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— Gravitational Waves:
Multi wavelenght searches in
combination with mergers

— Charged UHECR:
magnetic fields deflection

— UHE photons:

limited horizon (local universe)
or hints for new physics
(SHDM, LIV)

— UHE neutrinos: probing
the most distant UHECR
sources. Elusive particles
need large exposure detectors

Main actors in the Universe plot -

explore the intimate
connection between
UHECR and neutrals

- talk by D. Boncioli = SOUrces & propagation
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The Plerre Auger Observatory
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The Pierre Auge__r Observatory

Fluorescence Detector (FD)
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hybrid detection of cosmic rays

AQ ~1°
AE/E ~ 8 %
AX _~15gcm?

Longitudinal profile
FD - calorimetric measurement
- duty cycle 15%

Density of particles at the ground
SD - duty cycle ~ 100%

Use the energy scale
provided by FD to calibrate
the entire SD data sample

Excellent sensitivity also to
neutral primaries in the EeV
energy range

Signal [VEM]
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UHE Photon induced cascades

pumber of particles Number of part cles Photon EAS distintive signature:
— delayed shower developement
FPhoton Mucleus
primary primary — smaller muon content
observable characteristics:

- deeper <Xmax>
- steeper LDF
- smaller footprint

Slant depth
Slant depth

Maximum of .
the shower - broader signal traces
development
Maximum of )
the shower - MOET Risetime
development @ 10E =
2. 100 & P Example
E os0E of FADC
@60 time trace
40 =
Ground level LU .
03 270 275 _ 280
I I 1125 nsl
Muon content Muon content

10% 50% quantiles
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Photons: HYB and SD data selection

Hybrid selection: Fisher response SD selection: Fisher response
C £ f —— photon MC {no preshower)
g E photon MC (preshower)
0.06- I i 107 3 — Data - bum sample
I ﬂ. C _-_ L =T~ | —— Data -searchsample
| | r E 1 - "
n | \ i# ok o ™,
0.04:— Md: p TFI\WC Y § : f_lf;-' e *'*‘ﬂ
-l I 1 B " FIH i - '
C | ® i - ki ++
- 'M bolos i3 i]‘i 0 : fl
“data J4 - T | IR
ﬁ PJ ‘F Pt  f |‘ S *f*rrpi
- w ﬂh*’# Pl 107 : |H‘ |
r M. & | I ‘ _ |f ‘
LI P ‘ NI
05 " "5 -4 I—Lsi 2 1 0 1 'z"’?"‘“‘a 10° e T e ST
-4 -2 0 2 4 (5] ]
Fisher Discriminant Fisher
— Maximum of shower development: X deviation from benchmark obtained from data:
. max — based on LDF: L
— Muon content of the shower (universality): F . LPF
n — based onrise-time: A
PoS(ICRC2021)373, paper in preparation JCAP 05 (2023) 021
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Photon flux upper limits

Auger SD 433 m + UMD (2023), UL at95% CL.
Auger HeGo + 5D 750 m (2022), UL at959% G.L.
Auger Hybrid (2021), UL. at 95% C.L.

Auger SD 1500 m (2023), UL at95% CL.
KASCADE-Granda (2017), U.L. at90% G.L.

102

—
o
IHIII|
i
—
=il
]
5
-
i

extensmns

3

—
|
LI
'
I I HE 4 LN B N
=

EAS-MSU (2017), UL. at 90 % C.L.
Telescope Amay (2018), UL at 95 % C.L
Telescope Amray (2021), UL at95 % G.L

GZK proton | {Kampert et al. 2011)

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

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

SHDM Ib (Kalashev & Kuznetov 2016)

SHDM || (Kacheliess, Kalashev & Kuznetov 2018)
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Ap. J. 933 (2022)125
PoS (ICRC 2021) 373 ~ — Measurements
JCAP 05 (2023) 021 over ~4 decades
PoS(ICRC2023)1488

