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~  The Pierre Auger Observatory
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- SD1500 : 1600, 1500 m grid; Ein~2.5 EeV
- SD750: 61, 750 m grig; E~0.1 EeV L7 sesseeeee e s
- SD433: 19, 433 m grid; Ey,~0.03 EeV - EEREOOE ceveesescesssesesess

¢ 4 Fluorescence sites:
- 24 telescopes, 1-300 FoV
- 3 High Elevation Telescopes, 30-600 FoV

4 fluorescence detectors
(24 telescopes up to 30°)

¢ _Engineering arrays:
- AERA: 153 radio antennas
- UMD: 24 underground muon detectors

| 600 surface detectors:
water-Cherenkov tanks
(grid of 1.5 km, 3000 km?)

Geolocalization: (—69.0° longitude, —35.4° latitude)
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AugerPrime: exploiting the richness of extensive air showers

More insight in the mass composition

+ increased statistics

Measure of the longitudinal development of the
extensive air showers (EAS) while crossing the

atmosphere
= Fluorescence telescopes

' a1 R D) e 2NN Discrimination between the electromagnetic and muonic
N components of the EAS
= \Water Cherenkov Stations and Scintillators

Measure of the radio emission of EAS
= Radio antennas

irect measure of the-muonic component
= Underground detectors




Auger: A 47 MM Observatory

8 Neutrons and charged CRs: © < 80°

B HE BSM Particles: © > 95°

This talk: experimental results from Phase | (2004-2021) and prospects for Phase Il (2025-2035)

Interpretation covered in the talk by Denise Boncioli

Auger Observatory: measures charged UHECRs

Energy spectrum

Nuclear composition

Anisotropies

Information on UHE hadronic interactions

Provides the largest exposure to UHE photons

Diffuse flux of UHE photons
Steady photon point sources
Follow-up searches in coincidence with transients

Allows studies on UHE neutrinos

Diffuse flux of UHE neutrinos
Steady neutrino point sources
Follow-up searches in coincidence with transients

...on Galactic neutron sources

and searches on BSM effects

Take home message

A global, coherent view emerges from the analyses of the data collected at the Pierre Auger Observatory,

dispelling the pre-existing UHECR picture

Valuable inputs to phenomenological models

Information about hadronic interactions and constraints on BSM effects



- Hybrid technique
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The UHECR enerqgy spectrum
gy Sp E [eV]
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Auger Coll., Phys.Rev.D102 (2020) 062005

A measure completely independent of any assumptions on the primary mass Auger Coll., Phys.Rev.Lett. 125 (2020) 121106
Auger Coll., Eur. Phys. J. C 81 (2021) 966
V.Novotny, PoS(ICRC2021) 324

A.Brichetto, PoS(ICRC2023) 398 10

Largest available exposure, >80,000 km? sr yr, >920,000 events

It provides constraints on source properties, injected masses, interactions/escape



The UHECR mass composition

Measurement from the

» longitudinal protile (FD, ~15% Duty Cycle)
» temporal and lateral distributions (SD, ~100% DC) + DNN

radio footprint (AERA, ~100% DC)

<Xma,a;> — <Xmaa;>p + fE <ZTLA>

UQ(Xmaa:) — <U§h> + fEUZ(lnA)

= The <Xmnax> gets lighter up to ~2 10"8 eV and heavier above this
energy, incompatible with pure composition

= The 0 (Xmax) at the highest energy

— excludes a large fraction of protons (DNN and FD)
— excludes the GZK as a dominant reason for the spectral cutoff

= The radio measurement provides an independent confirmation

FD: Phys.Rev.D90 (2014) 122005+ 122006
SD: Phys.Rev. D96 (2017) 122003

SD/DNN: J.Glombitza, PoS(ICRC2023) 278, subm.Phys.Rev.D+Phys.Rev.Lett.
RD: Phys.Rev.Lett. 132 (2024) 021001+Phys.Rev.D109 (2024) 022002

+ review E.Mayotte, PoS(ICRC2023) 365
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Changes in the elongation rate (SD+DNN)

