2- I v-candidate region .
~95% v-selection efficiency in any of the search channels
1073 - ~ 85% v-selection -
efficiency
o |0 | |
I I I | | | | | | | | 10~4 I I | | | | i | | | |
0.5 1.0 15 2.0 25 3.0 35 40 45 5.0 55 6.0 6.5 -10 -8 -6 -4 =2 0 2 4 6 8 10 12
(AoP) Fisher value

- JCAP 10 (2019) 022
. PoS(ICRC2023)1488 10
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The neutrino diffuse flux

No neutrino candidate has been identified so far but upper limits have been set above 1017 eV

- e == AGN (Murase 2014)

E2 dN/dE (GeV cm~2 s~ 1 sr71)

Cosmogenic (best-fit to Auger spectrum - proton) o e Low-lumin. BL Lac (Rodrigues 2021) Assuming a differential ﬂUX ¢ — k . E—Z, the upper Iimit tO k
Cosmogenic (best-fit to Auger spectr. & compos. - mixed) == == Maggnetars from BNS (Fang 2017) . . v
= « == Starburst Galaxies (Condorelli 2022) at 90% C.L. 1S given by:
10-7 = Auger (2022) b i L ¢ 2.39 ) Feldman-Cousins
= lceC 2018 — p— .
. o ) ANITA (2019) 10 o 90 f E—2 E ) dE faCtor n absence
- — |
: ; 5 B, v [totiTv Y of background
0w = oo~~~ Waxman-Bancall (2015 s Exposure
_ o** », Ve ~ N . o o
5% \,\ N N Auger integral (2022) =1 |§ The integrated upper limit between 1017 eV and 2.5 x 1019 eV:
109 - -3 _ a1
-4 kop < 3.5% 1077 GeV cm™% s ! sr7!
-0.1 4
PRELIMINARY E 3 T .
10-10 S e Auger sets limits comparable with the IceCube ones
i W
_0.01 e Maximum sensitivity at ~EeV (peaks of most cosmogenic
10_11 | | | III| | | IR lII| \ | “T [ III| | | | III| ISihlglelﬂla\llolrlIE mOdels)
1017 1018 1019 1020 1021
Errergy (eV) e Several models for the production of cosmogenic and

astrophysical neutrinos are already constrained

Cosmogenic models involving a pure-proton composition and a strong evolution of the sources with redshift are already excluded

hip

. |CAP 10 (2019) 022 11
. PoS(ICRC2023)1488
. PoS(ICRC2023)1520
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Neutrinos

Neutrinos from point-like sources

== [ceCube 2017
wen wem wem ANTARES 2017

* The same sets of inclined events as in the diffuse flux search — —— Auger DGH 75° < 6 < 90°

m e e Auger DGL 60° <6 < 75°

Auger 2018
= = m= Auger Earth-Skimming

are considered

10—5J: | | | | | | | | | |
. . o . 3 Upper limits 90% CL
* At each instant, only neutrinos from a specific region of the
sky corresponding to 60 < 8 < 95° can be detected. 1076 - .
T
. . . . m
* Same exposure calculation as in the analysis for diffuse v
. . . . & 1074 |
neutrinos except for the solid angle integration over the sky o |
) Single flavor
9 Ve:Vy:ve=1:1:1
LLl 10—8_______— — -
© : ~
: : : : : > 10** eV s E, s 10" eV’ E, <107 eV
* A blind search is performed and no neutrino candidate is = | S -
observed T T AN 102eV=<E, s 10%eV =7 |
] \_—_’—
e Assuming a differential flux ¢p = ky - E %, the upper limit to kpy(5) >outhern sky Northern sky
at 90% C.L. according to Feldman-Cousins is computed 10-10 AN S S S SN S S A S
-90 -75 -60 —-45 -30 -15 O 15 30 45 60 75 90

Declination 6 (deq)

. |CAP 11 (2019) 004
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Follow-up of gravitational waves

* Routine follow-up of gravitational-wave (GW) events:

— search for neutrinos in the ES and DG channels in a

chosen time window around the event

— no neutrinos found so far
— limits complementary to those of IceCube and ANTARES

10°} ANTARES +500 sec time-window |
. 10%
q ; Auger ]
£ 10'[ IceCube e I
> S -
(QD) 100 - 7 ~
£
(@\|
83

GW 170817 Neutrino limits (fluence per flavor: v, +7,)

Kimura et al.