— constraining cosmogenic predictions
— disfavouring most top-down models
— constraining mass and lifetime of dark
matter particles

— talk by O. Deligny

Phys. Rev. Lett., 130(6):061001, 2023
Phys. Rev. D, 107(4):042002, 2023

— point source limits constrain the
continuation of measured TeV fluxes

to EeV energies ApJL. 837: L25 (2017)

— Auger Phase Il started in 2022 additional information for better photon/hadron separation or...

photon discovery!
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UHE neutrinos: detection channels

Earth-skimming (ES): DGL 60°-75° Downward Going (DG):
upward going t neutrinos CC DGH 75°-90° deeply interacting v CC & NC
zenith angle 90° + 95° ES 90°-95° DGL 60°+75° - DGH 75°+90°
— T can emerge from the Earth crust and | .

Sensitivity to ALL v flavours
decay close to the detector and ALL interaction channels

D. Fargion, Astrophys. J. 570, 909 (2002)
A. Letessier-Selvon, AIP Conf. Proc. 566, 157 (2001)

Muonic component of the shower

Regular proton shower

" - FFH-FJ
DG v interacting

i i Deep D h
in the mountains p DG v shower

E-M component of the shower

atr]
™

_Upgoing ES v, shower

UHE photons and neutrinos at the Pierre Auger Observatory Sept13 2023 9
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UHE neutrinos: signature

s TR Eghtre]i?]efﬁgilfm?ns - ypicalsignalshapes
“ f - 2 ‘ . Vértical evenl[ —
o i; fg CR vertical E~165EeV |
elettromagnetic A= NS B BN W 2 1o e
component Y | g g °
— broad signal | ,f " 0 250 500 750 1000 1250 1500
} % 12 ‘ ‘ | ‘ In(‘:Iined even‘t — 1
young shower i.e. with large electromagnetic component : s|| CRoldshower -t |
— inclined event with slow rising and broad signal s : AP =09 |
background composed by muon-dominated hadronic showers MR
(EM component absorbed in the atmosphere) < 15T ‘ | Noutrino simulaion s |
;é 1z vyoung shower e oiev -
discrimination relies on the different SD signal shapes = 0ol .
between hadronic and neutrino events g oz o
— Area-over-Peak 0 250 500 Tim7es((:15) 1000 1250 1500

Viviana Scherini UniSalento & INFN LE UHE photons and neutrinos at the Pierre Auger Observatory Sept13 2023 10




UHE neutrinos: diffuse flux limits

c  (bestfit to A t o) - f‘"’” l““‘”,f“:ffl“zﬂ Srioues 2021) Pierre Auger Coll., JCAP 10 (2019) 022
| osmogenic (Dest-Tt to Auger spectrum - proton) ~ =sssssss ow-lumin, ac (Rodrigues
[ Cosmogenic (best-fit to Auger spectr. & compos. - mixed) = w Magnetars from BNS (Fang 2017) EPJ Web Conf' 283 (2023) 04003

I | 1 ”I
Starburst Galaxies (Condoralll 2022) SD data from 1 January 2004 until 31 December 2021

-74 Auger (2022) - ]
10 E . lceCube (2018) i _ NO Candidates found
”';,-, ] ANITA(2018) - £10 L Max sensitivity ~ 1 EeV
n B T e e e\ e e e 5 e — - T . .
w 10 Weman-Bancall (2015) i = Integral UL normalization factor
I J i -9 -2 o-1 -1
E e Auger integral (2022) -1 IE k~35x107 [GeVcm @ s'sr ]
g 10°° -2
- LUl . .
w 01 = pure-proton scenario disfavoured
2 =Yl o :
. PRELIMINARY - Z factor 3 exposure for probing
W 10 i U mixed-composition scenarios
=0.01
10-11 Single flavor [ — corresponding limits on point sources

107 complement IceCube and ANTARES
— activity ongoing on transients

' ”1'617 1018 1012 "1'[')'20
Energy (eV)