Elongation rate in agreement with that found with FD
Clear evidence of a structure in ER, best described with a three-break model:

constant ER rejected at 4.40 —» incompatible with pure composition

= kinks resembling the spectrum features
= supported by independent SD-based measurements (Delta method)
= in agreement with those predicted by a simplified astrophysical mode|

parameter 3-break model energy spectrum
val £ Ogtat — Gsys val + Ogtat C Gsys val + Ogtat C Gsys
b/gcm > 7505313
Do / gcm—2decade 12+5+6
|E1 / EeV 6.5+0.6+1 4.94+0.14+0.8 |
D/ gcm_2 decade ! 39+5+14
|E» / EeV 114+2+1 14+14+2 |
D, / gcm™? decade ™! 16 36
|E3 | EeV 31£5+3 47+3+6 |
Ds / gcm_2 decade™! 42+9+12

Auger Coll., JINST 16 (2021) PO7019
SD/DNN: J.Glombitza, PoS(ICRC2023) 278, subm.Phys.Rev.D+Phys.Rev.Lett.
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The UHECR mass composition

The fractions of elements can be derived from
model dependent fits of the Xmax distributions

» Provide model dependent information on the

mass evolution

—in line with Egyx ~a few EeV x (Z or A)
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Heavy or light? An independent measurement

lg(E/eV)=18.5-19.0 EPOS-LHC
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Around the ankle (10183-101? eV) the composition is mixed (6.40 from 0), compatible
with (InA)>1.0 and as such with nuclei heavier than He (p-He mixing would give

o(lnA)=0.7)

At higher energies it appears less mixed

Analysis not affected by detector systematics or by hadronic interaction models

uncertainties
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Large scale anisotropy: Auger results

Extremely large exposure (3<800) :123,000 km2 sr yr above 4 EeV

= Observation of dipolar anisotropy for Ez8 1018 eV
Significance 6.90 above 8 EeV, 5.7c at E=8-16 EeV

Dipole
direction ~— = Dipole direction ~1130 away from the Galactic Center:
~113° away - . .
from the GC R Extragalactic origin of UHECR above 8 EeV

0.371 0.441

Flux [km=2 sr=1 yr=1]

Equatorial coordinates, smoothed by a top-hat window of 45°.
Change from Galactic to
extragalactic ﬂrigin
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Auger Coll., Science 357 (2017) 1266 —90° Energy [EeV] o B 0-; - 1 o
Auger Coll., Astrophys. J. 868 (2018) 4

G.Golup, PoS(ICRC2023) 252, subm.ApJ



Dipole Amplitude

Large scale anisotropy: interpretation

® observation, Auger exposure /hay =1

Complex interplay of

- Mass composition
- Source distributions
- Magnetic fields deflections

12
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® —9p— 1

S .
So10| " L EeV: require mixed composition
o .
@ . (unless dipole not due to LSS)
0.05. . C.Ding et al., ApJ 913 (2021) L13
*
8-16 =8 16-32 = 32
0.03 +—— , .
8 10 20 30 40 50
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. Assuming equally luminous sources from
.ftf! 2MASS, two different source densities +

+ IR10™°Mpc~3
IR 10~*Mpc—3
® Auger

10

Energy [EeV]

0 amplitudes

The observed anisotropy and its

evolution with energy is well

described as a signature of the local

large scale distribution of matter

Not consistent with pure protons >8

model for HE component from our best fit
of composition

— consistency with data

— some tension with small quadrupole

| Auger Coll., subm;ApJ
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U(EAuger = 38 EEV) = W = 270

75° Galactic

The UHE sky from Auger

1/ all sky search for overdensities: scan in energy and in top-hat radius

Centaurus region: 4.00 significance at Ey,,=38 EeV at =270 go
= 135,000 km2 sr yr for E>32 EeV o S ' .
= (165000+15000) kmZ2 sr yr would allow us to reach 50 . - : R
-75° longitude T
|
-4 -2 0 2 4

