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« Surface Detectors (SD): S WSS -
» 1,600 water-Cherenkov detectors | e Y DCO0CDOCHOCOLE0000C

e 1.5 km grid spacing | » GO IEE 0. o o e e e e N,

« Fuorescence Detectors (FD): [ e Nt
* 4 buildings, each 6 telescopes oo oo sesecciceec@llFoce.., lesisioneis.

° around Th@ ObS@WEﬂOW D@rim@t@r .......... . ee0ocec0o0000000000000 0 vk g

o Infill array (enhancement area):.
« 00 SD: 750 m grid spacing
» Underground muon detectors (UMD):
30 m? scintillators T slsgfe s oot et ey
» High elevation telescopes (HEAT) S o’c e s s s s . o %
* Auger engineering radio array (AERA) Los Leones™< |
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Principle of Measurement

« Fuorescence Detectors (FD):
Measures UV light from N,
excitements
Tracks shower development, energy,
and direction
Night-only (15% duty cycle)

Lateral distribution

g : « Surface Destectors (SD):
Z 1000 - Detects particles via Cherenkov light
£ S (1000 m) Measures energy and direction
2 ol Continuous (100% duty cycle)
o
! | ‘1000‘ - ‘2000‘ - ‘3060‘

distance to axis [m]
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Hybrid Detection Technique

SD energy estimators for vertical (two baselines) and inclined events vs. FD energy

— 103 o=
S ¢
Calioration of SD with FD: g
o% —
« FD provides a quasi-calorimetric o 10°F
> F
g8 ;
energy measurement 5 : 11500 m
S vertical
* Improves geometry reconstruction for hybrid events a 10 E,
n e
« Enhances control of systematic uncertainties L
lE 4+ Sy [VEM] 2 1500 m
-+ S [VEM] H7 0 inclined
- + Ny
—l ll 1 1 lllllll | | lllllll 1 1 Ll L L1l
10 1017 10I8 10|9 1020
Ref EPJ Web of Conferences 283, 02004 (2023) EFD [eV]

“ Q. Dorosti - The Pierre Auger Observatory: Results and Prospects October 16, 2024



What are
we after?



UHCR Energy —
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14 years of data with over 200,000 events ™,
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« Deviations from a power law: _S -
distinct features observed g I
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«  UHE features incormpatiole with §
29
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single mass models ™ :
« Suppression due to propagation effects [ o
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and/or source exnaustion
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Mass Composition

First and second moments of the X max distrioutions Vs, Energy
A
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| v HEAT 2019
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* FD

&t mass around 2 EeV

= SD

AERA .~

......... QGSJet-11.04
— EPOS-LHC
----- Sibyll 2.3¢
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* The primary composition shifts from lighter to heavier elements as energy increases
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* The composition becomes progressively purer above the ankle
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Composition
Enhanced
Spectrum

Protons are minimal above the
ankle and rare at the highest
energies

ron is nearly absent from
10MN18.4 10 10N 9.4 eV

9

sources have low cutoff
energies (Eqye S ZX5 EeV)
hard spectra (y < 1)

neavy composition
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Assessing Muon Gontributions ... |
in Air Showers 7

Muon number estimator (Ru ) as a function of cosmic ray energy

44 46 48 47 47 49
vV VvV VvV v v
o datatos (281 events)

« Data selection: 10t — (Ru)(E)

« (Golden hyorid events: 281 events over 14 years

« /enit angels: 62° to 80°

e [Energy E > 4 x10%8 cV a ot eys(E)
«—>
*  Measurements:. 0
10°
o FD: Energy measurements
- Py a = 1.86+0.02
«  SD: Muon number estimation - I b = 0.99+0.02
i D/n.d.f. = 289.7/273
- Relate muon count to primary energy P SR S S M L L TR S S

1019 1020

Ref: A, Aab et al. Phys. Rev. Lett. 126 (2021) 152002 | / eV
October 16, 2024 Q. Dorosti - The Pierre Auger Observatory: Results and Prospects 10



—ESEPOS-LHC --E&EQGSJetll-04 ----BEMSIBYLL-2.3d e data

Muon Puzzle s
0.16 -
0.14
P
Result: Muon fluctuations align with models, - 0.12-
but muon counts do not! = B &,
= 010 E= adlsssanse e l.-.-.' .................................... 3
) . .
Rermedies! 0.08
* Increase hadronic energy fraction a
in the first interaction 0.06 |-
-> Impractical due to fine-tunin
D ’ 0.04 :
: E =10YeV
« Introduce éa across all generations: 0.02 | ' ' | | |
1.2 14 1.6 1.8 2.0 2.2
- Not supported by LHC data (R )
U
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Arrival direction: Large Scale

Cosmic-ray flux map in galactic coordinates for energies £=8 EeV Normalized rate of events as a function of right ascension
1.1 T T T T T