107! - o EE moderate 4
) 8° g g \\
10 rKimura et al. 0 Ve . Kimura et al
0o F EE optimistic 47 : © prompt :
103}
102 | Auger
& N
(C_L'j) 100 —\ieclﬂ Fang &
— Metzger
(.E]L‘ 10—1 30 days ]
- i Fang &
10~2 ' Metzger_;
| 14 day time-window 3 days |

1073

Eleonora Guido for the Pierre Auger Collaboration

102 10° 10° 105 10° 107 10° 10° 10™ 10!

E/GeV
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= GW170817 (binary neutron

star merger) as an example
= |n the FoV of the ES channel
at the time of the event

Neutrinos

* Stacking analysis of 83 binary black holes (BBH) mergers
detected by LIGO and Virgo via gravitational waves

* Two hypothetical emission periods:

e A=24 h after the GW event
e A=60 d after the GW event

* o E~* spectrum and constant emission are assumed

* No neutrinos have been found — upper limits are set on
the total energy emitted in UHE neutrino

1055 — ==
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1] = GWTC-1 (2015 —2017); first 10 sources
2] = [1] + GWTC-2/GWTC-2.1 (2019); first 51 sources
total] = [2] + GWTC-3 (2019 — 2020); all 83 sources

total] for constant emission

— — — —

PRELIMINARY
24-hour time

. A

= Limit per source at 90 %
C.L.: ~2.3 x 1033 erg

. ApJL 850 (2017) L35
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. PoS(ICRC2023)1488

952 (2023) 91




COSMIC RAYS
NEUTRINOS

NEUTRONS



Photon identitication at the Pierre Auger Observatory

* The Pierre Auger Observatory is sensitive also to UHE photons

* They can be produced either at the sources or during the propagation of UHE cosmic rays
— constrain specific astrophysical scenarios (e.g. GZK effect, top-down/bottom-up models for UHECRs production)

* Neutral particles = as UHE neutrinos, they are used to study steady and transient sources

[TV Yoo [ 315 Yo [VIF sle] sToXdeT s BIoTe [VIal=Ye RET I TMNEHA (from the background of hadron-induced ones)

A photon-initiated shower is dominated — deeper depth of shower maximum X,ax
by EM interaction — less muons at the ground level

PHOTON COSMIC RAY
TOP OF THE ATMOSPHERE (VERTICAL) TOP OF THE ATMOSPHERE (VERTICAL)
HADRONIC HADRONIC
EM COMPONENT COMPONENT EM COMPONENT COMPONENT
Photon \ Proton
MUONS
[M. Niechciol]
Eleonora Guido for the Pierre Auger Collaboration 14
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The diffuse photon flux Photons

< 20 photon MC (no preshower)

L

photon MC (no preshower) 9
—l

photon MC (preshower)

photon MC (preshower)

E > 1017 eV
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How to distinguish SD photon events:

e Steeper LDF (less muons) = observable Sipr

photon MC (no preshower)

photon MC (preshower)

Events

102

— Data - burn sample

e Slower rising signal in the single SD triggered

L 1t Data - search sample

stations — observable related to the risetime A . - i

I ||||||||
+
+

The photon candidate
cut is the median of the

 Sipr, A are are combined using a Fisher discriminant NI
photon test sample

analysis

I IIIIIII|
——

16 events from the data sample pass the photon candidate cut

(consistent with the expectation from background)

Fisher

Eleonora Guido for the Pierre Auger Collaboration
ICRC2023 Satellite Workshop
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The diffuse photon flux

FD+SD are used (hybrid measurements) in the photons searches below 1017 eV . PRELIMINARY

0.06—

108eV < E <1019 eV

e Zenith angles below 60° Standard data set -

(E> 1018 V)
e FD measurements:

0.02-

— Larger depth of shower maximum Xmax

 Muon content given by the parameter F, (derived from the

0 e Al J L

SD signals with air-shower universality concept) * ST o 28

Fisher Discriminant

[ Data
J ' [ Photon Sim. (Test)
[ Proton Sim. (Test)
' = Photon Sim. (Training)
- Proton Sim. (Training)

0.25

0.2
0.15F
0.1F
0.05F

E, ) \ A \
0 0 0.05 0.1 0.15 0.2

2x 10177 eV < E <1018 eV 7

e FD measurements:

— Larger depth of shower maximum Xmax Low-energy data set
(E>2x1017 eV)

Entries (normalized)

e SD measurements:
— Smaller number of triggered SD stations Nsp

»

0.4 0.2 0 0.2 0.4 0.6
B

The observables are combined to obtain a discriminant The photon candidate cut is the median of the photon test sample

ili « Universe 8 (2022) 579 16

— Steeper LDF (less muons) = observable Sy ;

Eleonora Guido for the Pierre Auger Collaboration
ICRC2023 Satellite Workshop
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The diffuse photon flux

Auger SD 433 m + UMD (2023), U.L. at 95 % C.L.
Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.
Auger Hybrid (2021), U.L. at 95 % C.L.

Auger SD 1500 m (2023), U.L. at 95 % C.L.
KASCADE-Grande (2017), U.L. at 90 % C.L.
EAS-MSU (2017), U.L. at 90 % C.L.

Telescope Array (2019), U.L. at 95 % C.L.
Telescope Array (2021), U.L. at 95 % C.L.

GZK proton | (Kampert et al. 2011)

GZK proton Il (Gelmini, Kalashev & Semikoz 2022)
GZK mixed (Bobrikova et al. 2021)

CR interactions in Milky Way (Berat et al. 2022)
SHDM la (Kalashev & Kuznetsov 2016)

SHDM Ib (Kalashev & Kuznetsov 2016)

SHDM Il (Kachelriess, Kalashev & Kuznetsov 2018)
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Multi-messenger studies at the Pierre Auger Observatory

No photon has been unambiguously detected so far but upper limits have been set above 5 x 1016 eV

Upper limit on the integral flux at 95% C.L.

g 0.95 N Feldman-Cousins

upper limit for O

(I)?j%5(E7 > EO)

ESV(EW > EO\EV_F)] background

Integrated exposure for E™1' = E~2

Auger set the most stringent limits above ~1017 eV

Top-down models are already disfavourea

GZK predictions still not constrained

— slightly lowering the limits would put some constraints

Improvement are expected in the next future (AugerPrime)

Ongoing analysis in the energy range 50 - 200 PeV

— upper limits extended to lower energies

hip

 Universe 8 (2022) 579
. PoS(ICRC2023) 1488 17
. PoS(ICRC2023) 19



Photons from point-like sources

* Goal: Identitying the first UHE photon point sources (or constraining their characteristics)

* Photons are attenuated by the interactions with background radiation

— sources within few Mpc (including Centaurus A)

* Atmospheric Cherenkov telescopes (e.g. HESS) observed gamma-ray sources in the TeV
region
— the continuation of such spectra to EeV energy could be observed by Auger

e Sources grouped in 12 target sets to have more significant signals (364 individual
source candidates)

e Selected events: hybrid events, 8 < 60, 10!7° eV < E < 10'8° eV
e 5 mass-sensitive observables used to train a BDT

e A combined p-value P is associated to each target
— no evidence of EeV photon (statistical significance always lower than 30)

— upper limits are set = constraints on the extrapolation of TeV spectra to EeV
energies (e.g. Ecut < 2 EeV for the Galactic center)

Eleonora Guido for the Pierre Auger Collaboration

Multi-messenger studies at the Pierre Auger Observatory
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Class No. | Pw P
msec PSRs 67 0.57 0.14
~v-ray PSRs 75 | 097 0.98
LMXB 87 0.13 0.74
HMXB 48 0.33 0.84
H.E.S.S. PWN 17 0.92 0.90
H.E.S.S. other 16 0.12 0.52
H.E.S.S. UNID 20 0.79 0.45
Microquasars 13 0.29 048
Magnetars 16 0.30 0.89
Gal. Center 1 0.59 0.59
LMC 3 0.52 0.62
Cen A 1 0.31 0.31
,'__‘10 1 =
Ty
5.l T **m*§++ i Galactic center
E 10-13 ;_ \\\\
x F B e
U _
10 &
- * H.E.S.S. measurement
- [_] 1o confidence band of the best-fit spectra
10"° = == Auger photon GC limit (I'=2.32 = 0.11)
- RS H.E.S.S. extrapolation (I'=2.32 = 0.11)
~  --- H.E.S.S. extrapolation (I'=2.32 and E_ , = 2.0 EeV)
10-16 | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIII‘\
10 1 10 10 10° 10* 10° 10° 10
E [TeV]
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Follow-up of gravitational wave events