2/ catalog-based search Li & Ma significance [o]
Analysis: unbinned maximume-likelihood analysis vs isotropy ;
Sky model: [axsources + (1-a)Xxisotropic] ® Fisher(0) 30 Starburst galaxies - £, - 38 Eev EPS
- = Centaurus region - E,, = 38 EeV S0 & B 15 ;
Catalog Ew [EeV] W [°] a[%] TS Post-trial p-value u 25:_ 560 § é’
: 15 8 —4 AN n = - :
All galaxies (IR) 38 247> 147 185 6.3x10~* » 3.20 o 200 o 5 O % 20300 80 100 70740
Starbursts (radio) 38 2552 9tT 234 6.6 x 10> » 3.80 5 oF 17 Exposure =32 EeV [10° km? yr st]

(] — — pud 3

All AGNs (X-rays) 38 252 7Y, 205 25x107* > 3.90 & | _:z ¢ Sefmr e
Jetted AGNs (y-rays) 38 2318 67, 192 4.6 x107* » 3.3¢ E 10 17 3 £ 6of M95%CL
O n 420 € 50
- . o O 3
°F 10 © §§§
. . . L L L L L L L , . § 10 :
= All models capture an overdensity in Centaurus region %20 a0 60 80 100 120 140 U peraneoso-ioo s a0
(Cen A NGC4945 M8 3) Pierre Auger Obs. exposure > 32 EeV [10° km? yr sr] Exposure > 32 EeV [10° km? yr sr]

= The SBG model points to a milder excess close to NGC253

G.Golup, PoS(ICRC2023) 252, subm.ApJ

Auger Coll., ApJ 935 (2022) 170 ,



Differences between Northern and Sourthern sky?

Using vertical+inclined events we have partial coverage of the Northern sky S 25F ] l | | -
3 O\ Auger 6 <60° - - - -
. TA hotspot and Warmspot reglons <= 20" . Auger 6 > 60° -
+7O | | | | | | | | | 1 | | | | | o™ . ) \\ al L
=== - ()ETA>57EeV— . S el -~..\~\Augertot )
+60°F -~ — T gSemee(B) ETa > 10192 eV - oo - s - — ‘~_\ TA — -
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+1(180° 170° 160° 150° 140° 130° 120° 110° 100° 90° &0° 70° 60° 50° 40° 30° 20° 10° 0° 350°
right ascension o

o TA TA TA TA Auger Auger Auger Auger
(a'O, 50) [ ] E N obs N, exp O-post E N obs N eXp O-Li—Ma

PPSC (17.4,36.0) | 251 95 614 310 | 20.1 68 693 020
(19.0,35.1) | 31.6 66 39.1 320 | 253 40 452 —-0.80

(19.7,34.6) | 39.8 43 232 300 | 31.8 27 26.5 0.10

TA hot spot (144.0,40.5) | 57 4 169 320 | 45.6 7 10.1 —-1.00

= confirmation of the Centaurus region as most significant excess (4.00 post-trial), extended to lower energies (20 EeV)

= no hints for excesses in the TA “spots” with data of comparable size —> currently not supporting the claim of TA that the
declination dependence of the UHECR energy spectrum is due to the presence ot excesses in particular regions of the
Northern sky

G.Golup, PoS(ICRC2023) 252, subm.ApJ
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Auger-TA comparison : the energy spectrum
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= E>10195 eV: persistent difference.
— no declination dependence found in Auger
— TA first claim of a declination dependence (3.50):
|0910Ebreak=19.64+0.04  for lower &
|0910Ebreak=19.844+0.02 for higher &

TA second claim: 1.80 difference in common decl.band

if subtracting spots

Good example of common working group

TA now using

— the same fluorescence yield (previously off by ~ -14%)

— the invisible energy (data-driven) correction of Auger

(previously off by ~ +7%)

= E<10195 eV : good agreement (~1% difference)

5.0gio, PoS(ICRC2023) 400
K.Fujisue, TeVPA2023

J(E) x E° [km™ yr!sr!eV?]
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A.Aab et al., PRD 102 (2020) 062005
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R.Abbasi et al., arXiV:2406.08612
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Auger-TA comparison : the mass composition

