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Links to contributions at ICRC

N

(Christoph Schéafer)
70 (Andrew Puyleart)

The Pierre Auger Observatory
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Pierre Auger Observatory
Province Mendoza, Argentina

;‘.; ‘ campus“.""‘ < ofof 000000
More than 400 members, &

Water-Cherenkov
detectors and

98 institutes, 17 countries

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

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


https://icrc2021-venue.desy.de/video/The-XY-Scanner-A-Versatile-Method-of-the-Absolute-End-to-End-Calibration-of-Fluorescence-Detectors/7e65c0659b40308dde82f7905951da71
https://icrc2021-venue.desy.de/video/Satellite-Data-for-Atmospheric-Monitoring-at-the-Pierre-Auger-Observatory/40d6c1cf8a4df1f1a918fd00b179e99b
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Detector signal (arb. units)

Air shower observables (hybrid observation)

Fluorescence Detector (FD):
15% duty cycle

Time structure
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Surface Detector (SD)

100% duty cycle



Phase | of the Pierre Auger Observatory
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https://icrc2021-venue.desy.de/video/Operations-of-the-Pierre-Auger-Observatory/b7e4f6be44e1f73648315641a5377872
https://icrc2021-venue.desy.de/video/Energy-spectrum-of-cosmic-rays-measured-using-the-Pierre-Auger-Observatory/2b89250c73dccfc18dce62988438b024
https://icrc2021-venue.desy.de/video/Outreach-activities-at-the-Pierre-Auger-Observatory/6fa8d6efb7f8121253d0520c482e8bcb

Upgrade of the Observatory — AugerPrime

VERTICAL (0-60°) HORIZONTAL (60-90°)
Physics motivation a0k,

RD
- Composition measurement

up to 1020 eV
- Composition selected anisotropy

Composition sensitivity

- Particle physics with air showers )
with 100% duty cycle

- 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.

(Gabriella Cataldi) (Giovanni Marsella) (Ana Botti)
(Tomas Fodran) (Felix Schluter) (Gaia Silli)



https://icrc2021-venue.desy.de/video/The-upgrade-of-the-Pierre-Auger-Observatory-with-the-Scintillator-Surface-Detector/78f671de1c14f7b8948bc088f0bb515a
https://icrc2021-venue.desy.de/video/AugerPrime-Upgraded-Unified-Board-The-New-Front-End-Electronics/b44fb0d63fd5d4949c415a0b8efffaef
https://icrc2021-venue.desy.de/video/First-results-from-the-AugerPrime-Radio-Detector/49e2ef2cf02a4148bda47fb70a862375
https://icrc2021-venue.desy.de/video/Expected-performance-of-the-AugerPrime-Radio-Detector/4bbbbd39d90499452e4e990c7906fddd
https://icrc2021-venue.desy.de/video/Status-and-performance-of-the-underground-muon-detector-of-the-Pierre-Auger-Observatory/3b4b0af079b6e108848cd4cb81a80784
https://icrc2021-venue.desy.de/video/Performance-of-the-433-m-surface-array-of-the-Pierre-Auger-Observatory/2a14025fa522822dd9dee11c9984c00c

Status of AugerPrime — Transition to Phase Il of the Observatory

Status 2021-07-13

Deployment team working
continuously in Malargue

Auger Observatory Phase i
- Data taking 2022/23 - 2030

- AugerPrime (8 years, 6 < 60°):
40,000 km2 sr yr (Phase ll),
80,000 km2 sr yr (Phase |)

- Re-analysis of old data set
(deep learning)

[ £ SSD installed (1249 detectors) ' with PMT (153 detectors) ' w/o PMT (1096 detectors) ]

o7, (Alves Batista et al, 1903.06714) SOEMMA Limb
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Energy spectrum (i)
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https://icrc2021-venue.desy.de/video/Energy-spectrum-of-cosmic-rays-measured-using-the-Pierre-Auger-Observatory/2b89250c73dccfc18dce62988438b024

Energy spectrum (ii

Declination dependence of spectrum
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- i E 70 E \ @i } Uncertainty dominated by 14% sys. energy scale
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B e | -
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E,, = (1.58 £ 0.05 + 0.2) x 10* eV
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Phys. Rev. Lett. 125 (2020) 121106 g1 O( ) E = (5.0+0.1%0.8)x 10% eV J, = (8.34 £ 0.04 + 3.40) x 101 km?2 sr*
Phys. Rev. D102 (2020) 062005 yri eV

submitted to Eur. Phys. J. C (2021) (Vladimir Novotny)


https://icrc2021-venue.desy.de/video/Energy-spectrum-of-cosmic-rays-measured-using-the-Pierre-Auger-Observatory/2b89250c73dccfc18dce62988438b024