« 60
£ - directional uncertainty of GW source
* Goal: search for UHE photons from the sources ot gravitational waves (GW) $ S5 rflux spectral index c <1-23,17)
E SO +500 s
* The SD data above 101? eV are used g s
* Same method used for the search of the diffuse photon flux above 1017 eV § 0 g - -
s 35 [
. . . E - B
* Two time windows: A=1000 s starting 500 s before the GW event 2 300 = m
A=24 h starting 500 s after the GW event I = R
* Selection of GW events based on localization quality and distance (events 8 & 8 & & § 3
within the photon horizon, farther events but very well localised, ...) ;f 8.5
= L
— only 10 GW events overlap with the field of view of the SD during z  8f
one of the two time windows PR
e No photon candidate has been observed Sk N +
8 6.5
e For each GW event upper limit on the photon spectral fluence at 90% C.L. ’ & +1 day cirecions uncertiny of GW sourc
- y-flux spectral index o €[-2.3,-1.7]

Eleonora Guido for the Pierre Auger Collaboration

Multi-messenger studies at the Pierre Auger Observatory
ICRC2023 Satellite Workshop
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Neutron search for source targets

* Also UHE neutrons are not deflected by magnetic fields and may point back to their sources

* Mean travel distance before decaying is 9.2 kpc E./EeV — neutrons above 1 EeV from sources in the Galactic disk can be
detected

* Neutron-induced air showers cannot be distinguished from proton-initiated ones
— search for an excess in given directions (as in the targeted search of EeV photon sources)

] Class R.A [deg] Dec. [deg] Flux U.L. E-Flux U.L. p-value p*

No evidence for a neutron flux from any target sets of sources 2 yr'] [V em2s7!]
] . msec PSRs 286.2 2.1 0.026 0.19 0.0075 0.88
— upper limits (5% C.L.) y-ray PSRs 296.6 ~54.1 0.023 0.17 5.0x10~5 0.013
LMXB 237.0 —-62.6 0.017 0.12 0.0069 0.51
. . . HMXB 308.1 41.0 0.13 0.97 0.014 0.57
e Energy tlux upper limit, assuming an E ~2 spectrum HESS.PWN 1288  —45.6 0.016 012 00070 0.8
) ] H.E.S.S. other 128.8 —-45.2 0.014 0.11 0.022 0.63
o Ana|y5|s performed with the events of the SD array H.E.S.S. UNID 305.0 40.8 0.15 1 00066 00
Microquasars 308.1 41.0 0.13 0.95 0.014 0.19
 Plan to perform an updated blind search for a neutron flux from any  Magnetars 2490  -47.6 0.011 0.079 0.15  0.99
. . LHAASO 292.3 17.8 0.038 0.28 0.024 0.20
direction Crab 83.6 22.0 0.020 0.15 071 0.71
Gal. Center 266.4 -29.0 0.0053 0.039 0.86 0.86

Eleonora Guido for the Pierre Auger Collaboration

Multi-messenger studies at the Pierre Auger Observatory
ICRC2023 Satellite Workshop
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Summary

The Pierre Auger Observatory is sensitive not only to UHECRSs, but also to UHE photons, neutrinos and neutrons

* Photons can be discriminated from hadrons because they initiate showers with reduced muon content and deeper Xmax
— they are searched with both the SD and the FD

* Neutrinos produce showers that develop deep in atmosphere = large electromagnetic component at the ground (“young”
showers)

— search for inclined events with the SD (electromagnetic component of hadron showers is almost completely absorbed)

* No candidate events — stringent upper limite on the diffusive fluxes (and on the fluxes from point-like steady sources)

* Follow-up of gravitational wave events has not led to the observation of candidates so far = upper limits

4+ Cosmic rays can be used as multi-messenger probes:

— Predictions of cosmogenic neutrinos associated to astrophysical scenarios for UHECRs are compared to the v upper limits

— possible constraints on source properties (e.g. cosmological evolution, rigidity cutoff at the sources,...)