No direct comparison of Xmax distributions is possible: Auger measurement unbiased, TA one folded with detector effects

Auger best fit composition as input to the TA simulations; the resulting distributions are compared to the TA Xmax results

SYS. EITors: Auger TA  ---- (Auger? + TAY)'?
T L 2 T I T 2 T ¥ ¥ T L 4 T I

@ AugerMix, ICRC (2019) ® TAl Sibyll2.3d -
m TA, ApJ (2018) '
— 800F ) — 60
o S .E b
5 T b 13 |
. N e *) % +° = 40
o o™ T .- | "3 :
2 750 L |
> o0 e : o <2

~ o- O T B
__________ 20
o : |

3 . .
T00 e 2
A A N A 1 A N N A | N N N N 1 A 0
18.5 19.0 19.5
Ig(E/eV)
The Auger and TA measurements of <X__ > and o(X__

80—

SYS. errors: Auger TA
Y | L 4 Y T Y T '
Sibyll2.3d
O ‘o +
o ©
o) o 0o +o

© AugerMix, ICRC (2019) ® TA

. ® TA,ApJ (2018)

190
lg(E/eV)

N 1 N
18.5

statistics and understanding of systematic uncertainties

= Auger can exclude a pure composition with very high statistical confidence

=TA cannot exclude the Auger composition as their statistical and systematic uncertainties are too large

195

) are compatible at the current level of

20F

15F

10

® TA

W

% [ ] AugerMix
|

Ig(E/eV)=189 -19.0 1

+ TA +26(g cm'z]

ICRCI9
\%+ Sibyll2.3d

.’*Hil.‘r

600

800 000
X e [g €m?]

A.Yushkov, for the Joint WG,
PoS(ICRC2023) 249
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Detecting neutrinos in Auger

Top of the atmosphere proton or nuglel ] 12 i | | m;"ned evenlt -
-------------------------------------------------- - S CR . old shower at ground E~22EeV | Neutrino-induced air showers:
g 3l 0~ 73.0° : d h
3 ¢ nop-0s | - deep showers
padronic > - em+p component at ground
component | | | '
0 250 500 750 1000 1250 1500
1.6 p : ' — . .
5 4F Neulirisoicinu akon = - They can be identified by
: ; 1 b v - young shower at ground E=01EeV | . . .
Top of the atmosphere Ww o8} 0= 75° ; - selectlng mclmed ShOWGI‘S
g 96 AOP~29 | . .
B 04r : - with large electromagnetic component
EM component ? T I : , . .
o 250 500 750 1000 1250 1500 - with large Area over Peak (~1 for muonic showers)
hadronic Time (ns)
component 10 e e —
[ Data: 1 Jan 2004 - 31 Aug 2018. Mean=1.189, Sigma=0.074
Monte Carlo v: Mean=2.837, Sicma=0.723
10°- (AoP) > 1.83 B
hadronic g v-candidate region
_— component 2 10-2 4 i Auger Ve + vy + Uy e 5w e DG l
~ 95% v-selection efficiency o= == ==y, Earth-Skimming (ES) = ==semee- v, DG
) O R [—— Ve + v, + v; downward-going (DG) v: ES + DG ~
1072+ -
05 1.0 1.5 2.0 2.5 3.0 35 40 45 50 55 6.0 6.5
(AoP)
o
(V)]
NE 1017_ -
s
Among inclined showers we select % ES 79%
- Earth-skimming (ES) : 900-950 8
° o Lu
- Downgoing at high angle (DGH): 750-9Q09 107 - |DGH 18%
- Downgoing at low angle (DGL): 609-750
DGL 3%
1016

Vr

Ve

Yy

86%

10%

4%
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Search for a diffuse flux of neutrinos e

Cosmogenic p (Kampert 2012)

Cosmogenic Fe (Kampert 2012)