11

Viviana Scherini UniSalento & INFN LE Sept 13 2023




GW follow-up: v searches

stacked analysis: PoS(ICRC2021)968,

Routine in place to follow-up GW alerts paper in prep. (2023)
— search for time-directional coincidence with L 1o b+ QrecaraveTeLas (o) st e
83 BBH events from LIGO/Virgo 10% T e o o o = B Al Spmen
— sensitivity strongly depends on source ) PRELIMINARY
location and event timing & S
— number of neutrinos per source proportional £l i iR
to weighted overlap area integrated over time E “”r!\‘-f'% T YO PR
NS 7 N SN R
80— e ,;fw I W\ ‘-.i"'.m‘.-‘:fi o
754 Auger FoV: 8 €[90°, 95°] mmm Auger FoV: 6 €[75°,90°] Auger FoV: 6 €[60°, 75°] | v = ‘ q., lj, -’J g \\ ',. 1." \
ES 90° — 95° - . ' L
a5 r|' 1 |ﬁ 1
? 304 DGH 750 - 900 L] 1}!{_{“) J/h 1 ]
;15 DGL 60° — 75°
g 0+ L o up v /T
5_15_ “/GW170817 | up,r — ( )
J 30 : / i Z Prra .8 Z Pp, gAp i f p (1+Z(T) dr
: —as5- GRB 190114C - s PEL00(s)
—60 r .
5] I No UHE-neutrino events found for 83 GW events
B S T S e upper limit on neutrino emission: Ev ~ 2 x10* erg
e ) — well below the radiated GW ener
GW170817 with IceCube ANTARES, ApJL850 (2017) L35 gy

Viviana Scherini UniSalento & INFN LE UHE photons and neutrinos at the Pierre Auger Observatory m



GW follow-up: y searches

- focus on nearby and/or well localised sources

Assuming constant flux k -Ey*

- window open to potential new physics :ID s ApJ 952 (2023) 91
. B0 =
CLASS I (short) g 550 L] long: 1 day after GW | 85¢
D<o Q<100 deg? = 3
CLASS I (long) E 5% cwiz0817 i
D<o Q<20deg? & asp l 755
CLASS Il (long) 2 4o 13
D <180 Mpc € < 100 deg? : P+ = F |
CLASS IV (long-short) § 6s- |1 1 ]
D <50Mpc Q < 720 deg® & 30F
25 6 short: 1000 s around GW
5 Z
3 g
& &

Number of photons arriving from GW source g g g g g % § g
per unit time & area in the interval Ey ,Ey+dEy °  ° ° e e © © ©
t1 By GW . . . . ‘e
FUL _ /]dt iz g No coincident photon candidate identified
K T dE, — upper limits on spectral fluence ~ 7 MeV cm 2and ~35 MeV cm 2
fo Fo — constrain energy transferred into photons to < 20% for GW170817

Viviana Scherini UniSalento & INFN LE UHE photons and neutrinos at the Pierre Auger Observatory m



Search for upward-going events with the FD

interferometric
payload

Blind analysis searching for upward-going air showers with the

Fluorescence Detector

PoS(ICRC2023)1099, paper in prep.

angles don't
reflect reality

Particle

Inje(:tim?

—~First Interaction

Shower Core

ground

Zenith [110°- 180°]
log10 (E/eV) [16.5-18.5]

SIGNAL SIMULATION

g Gakuron FoCo| MegaEy W | setecton

alevation [deq)

 angle [ceg]

ime st 432198802 5 5633814 s
Trgger. Simudated - Sw irigper’, Shawes Candcste’
in Goihueen miver 1 0n DAG: 123456
gromenry: mono
[ [118.9:3503]
222,11 70]
15671

dEX [Pev/(giom?)