0.46 1.08 F _
1.06
1.04
1.02
1 _____________________________________
0.98
0.96

e data E>8 EeV —+— |
0.92 - ata E>8 Ee

firs:t harmclmic

Normalized rates

0.9 .
0.38 360 300 240 180 120 60 0

Right Ascension [deg]

The first-harmonic modulation aligns well with the data
Ref: The Plerre Auger Collaboration, Science 357, 1266-1270 (2017) (X2/n = 10.5/10); the dashed line represents a constant function

* The 3D dipole above 8 EeV is oriented ~125° from the galactic center
« [ts position aligns with mixed composition deflected by galactic magnetic fields
* Arrows indicate expected particle deflections by the galactic magnetic field for E/Z = 5 or 2 EeV
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Arrival Direction: Intermediate Scale

Cosmic-ray flux map in galactic coordinates for energies E=40 EeV

G(EAuger = 41 EeV) - w = 240
75¢ Cialactic

15°

90 -

latitude
o
o
latitude

-15°

longitude

—4 -2 0 2 4
Li & Ma significance [o]

\Whole sky blind search: Excess 5.40, W=24° & E=41EeV

Ref: P. Abreu et al 2022 Apd 935 170

4

q)(EAuger = 40 EeV) = Lu — 250
75° _qalactic

300° 270° 240°

longitude

5 10 15
Flux [1073km~2sr~1yr-1]

Tested 4 different catalogues,
including starburst galaxies and AGNS
A model-independent analysis of the

Centaurus region finds a 4.10 significance

Q. Dorosti - The Pierre Auger Observatory: Results and Prospects

Year

20062008 2010 2012 2014 2016 2018 2020
T T T T T T T

I
— Starburst galaxies (radio) - E,, = 38 EeV
— Centaurus region - E,, = 38 EeV

1

PR SR SN TR TR TR (NN TR TN T N TN T T NN SN SO S S S
20 40 60 80 100
Pierre Auger Obs. exposure > 32 EeV [10° km? yr sr]

A 50 discovery is expected by late 2025
with Y = 27°

N'rllllllllllllllllll[llllllll

N
o
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latitude

| . ] ]
Arrival Direction: Intermediate Scale
n 20062008 2010 2012 2014 2016 2018 2020
T T T T T T T T

30;— — Starburst galaxies (radio) - E,, = 38 EeV
Cosmic-ray flux map in galactic coordinates for energies E=40 EeV uf 25
Al E
O(Epuger = 41 EeV) - W = 24° ®(Epyger = 40 EeV) - W = 25° 2F
75c  Galactic 75> Galactic 151 "V“ P
- q o — ,\ : lk ! * Y
10 uh A
st
15° 15° ) Y U E N E R B
g ] ) g 0 20 40 60 80 100 120
0° f_:’ 0 at 207 | 300°) "SUCi S LR ~ < _Pierre Auger Obs. exposure > 32 EeV [10° km? yr sr]
150 s A 50 discovery is expected by late 2025
with W = 27°
2752 Io;gitud; longitude “
—4 =9 0 2 4 0 5 10 15 \\
Li & Ma significance [o] Flux [1073km=2sr~tyr-1] N
» lested 4 different catalogues,
Whole sky blind search: Excess 5.40, W=24° & E=41EeV including starburst galaxies and AGNs

« A model-independent analysis of the
Centaurus region finds a 4.10 excess

Ar | QR85 170
J JoO0 /U

— Auger Phase I event-by-event primary mass information — compaosition enhanced anisotropy studies
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Searching for Neutral Particles

COSMIC rays vs. photos shallowly up-going (Earth skimming) neutrinos, cosmic rays, down-going neutrinos
TOP OF THE ATMOSPHERE / EVOESS:’?C';T_\)( TOP OF THE ATMOSPHERE / fygg%\:lm) TOP OF THE ATMOSPHERE TOP OF THE ATMOSPHERE COSMIC RAY UNCUN{)) TOP OF THE ATMOSPHERE NEUTRINO (NCLINED)