4+ Neutrons can be detected by looking for an excess of particles from a a given direction

— analysis recently updated but no excess observed so far

Eleonora Guido for the Pierre Auger Collaboration . , , 21
Multi-messenger studies at the Pierre Auger Observatory
ICRC2023 Satellite Workshop



Outlook

r

* The current upper bounds will be lowered thanks to increasing exposure and number of transient event
* Expected improvements with AugerPrime upgrade — improved sensitivity of the SD to different primaries

+ New electronics = improved resolution and larger dynamic range
+ SD stations equipped with radio antennas = detection of radio signals in air showers
+ Plastic scintillator on top of each SD station (Surface Scintillator Detectors)

— different sensitivity to the muonic/electromagnetic components

| * SSD are more sensitive to electrons/positrons
* WCD are more sensitive to muons

— Enhanced discrimination power of primary particles

_ Scintillation detector (SSD) 2

===: glectrons 18
= [YUONS 16

o

water-Cherenkov detector (WCD)

8
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Auger with its unique sensitivity will continue to monitor the UHE sky and contribute to multi-messenger studies

Eleonora Guido for the Pierre Auger Collaboration
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Thank you for your attention

Multi-messenger studies at the Pierre Auger Observatory
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Multi-messenger astronomy

Combining the information from any particle and radiation coming from astrophysical objects
— complementary insight on the most energetic events in the Universe

e Sources can be studied through different wavelengths of the | e
electromagnetic spectrum Q@ - | S

| | il E@@@%mq
e SN1987A (neutrinos from SN): onset of multi-messenger astronomy T o] AR s

- -

ULTRAVIOLET X-RAYS GAMMA RAYS

e Neutrino astronomy & observation of gravitational waves — recent
boost of multi-messenger studies:

4+ 2017: measurements of the electromagnetic spectrum emission in
coincidence with the first neutron star merger observed by LIGO
and Virgo Cosmic rays

4+ 2017: IceCube observed a high-energy neutrino (~290 TeV) in Additional
coincidence with a flaring gamma-ray blazar. Gravitational waves MESSENACYS

Neutrinos

4+ 2021: IceCube reported the association of a high-energy neutrino A

with a tidal disruption event ---i

[ 050 ‘ TS 0a0 052 051 050
Time [s] Time [s]

4+ 2023: first map of neutrinos emissions in our Galaxy

Eleonora Guido for the Pierre Auger Collaboration
ICRC2023 Satellite Workshop

« Bionta et al., 1987 « Abbott et al.,2017a

« Hirata et al., 1987 « Aartsen et al.,2018a
« IceCube Coll.2023 . R.Stein et al.,202]

Multi-messenger studies at the Pierre Auger Observatory



https://www.frontiersin.org/articles/10.3389/fspas.2019.00024/full#B58
https://www.frontiersin.org/articles/10.3389/fspas.2019.00024/full#B80
https://www.science.org/doi/10.1126/science.adc9818
https://www.nature.com/articles/s41550-020-01295-8

The Pierre Auger Observatory

SD: water-cherenkov tanks (WCD) :

- -
Communication

el o -
Plastic scintillator - -

4 R > i
- L v Ny - N L
- < D -t = P é‘ 5 —
S -
. .

—
-
-

SIS

1661 covering 3000 km?

e ~100% duty cycle

3 PMT looking into the water collect the Cherenkov light produced by

the particles (mainly electrons and muons)

IREEE
1T
EEEEE
111
T T

HE
1=
IR
[ )

Communications

Solar Panel

--------------------

< 3,60 m

* AugerPrime: additional plastic scintillator on each tank
—improved information on the primary particles

8 Eleonora Guido



The AugerPrime data set

The Pierre Auger Observatory is undergoing an upgrade called “AugerPrime”

* Improved new electronics, addition small photomultiplier

* Plastic scintillator on top of each SD station (Surface Scintillator Detectors)

— different sensitivity to the muonic/electromagnetic components

= Scintillation detector (SSD) £ water-Cherenkov detector (WCD)
===: glectrons 16
20 — MUONS 14 ===: glectrons
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* SSD are more sensitive to electrons/positrons
* WCD are more sensitive to muons

— Enhanced discrimination power of primary particles

* Machine learning techniques are also particularly suitable to
combine different data sets

.
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[The Pierre Auger Collaboration, AugerPrime: the Pierre

Auger Observatory Upgrade, EPJ Web of Conferences, 2019]

13 Eleonora Guido




The Pierre Auger Observatory

FD: fluorescence telescopes e 24 in 4 sites overlooking the SD, covering an elevation up to 30°— E>1018 eV
e 3 additional telescopes covering the elevation range between 30° and 58° (HEAT) — E>1017 eV