!
rofile; iee Caisser-Hallas. (ype: USP) .
E-(355:021) 1078V [3.09%107%]
Heun = 1053 + 20 glom® . [11137.01

Not to scale,

i ANITA Observation:
= E,, = 0.2 EeV, exitangle =27°, 35°

L L | L L
400 600 800 1000 1200

srsenisen | Downward-going events with specific geometries can

Quantify the sensitivity of the FD to

upward-going showers
- derive the FD exposure as a function of
shower energy and height of first int.

- MC estimate of the expected background

Viviana Scherini UniSalento & INFN LE UHE photons and neutrinos at the Pierre Auger Observatory

mimic upward-going events in a monocular reconstruction

Zenith [0°- 90°]
log10 (EfeV) [17-20]

BACKGROUND SIMULATION

o< oy
h;>h,
'

Signal from P, reaches the FD before
the signal from P, — downward-going

event reconstructed as upward-going

Also events with a core far away from the array can produce background and need to be simulated

Sept13 2023 14



Search for upward-going events

PoS(ICRC2023)1099, paper in prep.

2 10° Signal simulations: protons, log(E/eV) [16.5, 19]
% 10 signal zenith [110°, 180°] - h [0, 9] km - spectrum E™
Z 14 simulation — 6.5 x 107 showers

Background simulations: protons He, N, Fe,

a—
o
[§5

%_—|
3 bkg .
10 E5 simulations log(E/eV) [17, 19], zenith[0°, 90°] - CRspectrum
N cut at /> 0.55 — 2.5 x 10° showers
m_f —|——|—‘|'—|_ — Data: 10% burn sample defining selection criteria
= purn _l_ signal
10°# data region testing upward and downward reconstructions:
107 "I' | = 0 downward favored, | — 1 upward favored
vl bbb e b e by by b b by Ly
0

10

01 02 03 04 05 06 07 08 09 1
/ Full data sample 2004-2021:

1 candidate event found

; _ arctan (=2log (Laown/ I/ﬂdx {Ldown, Lup}) /50) — consistent with background (~0.3 evts + 0.12)
/2
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Search for upward-going events

PoS(ICRC2023)1099, paper in prep. Joint work Auger-ANITA for calculating and

EE B comparing exposures
= 8F @
- £ 71
3 e EANITA | event
C E L 10—1?
6_— -8 E. =
- 635 1036 1271 1580 = e LT TR TR
SE 943 1323 1857 2326| _| _ 2 = 10_13'5_ .
E 417 965 1644 2576 3383 g; -
4e 570 1342 2103 3129 3299 =
C 506 992 2005 2866 3779 4635 10 E s P
3:_ 725 1351 2252 3512 4830 5578 E
- 485 976 1776 2329 4155 5099 6351 10 -20| v
2:— 613 1233 2575 3633 4913 6300 7118 10 E Auger UL —%— Auger95%CL.y=1
1:_ 475 1121 1916 3012 4500 5470 7340 7216 f T :“N?_‘l’:f:sf?:f;;ﬂ:z
= 480 977 1630 2711 4663 6109 7434 7923 8554 10 z'g &~ ANITA I flux,y = 2
= IR 630 3770 504 732) 8546 8142 4223 = ANITA 195% CL 1 2 2
f6s 17 75 E 185 9 ! b pCELIMINARY e
log(E/eV) 107 965 17 175 18 EERN
Integral upper limit above 10" eV: Po(EleY)
- (7.2+0.2)x10* cm™s™ sr™, E" spectrum — Auger limits are a factor ~100 (30)
— (3.6 £0.2)x10*° cm2s™ sr', E? spectrum lower than ANITA fluxes, assuming E
: , . 2
Upward-going shower detection efficiency can be used (E*) spectrum

for testing BSM scenarios PoS(ICRC2023)1095
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Search for upward-going events