EM COMPONENT EM COMPONENT

| HADRONC
COMPONENT EARTH-SKIMMING

TAU NEUTRINO

O ' ' ' '
Upper lirmits on the integral photom flux at 95% O L. Upper limits on the diffuse flux of neutrinos at 95% C.L.
102 = Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.
E o Auger Hybrid (2021), U.L. at 95 % C.L. e w= AGN (Murase 2014)
. lt :- ﬁ:%ecrASDDE‘EOO r; (igsf;)UULLat 19 SJA’/C(}LL I Cosmogenic (best-fit to Auger spectrum - proton) ssssssns | ow-lumin. BL Lac (Rodrigues 2021)
v -Grande , UL a % C.L. . . —
— 10 ;_I t v EAS-MSU (2017), UL at90 % C.L. . Cosmogenic (best-fit to Auger spectr. & compos. - mixed) - Magnetars from_BNS (Fang 2917)
; E n Telescope Array (2019), U.L. at 95 % C.L. - « mem  Starburst Galaxies (Con_dorelll 2022)
e - t t t | | Telescope Array (2021), U.L. at 95 % C.L. 7 =
® = ? 10-7 Auger (2022) C
‘\.‘E 1 i [ GZK proton | (Kampert et al. 2011) 3 IceCube (2018) |
i3 ) GZK proton Il (Gelmini, Kalashev & Semikoz 2022) —_ ] e
o GZK mixed (Bobrikova et al. 2021) T B ANITA (2019) =10
w [ CRinteractions in Milky Way (Berat et al. 2022) ﬁ b E wn
L/I\J 10" Sl e | SHDM la (Kalashev & Kuznetsov 2016) - _8 e i e s - o
- - SHDM Ib (Kalashev & Kuznetsov 2016) ‘n 10 E Waxman-Bahcall (2015) i s,
-9 ----- SHDM Il (Kachelriess, Kalashev & Kuznetsov 2018) (TJ 3 B ~
x 7 | |
= 1072 g i Auger integral (2022) 3 1 E
c -
> _ C
g 3 107° -3
5 40 S o
© 10 5 =0.1 Y
> = PRELIMINARY ¢ 3
iS © -10 - °
= 4 10 B
10 ‘t‘u i ?Ll
=0.01
1 075 = -11 Single flavor E
1018 1019 1020 10 T T | e o
Ref: P. Abreu et al. [Pierre Auger Coll], Universe 8 (2022) 579 E, [eV] Ref. (CRC2023)1488 1017 105 10%° 1020 102
, Energy (eV)
No UHE photons or neutrino have been observed vet
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« Scintillator-based Surface Detector (5SD) on \Water

o Added smaller PMT in WCD

« New upgraded electronics board (UUB)

AugerPrime:
Observatory Upgrade

Cherenkov Detector (WCD)
— measure shower /|

— Increase dynamic range

— Improve data processing.

October 16, 2024 Q. Dorosti - The Pierre Auger Observatory: Results and Prospects



AugerPrime:
Observatory Upgrade

« Scintillator-based Surface Detector (5SD) on \Water
Cherenkov Detector (WCD)
— measure shower /|

» Added smaller PMT in WCD
— Increase dynamic range

« New upgraded electronics board (UUB)
— Improve data processing.

« Radio Detector (RD) atop WCD
— enhance composition measurements, particularly for
norizontal events (100% duty cycle)

electromagnetic

component
re radio emission p
atmOSP“e

muonic component
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AugerPrime:
Deployment Status

Pre-upgrade stations

®) Stations with UUB
@ Statons with SSD + ULB

‘ Stations with RD + UUB
‘ Stations with RD + SSD + UUB

October 16, 2024

p—
—
g—
-
.

........2&*&*“‘.

o’o’o’o’o’o‘o’o’o“o.aaaar 000 AN
X .o:.:o.o:o:os.oooooo.:.:.:.:.- 00+ s 5 s OOOS
M@Wd”“ﬁm
900000000000000000e
.f::'.o:o:o:::o.:.o':.o.-o 0000600
DO "o:o:o:o:o:o:o.
®

@qa' ‘qh
B oo R

w o.:::.o 0O00OBEHOOBVOED  ©

® October 2024

L ] L ] L ] [ ] L ]
O e _o _o_o
e _ o _o o o

st
0000000

o’u[:‘)"“
9262
0°6
o
320
8303
0,06}

)

©
©

©
%
(0)
(0)
(0)
0)

O)
20
o
2.0}

o

09

1205,
263

O]

©
(0)
(0)

LIS,

O
©

02062

R
0 ©
0902090
02650
625860
2020

0]
.G)OG)@O

=4
(0)
(0)

»
9

9%
5

¢
<



Auger Phase 2:
Enhanced Era
with AugerPrime

Measure mass composition on an

event-by-event basis

* Investigate the nature and origin of
UHECRS

*  Detect UHE neutrinos and photons

* Jest new physics at the UHE scale

« Explore geophysical sources of high-

energy particles, and more

October 16, 2024

Xmax, Fluctuations, and Muon Number for Rigidity for Different Source Models

tet !

", AugerPhase 2
’( ,ge GZK proton | (Kampert et al. 2011)
A_ .rPhase 2*_/ GZK proton Il (Gelmini, Kalashev & Semikoz 2022)
GZK mixed (Bobrikova et al. 2021)

CR interactions in Mnlky Way (Berat e1 al. 2022)
16)

SHDM la
——— SHDM Ib (Kalashev & Kuznetsov 2016)
------ SHDM Il (Kachelriess, Kalashev & Kuznetsov 2018)

......

..

Integral photon flux for E > E, (km2 sr-1yr-1)
=]

10'° 10%
Ep (eV)

cl

10" 10'®
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