[—
B Cosmogenic mixed (Kotera 2010) PRELIMINARY 4.0
[ E—

-— Cosmogenic p, Fermi-LAT, Ei» = 3x1017 eV (Ahlers 2010) Single flavor

90% CL Pierre Auger, Jan 04 - Aug 18
CRPropa

4.5- . Proton spectrum at injection: u

- = =+ (Cosmogenic p SFR (Aloisio 2015)
—.—.=  \Waxman-Bahcall bound (2015)
——=—= AGN (Murase 2014) ’
—=—=—= Pulsars SFR evol. (Fang 2014) ”
10-7 90% CL differential ”

N limit Auger (2019)

90% CL differential N% ”~
limit Auger (2022)

90% CL differential

| | | limit ANITA (2019)
90% CL differential

limit lceCube (2018)

10-8 1-—-‘-—
| 90% CL integral
limit Auger (2019)

. '_ 90% CL integral
imit Auger (2022)

E2 dN/dE (GeV cm~2 s~ 1 sr1)
=

\ O\

1017 1018 1619 , 1020
Energy (eV)

10—10

= No candidates found; best sensitivity slightly below 1018 eV

= Background very low, sensitivity limited by exposure

= Aperture comparable to that of lceCube if source direction is
favourable

Auger Coll., JCAP 10 (2019) 022, M.Niechciol, PoS(ICRC2023) 1488

. E-25, Epay =6 X 1020 eV
\ evolution « (1+2z)m
35 X :
\
x
%30 N\, 90% CL i
,& . \ analytical
\‘
100 2
.'-’.‘ 2.0
&
v—li 1- 5
| -
10 >
o 1.0
- 2.0 2.5 3.0 3.5 4.0 4.5 5.0
S m
>
Q i .
Ll ¥ i
S L6 JPRURIE. SU— 5 Jra—— - -
2 2 iz PRELIMINARY
e (Cosmogenic neutrino models | e e § B B L
| :
E protans, FRII evol. (Kampert 2012)
T protans, FRII evol. (Kotera 2010)
?.I.I protons, SFR evol. (Aloisio 2015)
protons, SFR evol, Epax = 1021 eV (Kotera 2010)
protons, SFR evol. (Kampert 2012)
0.1 protons, GRB evol. (Kotera 2010)
protons, Fermi-LAT, E.i, = 10*° eV (Ahlers 2010)
protons, Fermi-LAT, Epmi, = 10175 eV (Ahlers 2010) E
1
1021 mixed CR (Kotera 2010) E , :
iron, FRIl (Kampert 2012) A i
(Astrophysical neutrino models| = :ii i e S e e e e
radio-loud AGN (Murase 2014) i i
Pulsars, SFR evol. (Fang 2014) - .
1 1
1 1
3

4 5 6 7 8 9 10 11

Number of events
L — T

= Constraints on models assuming proton composition: independent
confirmation of result from composition analysis

= Exclusion of a significant part of the (z,m) parameter space from non
observation of neutrinos
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Detecting photons in Auger

air
shower

altitude

sea level

Xmax (9€m-?)

fluorescence
light profile

L l L1 L l 0L 1 L l 0L 1 L l I T l |

— EPOS1.99
. Sibyll2.1

""" QGSJetll-03

photon

proton

x10°

Y N
£ 1200
O
=~
(@) E
[ — =
c 180 1100 B
— ~ 200 g cm™ Monte Carlo example é i
& 0 . - Auger event 160— <> lg(E/eV)=19 ><E N
(®] — ”‘,‘ e 3 . : F -
= SR T e e
o | PN o 1000
> a0 ' x p _
S ‘ o 120 4 i
‘B - C :-—-
g N[ TN 100/ 900 [
(o) B N, C -
o B E
> N 80— i
m - =
5 20 - 800
@ N 80I- :
10 [~ Py n
N gy : 700 -
" L R T 201~ L
O 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 1 1 1 14 l "‘_ : |— I [~
200 400 600 800 1000 1200 1400 1600 , 80 700 800 900 1000 1100 1200 1300 1400 1500 600 :
slant depth [g/cm?] Xmax [0 M7 0

Photon-induced air showers are almost purely

electromagnetic:

deeper Xmax

y-poor

steeper lateral distribution
spreaded in arrival time

0.08

0.06

004

0.02

Energy range

Exposure [km?