NONON N N NN NN N N N N N NN NN NN

[

shutter

elec:
tronics

=

e Each FD site covers 180° x 30° in azimuth and elevation
e They collect the nitrogen fluorescence light produced in the atmosphere

e ~15% duty cycle (FD operate only on clear moonless nights)

9 Eleonora Guido



The Pierre Auger Observatory

Surface Detector (SD)
o Sampling the secondary particles reaching the ground
o Duty cycle: ~100%

Fluorescence Detector (FD)

o Measuring the fluorescence light produced by the de-excitation
of atmospheric nuclei

o Duty cycle: ~15%
Hybrid events = observed by both detectors

v2/Ndf= 42.45/44

Longitudinal
profile

10.1051/epjcont/20135304009

ﬁ 10

dE/dX [PeV/(g/cm?)]
S

E = YYNdf: 10.8/ 11 0.|...|...|...|...|...|...|...|.§..
= f e andidates 200 400 600 800 1000 1200 1400 1600
E N —=— saturated recovered slant depth [g/cm?]
§0 10 = —B— saturated Xmax
2 - —¥— non-triggering
i S(1 0({ —e— accidental
102 = Xmax — X0
: dE <dE> ( X - X, > ; <XmaX—XO
L _— S . . exp
L Estimator S(ropt) = shower size at a dX \NAX/ N\ Xmax = Xo A
= Latera| distribution -
- , distance rqp: from the core
i function dEd
A PR RN BRI BN RN R
: 500 1000 1500 2000 2500 3000 3500 J dX

SD1500: r,, = 1000 m

distance to axis [m]

SD750 (Infill): r,,, = 450 m

S(r) o rP(r + ry)t?
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Calorimetric energy
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UHECRs propagation
# Consider the propagation effects — infer source properties from the measured fluxes

Energy loss processes occurring for E > 1018 eV :

[ ] [ ] . . 1 dE
e Adiabatic energy losses (expansion of the Universe) = _ Ho\/(l +2°3Q, +Q,
E dt
ad
e Interactions of nuclei with background photons (EBL, CMB)
. . _|_
o Photo-pion production N+y—> N+’ / N+az*
. . — ALL (B BLEALL | B BLRLLEL BAALL BULLLL BLALUL BRRALL B BLAALL BRARLL BRRLLL
o Pair production N+y—>N+et +e b [ 2 ]
=) iy -
L \ \a o .
D . . . E LY i )
o Photo-disintegration A, Z)+y—> (A —-n,Z—n")+nN ANh
100 [ "\k‘ b\“‘
energy loss lengths for protons energy loss lengths for iron-56 : 3 N \
i R
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Photons from point-like sources

* Goal: Identitying the first UHE photon point sources (or constraining their characteristics)

* Photons are attenuated by the interactions with background radiation

— sources within few Mpc (including Centaurus A)

* Atmospheric Cherenkov telescopes (e.g. HESS) observed gamma-ray sources in the TeV
region

— the continuation of such spectra to EeV energy could be observed by Auger

e Sources grouped in 12 target sets to have more significant signals (364 individual
source candidates)

e Selected events: hybrid events, 6 < 60°, 10173 eV < E < 10187 eV
e 5 mass-sensitive observables used to train a BDT

e A combined p-value P is associated to each target
— no evidence of EeV photon (statistical significance always lower than 30)

— upper limits are set = constraints on the extrapolation of TeV spectra to EeV
energies (e.g. Equt < 2 EeV for the Galactic center)

Eleonora Guido for the Pierre Auger Collaboration

Multi-messenger studies at the Pierre Auger Observatory
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Photon search

Class No. | Pw P

msec PSRs 67 | 0.57 0.14
~v-ray PSRs 75 | 0.97 0.98
LMXB 87 | 0.13 0.74
HMXB 48 | 0.33 0.84
H.E.S.S. PWN 17 | 0.92 0.90
H.E.S.S. other 16 | 0.12 0.52
H.E.S.S. UNID 20 | 0.79 0.45
Microquasars 13 0.29 0.48
Magnetars 16 | 0.30 0.89
Gal. Center 1 0.59 0.59
LMC 3 0.52 0.62
Cen A 1 0.31 0.31

Ji + €
W; =

Ji

[
.fi

p; = [Poisson(n;, b;) + Poisson(n; 4+ 1, b;)]/2

Py = PI'Ob(H pi,ui)éo < H piWi)
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The diffuse photon flux

Photon search

No photon has been unambiguously detected so far but upper limits have been set above 2 x 1017 eV
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Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.
Auger Hybrid (2021), U.L. at 95 % C.L.