PoS(ICRC2023)1099, paper in prep. Joint work Auger-ANITA for calculating and
- 9 — ]
E E 5 comparing exposures
s 8 @ 6
C £ =10
- 3 b
7 10%s . ANITA lll event
= B w1077
6l 8 5
55_ 635 1036 1271 1580 lg D -:- _____________________
- 943 1523 1857 2326 | _| | 2 ; 10
- 417 965 1644 2576 3383 o
4:_ 570 1342 2103 3129 3299 ig 10
32_ 506 992 2005 2866 3779 4635 - E W
C 725 13512252 3512 4830 5578
= 1 41 1 10 —20 ¥
2:_ ::1:::;:2:49::::::8 10 Auger UL —¥— Auger 95% CL,y =1
- 475 1121 1916 3012 4500 5470 7340 7216 --w-- Auger95%CL,y=2
= 480 077 1630 2711 4663 6109 7434 7923 8554 1072 i ﬁﬁﬁﬁ::::mj;
- 4:53 Isiﬁ 1@@@*‘77&?%31&@3 ANITA I 95:/uGL.Y:1
B e B W PRELMINARY | - ARESAT
log(E/eV) 10765 17 175 18 185 19
Integral upper limit above 10" eV: log(E/eV)
- (7.2+0.2)x10* cm™s ™ sr”, E” spectrum — Auger limits are a factor ~100 (30)
— (3.6 £0.2)x10*° cm2s™ sr', E? spectrum lower than ANITA fluxes, assuming E
. . . . -2
Upward-going shower detection efficiency can be used (E™) spectrum

for testing BSM scenarios PoS(ICRC2023)1095
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Outlook

The Pierre Auger Observatory participates in the ongoing multi-messenger international
effort to combine data from different experiments in complementary energy ranges

The Pierre Auger Observatory, the largest detector for UHECR:
— excellent sensitivity to photons and neutrinos in the EeV range
— stringent diffuse limits in the EeV range
— constraining exotic scenarios and testing cosmogenic flux predictions
indirect hint on primary CR mass composition
— coverage of a large fraction of the sky with targeted searches / transients
— follow-up searches of LIGO/Virgo mergers

« Fast LVC alert follow-up infrastructure in place
— GCN notices, streaming to AMON & DWF

— upward-going searches bounds to anomalous ANITA events & test BSM scenarios

— The AugerPrime upgrade will improve on sensitivity and background rejection

Viviana Scherini UniSalento & INFN LE UHE photons and neutrinos at the Pierre Auger Observatory Sept13 2023 18




Pierre Aqgér Obs'efrv_atory Open Data

The Pierre ﬂ.uqer :I}pwn Data is the puhllc release of 10% of the Pierre Auger Observatory cosmic-ray data published in recent scientific papwr_,

ation Open Data Policy. The release also includes 100%
osts the datasets for ::Icm nload. Brief overviews of the Pi

Data are set out below. An online event display to explore the released cosmic-ray events, and example an
are provided. An outreach section dedicated to the general public is also available.

mrn:--;mer data c u-llec:tn:- untll 11 [u:-n Ernl:n:-r 2020. Th|5 website
and of the Auger C

catalog of the 100 highest energy events
Astrophys. J. Suppl. S. 264 (2023) 50

e

Dataseis

®

Visualize Qutreach

the
rele

Viviana Scherini UniSalento & INFN LE UHE photons and neutrinos at the Pierre Auger Observatory

Sept 13 2023
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Targeted searches: photons

Pierre Auger Coll., ApJL 837: L25 (2017)

Previous blind search limits

12 target sets Galactic sources
(364 candidates sources)
- stacked analysis

— complement targeted neutron
searches

NO evidence for nearby photon-emitting
steady sources in the EeV range

— might be transients

Viviana Scherini UniSalento & INFN LE UHE photons and neutrinos at the Pierre Auger Observatory

,'_—'10-11 —
o S Galactic Center region
C}I | HIEISIS g
E ﬁ‘%m
(& 10-12 - ,*ﬁ +
A T
tl : ..".\ .,
é 13 ] ‘\\
=107
X = e
T B
10714
- e H.E.S.S. measurement
[ [ 1o confidence band of the best-fit spectra \
10"° &= —— Auger photon GC limit ('=2.32 = 0.11) \
- 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 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| | IIIIII‘
10" 1 10 10° 10° 10* 10° 10° 107
E [TeV]

— limits constrain the continuation of
measured TeV fluxes to EeV energies




UHE neutrinos: data selection

Pierre Auger Coll., JCAP 10 (2019) 022

10!