Observables

10 20 30 40 50

number of muons

[eV]
>5 1076
>0.2 1018
>1018
>1017

Detectors o
UMD - SD433 0.6
SD750 and FD 2.5
SD1500 and FD 1000

SD1500 17000

Muon densities in SD433

Xmax, Nst, SD750 signals
Xmax, Fu (5D1500)
LDF, risetime in SD1500

N.Gonzalez, PoS(ICRC2023) 238

Astrophys. J. 933 (2022) 125
Phys.Rev.D110 (2024) 062005
JCAP 05 (2023) 021

[ Photon (training) —=— Photon (test sample)

* Proton (training)
- - - -Median cut

o— Proton (test sample)
—»— data (E > 10" eV)

TTTTTTT

data

TIIIII]IIIIIIIIIII]II]

04 02 0 07 06
BDT response

Discrimination Methods

Different observables combined into a single discriminator
Candidate cut: median of the discriminant distribution (50% efficiency)
Measured and simulated events passing the cut are compared
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Search for a diffuse flux of photons

10°
L 10
-
/)
E
LLIO
A
L
5 107"
>
=
S
= 10
= =
=
©
D -3
£ 10
1074

I I”llll

lll|

I'TH

u||| Tl"l'le| | IIIITIII I ll{lm| | |n1Tn17

’
I"l

f
‘e,
Iy
'l
’
'
s
’,
’

lllllI

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 (201/), U.L.at 90 ©
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 |l (Kachelriess, Kalashev & Kuznetsov 2018)
pp interactions in halo (Kalashev & Troitsky 2014)

10"

= Limits provided across 4 decades in energy

= Start closing the gap to the smaller air-shower
experiments

= Exotic models excluded
= Below 108 eV: most stringent limits available
= At the highest energies, most optimistic models

of cosmogenic photon flux can be probed and
excluded
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The muon puzzle

Proton-proton equivalent c.m. energy /s / TeV

5 4 80 90 100 200 300 400
10 | ‘ vv vy vy v v 0.30 — : . :
; ol o m - ¢ data — EPOS-LHC ¢ data
n ' —_ 095k == QGSJetll-04 4-mass- X, ac-fit+models

----- SIBYLL-2.3d

A
<

I IIIH'T]

T 1 l]ITT.l

number of particles
2

0g/ ¢+ T™N~~Muwons |\ 0 TTEE=ITTT
= -— EPOS-LHC TTTTe=-lTT
. 1.0 D
: -~ QGSJetII-04
1 ] 1 1 1 : 0.8k~ SIBYLL-2.3d
| I T | 1 1 1 31 1131 1 L a1 1 1 I B S . 1 1 1 o ) 1 l 1 T 1 1 ) o 1 1 ) ) 1 _—
0 1000 2000 3000 , 4000 5000 1019 1020 0.00 T 1020
X (g/cm)) E/eV E/eV

On the contrary, post-LHC models describe well the fluctuations of
energy partition in the first interaction up to UHE

The muon deficit in simulations is confirmed by independent measurements: (~70% of which are due to the first interaction)

— indirect muons in inclined events

— top-down analysis of vertical events . . .
P / Most likely scenario: accumulation of

— direct muons in hybrid events - .
small deviations along the generations

Discrepancy starting for Ez10'7 eV

Auger Coll., PRL 126 (2021) 152002
L.Cazon et al., Astrop.Phys. 36 (2012) 211

Auger Coll., PRD?1 (2015) 032003+059901
Auger Coll., PRL117 (2016) 192001
Auger Coll., Eur.Phys.J. C80 (2020) 751
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Beyond the standard model

Search for Lorentz invariance violation

Effects suppressed for low energy and short travel distances : UHECRs !!!

