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The Pierre Auger Observatory
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Water-Cherenkov
detectors and

More than 400 members,
90+ institutes, 18 countries

e 1665 surface detectors: Fluorescence
Southern hemisphere: Malargue, = —18 water-Cherenkov tanks telescopes

Province Mendoza, Argentina 5 - (grid of 1.5 km, 3000 km?2)



20

Detector signal (arb. units)

Air shower observables (hybrid observation)

Fluorescence Detector (FD):
15% duty cycle

Time structure
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hybrid on-time fraction

Phase |: more than 15 equivalent years of data
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A [km? sr yr]

Exposure and calibration of Auger data sets
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Individual and combined energy spectra
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Energy spectrum (ii

Declination dependence of spectrum
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Phys. Rev. Lett. 125 (2020) 121106
Phys. Rev. D102 (2020) 062005

Eur. Phys. J. C81 (2021) 966

Iogm(E/eV)

E [eV]

Lines: Expectation from observed dipole

Uncertainty dominated by 14% sys. energy scale

Y, = 2.54 + 0.03 + 0.05
E, = (1.4+0.1%0.2) x 10* eV
Y, = 3.03 £ 0.05 + 0.10

Y, =3.09+£0.01£0.10
E,=(28%£0.3+0.4)x10" eV
y,=2.85+£0.01 £0.05
E,=(158+0.05+0.2) x 10*" eV
y, =3.283 £ 0.002 + 0.10
E,,=(5.0£0.1+0.8) x 10" eV

Y,=5.3%03%0.1

J,=(8.34 £ 0.04 + 3.40) x 10" km™= sr*
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Energy spectrum — comparison with other data

Auger 2021, preliminary

TA SD (2019)

= TA TALE (2018)
v TUNKA-133 (2020)
+ Yakutsk (2015)
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Ice Top (2019)

KAS. Gr. EPOS-LHC (2015)
KAS. Gr. QGSII-04 (2015)
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- Other experiments
shown without sys.
uncertainties

- Auger has smallest sys.

uncertainty on energy
scale (14%)

Phys. Rev. Lett. 125 (2020) 121106
Phys. Rev. D102 (2020) 062005
Eur. Phys. J. C81 (2021) 966



Mass composition results (i)

Number of charged particles
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Gx, p ~ 45 —55g/cm?

Important: LHC-tuned interaction models used for interpretation

OX, Fe ™ IOg/c:m2

(Phys. Rev. D90 (2014), 122005 & 122005, updated ICRC 2019) (Phys. Rev. D96 (2017), 122003) (E ~10"%eV)



Mass composition results (il
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Interpretation of flux and composition data

Mass composition at Earth

. . . 790 | - 7 E )
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720 -
( : 710 £

/‘ | Bands: T T s w0 s 200

' N N o log (E/eV)
1037 - Experimental uncertainties R
¢! (model uncertainties smaller) E
Energy scale: o, (E)/E =14 % £
19.0 19.5 20.0 Xmax scale: 6, (X)) = 6+9gem™ =
l0g10(E/eV) %
B

Different model scenarios considered for low-energy part _

(transition to galactic component), similar results for total composition obtained Y T Y STy ST v=m——

log (E/eV)
, 10
J(E) Z f 7 ( )_y 19 E < ZA ) Rcut;
= AJo - " 18 . .
" exp (1 — ZA’?R t) , E>Z4- Roy. Rt =14...1.6x10"°V Flux suppression superposition
L cu

of injection maximum energy
and propagation energy losses

Extragalactic index very hard, but no really good handle on this parameter (Auger, UHECR 2022, ICRC 2021)



Auger-TA comparison of Xmax distributions

Shower size

Field of

view
Telescope

(X max? [g em”]
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AugerMix, ICRC (2019) ® TA

TA, ApJ (2018)
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This representation agrees with TA <X > measurements well, but there is
disagreement at some energies in (X __ ). This disagreement is plausibly due to
the handling of X resolution due to varying aerosols at TA