I I Auger ve+v,+ Ve — = ), DG R
1 OOA [ Data: 1 Jan 2004 - 31 Aug 2018. Mean=1.189, Sigma=0.074 — — — U Earth-Skimming (ES) ~ me=s= v, DG
c’ata Monte Carlo v: Mean=2.837, Sigma=0.723 1018 4 e Ve + v, + v downward-going (DG) V. ES + DG L
10°- [ (AoP) > 1.83 B
0n —_
L“g’ W v_ES sensitivity
o L1017 4 . -
51014 S dominant 7 =T
< MC v © /// -
g S / /. "’ -
5 v-candidate region S /o e
<1072+ B R
~ 95% v-selection efficiency 1016 ‘/ ,.’ =
/7 /.'
4
1073 - 4
05 1.0 1.5 2.0 25 3.0 35 40 45 50 55 60 6.5 1016 1017 1018 1019 1020
(AoP) E, (eV)
- Data 2004 — 2018: 14.7 yr of stable operation Contribution by channel: Contribution by flavour:
] ES 79.4% T 86.1%
— bkg expected: <1 event in 50 years DGH 17.6% e 10.1%
- Selection tuned on the different det. channels DGL 3.0% u 3.8%
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UHE neutrinos: point sources sensitivity

ES 90° - 95°
DGH 75° - 90°
DGL 60° - 75°

GW170817

—15-

Aug‘er FoV: 6 €[90°, 95°] . Auger FoV: 8 €[75°, 90°] Auger FoV: 6 €[60°, 75;“’]

Cevnnuuvi v yueyy
o
I

GRB 190114C

0 2 a 6 8 10 12 14 16 18 20 22
a — th (hr)

point sources transit through the field of view

of each detection channel

24

— sensitivity strongly depends on source
location and event timing

E2 dN/dE (GeV cm~2 s71)

Pierre Auger Coll., JCAP 11 (2019) 004

Auger 2018 = Auger DGH 75° <6 <90° e w=  |ceCube 2017
= == Auger Earth-Skimming == Auger DGL 60° <6 < 75° e e w - ANTARES 2017

10—5 | | | | | | | | | |
Upper limits 90% CL
1076+ -
1077 g R -
Single flavor
VeiVyive=1:1:1
10—8___———-— —5\ _
10 eV < E, < 107 eV SO E, <107 eV -
~ _———_—
________ —_— \ -
\ 102 eV=<E, < 10%ev =
10_9 ‘ \ ’_—’ ~
\ ’—_’--
—
Southern sky = Northern sky
10710 T T T T T

T T T T I T
-90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90
Declination 6 (deg)

— good sensitivity in the EeV range in a broad range
of declinations
— complementary energy range: 10" = 2 -10™ eV
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FO||OW-UP searches: GW170817 ApJL 850 L35 2017

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

LIGO/Virgo BNS GW170817 & Fermi sGRB 170817A 0 (2500 see fme-window
— EM counterpart Optical/IR KiloNova AT2017GFO ANTARES —

_10%¢
o Auger
E 10"t IceCube =
% HHHHHHH
o 10 . ——
— [0 - .
f, 40 - Kimura et al.
ra‘] 10-1E P EE moderate .
19, - 102 bmaracta. 6
K 4 - = Kimura et al. : ———— < Ki
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Follow-up searches: TXS0506+056  sciencess1, 146 2018)

lceCube observed a 290 TeV v in the direction

of TXS0506+056 during flaring state Pierre Auger Coll., Ap. J., 902:105 (2020)
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