N ) ( )E2+n
2 2 2 n) 2 2 n ‘
Ei_pi:mi+§:5z’ E;™ =mj 4+, o
- M
n=0 Pl
E
v = T=7L.1iv%
my v
In air shower development 0

T =YY

7, =8.4-10""s

for <0, decay of m0 forbidden
EM component decreasing, hadronic one increasing

A 03
Bl — ——————  90.5% CL for 1=-5.9510°
% - — 95.45% CL for n=-0.2-10"
B 99.7% CL for 1=-8.2:10"
025 — max, —2_ for log (Inl) €[-15, -3] H-Fe epos-LHC LIV
. > 10
| - data GV‘
el max H-Fe epos-LHC
B “ <N >
02
015—
01—
005—
0 _I | l 1 1 1 | l 1 1 L | l 1 1 | 1 I 1 | 1 1 I 1 1 1 1 I L 1 1 1 I

C.Trimarelli, EPJ Web of Conf. 283, 05003 (2023)
Auger Coll., JCAP 01 (2022) 023

logyo(ln])

Super-heavy dark matter searches

Overdensity of SHDM in the galatic halo:

5halo phalo
6= X _ = DM~ 9105 Berezinsky V. et al., Phys.Rev.Lett.79 (1997) 4302
P?é”tr QDMpc
Flux of secondaries from SHDM decay (i = vy, v, V,N,N):
1 dN; *®
JEU(E) = 'f ds Xo + Xi(s; n)).
PO = e ) 95 PoMOG +X(sm)
Free parameters ™ = ﬁM;l exp (47r/ax)
105_I LR poob R L '_E
- ] 0.15 R RN ARt N A At AT by AN AL RN IR AL SRR AL ALY SRR
' ' .
1k : \ . Auger excluded region
;‘SL 10'1;- 3 |
‘*."a T Gx
£ 107 r —
N ! ? ' 005 -
A i ! e susrgUT ]
3-107F Tt III .
4| ®m Photons T T I L L l Ll il I ! !
10 F o UHECR anis : 100 10" 100 107 10° 10" 10° 10° 10" 10" 10"
. _ —— Neutrinos I MX (GeV) )
10 l8 - lllllll9 - llllllllO - lllllllll
10 10 10 10
E (GeV) Auger Coll., Phys. Rev. D 107 (2023) 042002

Auger Coll., Phys. Rev. Lett. 130 (2023) 061001
Auger Coll., Phys. Rev. D 109 (2024) LO81101
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A radical change with respect to the past paradigm of the UHECRs £ 02 |
o — .
o . . . . 0 ; 17.5
» the UHECRs are NOT predominantly protons, but the fraction of heavier nuclei increases
. 1038
with energy above ~2 1018 eV. Supported by
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— the non observation of cosmogenic photons and neutrinos L
> There is room for a small fraction of protons above 10175 eV (see talk of D.Boncioli) e
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AugerPrime: exploiting the richness of extensive air showers

More insight in the mass composition

+ increased statistics

Measure of the longitudinal development of the
extensive air showers (EAS) while crossing the

atmosphere
= Fluorescence telescopes

' a1 R D) e 2NN Discrimination between the electromagnetic and muonic
N components of the EAS
= \Water Cherenkov Stations and Scintillators

Measure of the radio emission of EAS
= Radio antennas

irect measure of the-muonic component
= Underground detectors




AugerPrime: 2025— 2035.....

WCD/SSD/RD can collect multi-hybrid events with a 100% duty cycle

Separation of shower components can be obtained

e by WCD/SSD for events up to ~609

e by WCD/RD for inclined events >600

e by WCD/SSD/UMD extending the mass sensitivity to the lower energies and

improving the photons/hadrons discrimination

e With UUB we will enhance the sensitivity of triggers to electromagnetic signals

VERTICAL (0-60°)

HORIZONTAL (60-90°)

UHECR Mass using WCD+SSD
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AugerPrime: 2025— 2035.....