A robust difference between the Auger and TA X measurements has not been

found

(UHECR 2022, D. Bergmann for the
Auger-TA joint working group)
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Auger-TA comparison of Xmax distributions (i)
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Auger-TA comparison of Xmax distributions (i)
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Xmax,DNN - Xmax,FD / gcm
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Surface detector data and machine learning
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(In(pss/m=2))
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What could be the origin of the problem?

em. particles
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Muon counters and vertical showers
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(Eur. Phys. J. C80 (2020) 751)

‘|Yb|’|d events and inclined showers Proton-proton equivalent c.m. energy +/s / TeV
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(Phys. Rev. Lett. 117 (2016) 192001,

PMT analogy of air shower
Phys. Rev. D91 (2015) 032003)
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| e I | | ~ e
MY, E
Discrepancy in number of muons J___J ._ K/K‘ f—_’

Relative fluctuations in agreement

Muon fluctuations driven by first interactions

(Phys. Rev. Lett. 126 (2021) 152002)
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Test: modification of hadronic interaction models

2297 high-quality showers for log, ( E_, [eV] ) = 18.5-19.0, 6 < 60°
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(Auger, UHECR 2022, ICRC 2021)
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Test: 2D fit without any adjustments
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events/(20 g - cm™?)

Test: 2D fit with rescaling hadronic component
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Test: 2D fit with rescaling had. component and shifting Xmax
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RHad (emin)

Test: modification of hadronic interaction models (il
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Assumption: relative fluctuations not changed
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Main improvement by re-scaling muon component (attenuation, more muons at ground)

Further improvement by shifting Xmax of models to larger depth (heavier composition)

(Auger, UHECR 2022)
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Anisotropy on large angular scales — dipole
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Fundamental observation:
non-trivial interplay of

- mass composition,
- magnetic horizon and
- local source distribution

(Ding, Globus & Farrar 2101.04564)
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Anisotropy searches at highest energies — catalogs
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Not necessarily related to Galaxy

Local source distribution and
mass-dependent horizon effect?

No independent confirmation from other data

Phase Il data and more statistics really
important to make progress

(Auger, UHECR 2022 & ICRC 2021)
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Neutrinos and multi-messenger observations

Cosmogenic p (Kampert 2012) Neutrino search using inclined air showers P
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Phase Il: upgrade of the Observatory — AugerPrime

Physics motivation

Composition measurement
up to 1020 eV

Composition selected anisotropy
Particle physics with air showers

Much better understanding of
new and old data

Components of AugerPrime

3.8 m2 scintillator panels (SSD)

New electronics (40 MHz -> 120 MHZz)
Small PMT (dynamic range WCD)
Radio antennas for inclined showers

Underground muon counters
(750 m array, 433 m array)

Enhanced duty cycle of fluorescence tel.

Composition sensitivity
with 100% duty cycle

VERTICAL (0-60°)

HoRIZONTAL (60-90°)
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New electronics

Scintillators
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Transition to Phase Il of the Observatory

Nov 2021

. L1 Y™ 1)
oooo: 3 AT Y * %
(L) X ] .
.-,-—'L'# [ ]
’ ' .
QL)X " [}
0000800000
ASAAAAAAS Y
..i.:????????k
M
S000000000000 L
OO0000C) .
sepsee , > ()
seessesSege g o
Soeeee o s
ooodhﬁﬁro X ovt e
(X {;a‘%oio R
oo P OOOOCL SR
YYY Yy - ssse )
Y ‘f
- ..
> S
s
S
A OO &/
* Yo o0
B o " .‘
(CII XY XYY YTV YY)

Hexagons with old electronics (UB)

Hexagons_UB_2022

Entries 393120
Mean 1.336e+9
Std Dev 6801912

MM\W

: DR DR DR (RS | | GRH GSOR SRR SRIH ERAH DR N S SR SR |
01/02/22 01/03/22 01/04/22 01/05/22 01/06/22 01/07/22 01/08/22 01/09/22 01/10/22

-

oo‘ooof“‘}ﬁwﬁgﬁ?élé#é

300

250

200

150

100

50

July 2022

Hexagons with new electronics (UUB)