Auger SD 1500 m (2023), U.L. at 95 % C.L.
KASCADE-Grande (2017), U.L. at 90 % C.L.
EAS-MSU (2017), U.L. at 90 % C.L.

Telescope Array (2019), U.L. at 95 % C.L.
Telescope Array (2021), U.L. at 95 % C.L.

GZK proton | (Kampert et al. 2011)

GZK proton Il (Gelmini, Kalashev & Semikoz 2022)
GZK mixed (Bobrikova et al. 2021)

CR interactions in Milky Way (Berat et al. 2022)
SHDM la (Kalashev & Kuznetsov 2016)

SHDM Ib (Kalashev & Kuznetsov 2016)

SHDM Il (Kachelriess, Kalashev & Kuznetsov 2018)

Upper limit on the integral flux at 95% C.L.
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E, [eV]

Eleonora Guido for the Pierre Auger Collaboration

ICRC2023 Satellite Workshop
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Follow-up of gravitational wave events

* Goal: search for UHE photons and neutrinos from the sources of
gravitational waves (GW)

* Two time windows: A=1000 s starting 500 s before the GW event
A=24 h starting 500 s after the GW event

 The £500 s window: upper limit on the duration of the prompt phase of GRBs, when typically PeV neutrinos are thought to be
produced in interactions of accelerated cosmic rays and the gamma rays within the GRB itself.

 The 1-day window after the GW event: conservative upper limit on the duration of GRB afterglows, where ultrahigh-energy
neutrinos are thought to be produced in interactions of UHECRSs with the lower-energy photons of the GRB afterglow.

Eleonora Guido for the Pierre Auger Collaboration

Multi-messenger studies at the Pierre Auger Observatory
ICRC2023 Satellite Workshop
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The neutrino diffuse tlux
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Figure 5. Exposure of the SD of the Pierre Auger Observatory (1 January 2004 - 31 August 2018) to
UHE neutrinos as a function of neutrino energy for each neutrino flavor and for the sum of all flavors
assuming a flavor mixture of v, : v, : v, =1:1:1. Also shown are the exposures to upward-going
Earth-skimming v, only and to the Downward-Going neutrinos of all flavors including CC and NC
interactions.

Eleonora Guido for the Pierre Auger Collaboration
ICRC2023 Satellite Workshop

Multi-messenger studies at the Pierre Auger Observatory

Neutrino search

The exposure of the SD of Auger needs to be calculated for the period
of data taking:

e Monte Carlo simulations of neutrino-induced showers.

* The same selection and 1dentification criteria applied to the data were
also applied to the results of these simulations

* The i1dentification efficiencies for each channel were obtained as the
fraction of simulated events that trigger the Observatory and pass the
selection procedure and 1dentification cuts

* An integration over the whole parameter space, detection area, and
time gives the exposure

[The Pierre Auger Collaboration, JCAPI10(2019)022]
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The neutrino diffuse tlux

Neutrino search

The total exposure folded with a single-flavor flux of UHE neutrinos per unit energy, area A, solid angle €2 and time, ¢(Ev) and

integrated 1n energy gives the expected number of events for that flux

Nevt — /E gtot(Eu) ¢(Eu) dEu

Assuming a differential flux ¢ = k - E %, the upper limit to k

at 90% C.L. is given by: Feldman-Cousins

koo = C 2.39 ) factor in absence
fE E;? EtOt (IE,/) dF, of background
Exposure

The integrated upper limit is: o
value of the normalization

-9 —2 —1_.—1 of adifferential flux needed
koo < 4.4 x 1077 GeVem “s “ar to predict ~ 2.39 events

Eleonora Guido for the Pierre Auger Collaboration
ICRC2023 Satellite Workshop

Multi-messenger studies at the Pierre Auger Observatory

Ditterential upper limits to the normalization of the
diffuse flux: integrating the denominator 1n bins of
width 0.5 in log (Ev) .

[The Pierre Auger Collaboration, JCAPI10(2019)022]
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