. — Neutrinos and photons
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The Pierre Auger Observatory

Phase | [2004-2021]: a radical change
in our view of UHECRs

A lot of discussion and criticism,

but also a never ending interest in
understanding the data!
A lesson for all of us

v

Phase |l [2025-2035]: more statistics
and more insight on the UHECR
nuclear mass composition

A bright future !
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Multi-hybrid events and Machine learning
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powerful Machine Learning techniques need to be cross-checked by
means of multi-hybrid measurements!
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INA:

mean and variance

V(InA)

llllllll llllllll

4 F QGSlJet-11.04 EPOS-LHC Sibyll 2.3c
v HEAT 2017 v HEAT 2019 v HEAT 2019
e FD Hybrid e FD Hybrid e FD Hybrid
‘= SD DNN = SD DNN SD DNN
3t : +
E 21 1 v £+N + | ‘
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18 1020
E [eV]

= The lightest composition is found at 2-3 EeV
= Maximum A around CNO to Si

10
E [eV]

(In A) =

2

<Xma,x> T <Xma,x>p .

/B

0% (Xmax) — 05, ((In 4))

OnA =

2
bos+ fr

= The primary beam is highly mixed up to 1 EeV, getting purer with increasing energy: 1-2 components only above 10 EeV

= Unphysical results for V(InA) from QGSJet-11.04 - not to be used in composition studies
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Depth of shower maximum - world data set
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Compilation from A.Coleman et al., Snowmass - Astrop.Phys.147 (2023) 102794
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Large scale anisotropy: full sky results

®(E, . 1> 8:86/10 EeV) [km™ sr'yr] - Equatorial coordinates - R = 45°
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E25_'~ ! ! | YL
The UHE sky from Auger+TA Tl N Aumocir -
%15_ \\ Auger total — - — |
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Sl N )
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— in the southern hemisphere (Centaurus region and M253) o
L.Caccianiga, PoS(ICRC2023) 521

— in the northern hemisphere (Ursa Major region and M31/Triangulum/Perseus-Pisces region ) Auger, ApJ 935 (2022) 170 37




Expected statistics in Phase |l

Table 2: Expected integral number of events above several energies for 10 years of data taking in the

AugerPrime configuration. For SD-1500, we consider events up to zenith angle

showers (60° < 6 < 80°) add about 30% to the exposure.

O = 60°. Inclined air

SD FD RD
1g(E/eV) 433 750 1500 | hybrid Cherenkov
16.8 118000 48000
17.5 3700 81000 4400
18.0 270 5600 13000
18.5 24 460 106000 3000
19.0 5 88 13400 650 3000
19.5 1000 50 310
19.8 100 ~ 5 23
20.0 12 ~1 ~3
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Probability

Proton Fraction
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The p-Air cross section

The tall of the longitudinal distribution of Xmax IS sensitive to the p-Air cross section.
Select deeply penetrating EAS to enhance the proton fraction
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Primary mass composition and particle cross-section
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= the behaviour of the <X, .> and its variance with energy is independent of modifications in Oy,

= the individual mass groups are sensitive to them

= only small deviations from default composition for 20% variations in O
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The muon puzzle - world data set compilation
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Testing the predictions of hadronic models

Global fit of the observed [X

max/’

S1000] distributions with templates

of free mass composition and different hadronic interaction models
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Best description of data if models modified such that :

Xmax deeper by 20-50 g cm-2
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Search for Lorenz invariance violation
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Modlfication of CR interactions during propagation:
=EM : pp cross section moditied —> increased mean
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=hadronic sector: number of interactions reduced —>
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Air shower physics

o for NN<0, decay of m0 can become forbidden if
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The AugerPuinc Data Release

Following the Auger Collaboration Open Data Policy, the Pierre Auger Open Data is the public release of 10% of the Pierre Auger Observatory
cosmic-ray data published in recent scientific papers and at International conferences. The release also includes 100% of weather and space-
weather data collected until 31 December 2020. This website hosts the datasets for download. Brief overviews of the Pierre Auger Observatory
and of the Auger Open Data are set out below. An online event display to explore the released cosmic-ray events and example analysis codes
are provided. An outreach section dedicated to the general public is also available.

All Auger Open Data have a DOI that you are required to cite in any applications or publications. These files are part of the main dataset whose
DOl is 10.5281/zenodo.4487612 and always points to the current version.

Datasets Visualize Outreach
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