Hexagons_UUB_2022
Entries 393120
Mean 1.340e+9
Std Dev 5878732

|IIII|IIII|IIII|IIII|IIII|I

= 3

i | SSURH GOURN CORRN RN DN DN SN SN SR SR |
01/02/22 01/03/22 01/04/22 01/05/22 01/06/22 01/07/22 01/08/22 01/09/22 01/10/22

Nov 2022

1200

1000

800

600

400

200

..‘:.‘..,, .:“.oo:tj‘°‘-;;
3 Very stable data taking
S i o while upgrading array
W N B/
| g .:=E=E=E=E:E=E:E=E=E.E=E=E=E:E' S~
[ N e sy N SRR s Shutdown of array:
L 'L SO0 00 0RRNNGS O. L 'O O [} O‘O“.O“.“‘.‘.“O . .

very cloudy period

Hexagons taking data in total

mw‘V

Hexagons_2022
" Entries 393120
Mean 1.337e+9
Std Dev 6837790

B
B
S | R DR IR | 8 01 R R | | SIS SO | R0 O] IRICRISK RN IR SRR 1  ERRRRS RARRR [RRRR RRRRR (KRR RARRR IRARA? RARAR RARA I

01/02/22 01/03/22 01/04/22 01/05/22 01/06/22 01/07/22 01/08/22 01/09/22 01/10/22

28



Example of rich information in data of Phase i

Great physics potential in muons
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A first look — data of pre-production array (preliminary)

Average lateral profiles Ratio Sssp/Swcp encodes physics
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Phase I:
- Exposure 80,000 km2 sr yr (vertical, highest quality)
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up to 120,000 km2 sr yr (loose cuts, combined)
- Change of composition established
- Composition tightly linked to hadronic interactions
- Anisotropy observations very challenging
- Increasingly consistent picture is emerging

(E/eV)

Phase II:
Upgrade AugerPrime in progress

Enhanced composition and hybrid information
Re-analysis of all data planned
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[Cosmogenic neutrino models]

protons, FRIIl evol. (Kampert 2012)

protons, FRII evol. (Kotera 2010)

protons, SFR evol. (Aloisio 2015)

protons, SFR evol, Emax = 1021 eV (Kotera 2010)
protons, SFR evol. (Kampert 2012)

protons, GRB evol. (Kotera 2010)

protons, Fermi-LAT, Epi, = 10'° eV (Ahlers 2010)
protons, Fermi-LAT, Enyi, = 10175 eV (Ahlers 2010)
mixed CR (Kotera 2010)

iron, FRIlI (Kampert 2012)
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(Astrophysical neutrino models]

radio-loud AGN (Murase 2014)
Pulsars, SFR evol. (Fang 2014)
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Searches: Ultra-high energy photons
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Muon signal by shower universality Fu

Cut at 50% photon efficiency (median)

Background compatible with
stat. expectation (burn sample of data)

Multi-messenger: searches for photons in
coincidence with GW events

(Auger, UHECR 2022 & ICRC 2021
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Searches: Upward-going events motivated by ANITA

interferometric
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https://icrc2021-venue.desy.de/video/Monte-Carlo-simulations-for-the-Pierre-Auger-Observatory-using-the-VO-Auger-grid-resources/ca6af2de399dae4e39c87442731287cb

Searches: Lorentz invariance violation (LIV)
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https://icrc2021-venue.desy.de/video/Constraining-Lorentz-Invariance-Violation-using-the-muon-content-of-extensive-air-showers-measured-at-Pierre-Auger-Observatory/ad628645deae9dbce01d509d7b7a6b14

(Adriana Vazquez)

Atmospheric phenomena

1600 Elves observed with fluorescence telescopes
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— Elves and other beasts

Downward-going Terrestrial Gamma Ray Flashes (TGFs) ?
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Rich physics of additional phenomena CoEE e e e
still at the beginning of exploration

(Roberta Colalillo)
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https://icrc2021-venue.desy.de/video/Study-on-multi-ELVES-in-the-Pierre-Auger-Observatory/d57172e2d9126e97cb5d9169159f81ba
https://icrc2021-venue.desy.de/video/Downward-Terrestrial-Gamma-ray-Flashes-in-Auger/d13152c3c11dc98c547fe29e0c68a6a6

An invitation: Auger open data
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In [19]:

opendata.auger.org

Y_Oval = FC_CL * 0.9

plt
plt

.title("Spectrum with event counts")
.errorbar(bin_energy18[cut_nz], flux,

[flux_lower, flux_upper], fmt="o0")

plt.errorbar(bin_energy18[cut_z], FC_CL, Y_Oval, uplims=True, marker="None", color="steelblue",
markeredgecolor="r", markerfacecolor="r", linewidth=2.6, linestyle="None", capsize

=5)

plt.xscale("log")

plt.yscale("log")

plt.xlabel('E [eV]")

plt.ylabel(r'JSA{Raw}$(E) [km$A{-2}8 sr8A{-1}S yr$*r{-1}$ eVSr{-1}S]")

# expand the range in y to have space for the labels and upper limits
plt.ylim(flux[flux > 0].min()*0.01, flux.max()*7)

# add the counts to the points
for E, J, count in zip(bin_energy18, flux, h):

if count > 0:

plt.annotate(count,

(E, J), rotation=30, va='bottom')

Spectrum with event counts
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http://opendata.auger.org

Outlook: How to gain sensitivity to distinguish source scenarios

Universe model setup:

Injected spectrum:

Simulated observables:
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Xmax | N304, Dyndic3 4/10

A

- energy spectrum,
- Xmax distribution
- arrival direction distribution

A Flux and Xmax data:
" AW fluxes of different mass groups at Earth

Fit of model parameters to

L

M [

1 2

Monte Carlo study: Scenarios with similar catalog correlations can be clearly distinguished

/ § Arrival direction distribution:
p%:i’&zii/siidﬁ_;}ff:E’&géi/éiifgiﬁf’:E&;é?/éiidf”sg‘/ég* /igv"’j 0 s distance sensitivity (deflection, production of secondaries)
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it . . SBG model (m = 3.4) — sim. truth || 5.5 80.2| 85.7 30.6 32.4
! AGN model (m = 3.4) 6.0 81.8| 87.8 11.2 10.8
AGN model (m = 5.0) 5.6 84.1 89.9 1.4 —-1.0
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Sky coverage

Joint Auger-TA anisotropy working group
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starburst galaxies 38 EeV 49EeV  15.5°33.  24.6°'%%  11.8%730%  27.2

4.20 for the starburst galaxy catalog 2.90 for the all-galaxy catalog
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Comparison of Xmax data of Auger and TA
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Work in progress:
data consistent in energy range with sufficient statistics

Field of
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------------------------------------------ (Auger-TA Xmax Working Group, UHECR 2018) 40



Change of model predictions thanks to LHC data

pre-LHC models
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LHC-tuned models should
be used for data interpretation
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Total Exposure (km? sr yr)

Snowmass P5 strategy process

Solid lines: existing instruments, broken lines: planned instruments
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Several changes of paradigms

Measurement of composition-sensitive observables

- Mass composition and source / propagation physics
- Mass-enhanced anisotropy studies

- Hadronic interactions and particle physics

- Fundamental physics (LIV)

- Astrophysical magnetic fields

Multi-messenger observations

- Ultra-high energy photon and neutrino fluxes
- Transient source observation

Extension of sensitivity to lower energy

- Transition from galactic to extragalactic cosmic rays
- Multi-messenger observations at lower energy

Test facility and multi-disciplinary measurements

- Multi-hybrid detection technologies
- Calibrated environment, link to new instruments
- Atmospheric phenomena and transients
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History: energy spectrum and mass composition

Equivalent c.m. energy\s_, (GeV)
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Scaled flux E*° J(E) (m?sec’'sreV'?)

10

10"

History: energy spectrum and mass composition

Equivalent c.m. energy\s_, (GeV)
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Scaled flux E*° J(E) (m?sec’'sreV'?)

History: energy spectrum and mass composition

Equivalent c.m. energy\s_, (GeV)
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Scaled flux E*° J(E) (m?sec’'sreV'?)
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