Energy spectrum (ii

E [eV] |
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Phys. Rev. Lett. 125 (2020) 121106 lOgm(E/ eV)
Phys. Rev. D102 (2020) 062005
submitted to Eur. Phys. J. C (2021) (Vladimir Novotny)

Extrapolation

- Flux suppression by factor of
100 observed

- Many features well established

- Unexpected feature of instep

(inflection point) at 1.4x101°% eV

- Phase ll: further reduction of
systematics, in particular in
regions of mixed composition

Note: A foreground source of protons
leads to flux recovery


https://icrc2021-venue.desy.de/video/Energy-spectrum-of-cosmic-rays-measured-using-the-Pierre-Auger-Observatory/2b89250c73dccfc18dce62988438b024

Energy spectrum — comparison with other data

= Auger 2021, preliminary l

e TA SD (2019)

= TA TALE (2018)

v TUNKA-133 (2020)

+ Yakutsk (2015)

Ice Top (2019)

KAS. Gr. EPOS-LHC (2015)
KAS. Gr. QGSII-04 (2015)
Tibet-11I (2008)

+ GAMMA (2014)

J(E) x E° [km™ yr-' sr!eV?]

IIIII|
< P> 0O =+

AOA%%‘?A&&%IJ }i%l A-==-l )
1038 ﬁ?ﬁ-' """" i '. : -------- l-%":'f% %‘ﬁﬁ% M, l **
- et : ﬁ*+

e U

16 17 18
10 10 10
E [eV]
Phys. Rev. Lett. 125 (2020) 121106
Phys. Rev. D102 (2020) 062005
submitted to Eur. Phys. J. C (2021) (Vladimir Novotny)

1019 1020

- Other experiments shown
without sys. uncertainties

- Auger has smallest sys.
uncertainty on energy
scale (14%)

Auger-TA comparison:
see presentation of joint
working group (Tsunesada et al.)

(Yoshiki Tsunesada,)

10


https://icrc2021-venue.desy.de/video/Joint-analysis-of-the-energy-spectrum-of-UHE-cosmic-rays-measured-at-the-Pierre-Auger-Observatory-and-the-Telescope-Array/4272c44c66700e97ee064248898cf3e6
https://icrc2021-venue.desy.de/video/Energy-spectrum-of-cosmic-rays-measured-using-the-Pierre-Auger-Observatory/2b89250c73dccfc18dce62988438b024

Mass composition results

Number of charged particles

Energy [eV] Energy [eV] g
1018 1019 1020 1018 1019 1020
900 | | IIIIII| | | IIIIII| | | IIIIII| . 80: | | IIIIII| | | IIIIII| | | IIIIII|

- ¢ Auger FD, ICRC (2019)
" ¥ Auger SD, ICRC (2019)
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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

‘Mean of Xmax distribution’ '‘Width of Xmax distribution’
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Heavier (Fe, ...)
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550 . — . - 10 . —— -
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RN RERER
Bzgg%% Independent confirmation of earlier Auger results

Auger Engineering Radio Array (AERA) (Bjarni Pont)


https://icrc2021-venue.desy.de/video/The-depth-of-the-shower-maximum-of-air-showers-measured-with-AERA/ee758a9b0f3152145130ca5cd8003e19

Mass composition results (il

'c\T' ‘Mean of Xmax distribution’ '‘Width of Xmax distribution’
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Independent confirmation of earlier Auger results

Auger Engineering Radio Array (AERA) (BjarniPont)


https://icrc2021-venue.desy.de/video/The-depth-of-the-shower-maximum-of-air-showers-measured-with-AERA/ee758a9b0f3152145130ca5cd8003e19

Interpretation of flux and composition data (i)

Mass composition at Earth
1038 ] ] ]

A=1
1<A<Db5

(X, 00 [gem™]

T 3 | 4 < A <23

> _ _ 22 <A <39

' _ | _ 38 < A < BT

Vp)
/‘( 700 E -
' 4

E ] ] ] ] E
~ . I18.0I I18.5I — (I19.OI — I19.5I — I20.O
(\l> N Bands... o log (E/eV)
v 1037 - i Experimental uncertainties |
i ' ¢ (model uncertainties smaller)
Energy scale: o, (E)/E =14 %
18.0 18.5 19.0 19.5 20.0 Xmax scale: 6, (X)) = 6+ 9 g cm™>
log1o(E/eV)
Different model scenarios considered for low-energy part
(transition to galactic component), similar results for total composition obtained R Y T -a———y L =3
log (E/eV)
, 10
J(E)= ) fa-J (E)Y ! E < Z- Reu
= Ac-Jo | — . 18 | N
A Eg exp (1 — ZA’?R t) , E >Z7ZA- Rqyt. Royy=14...1.6 x10°V Flux suppression superposition
\ cu

Extragalactic index very hard, but no really good handle on this parameter (Eleonora Guido)

of injection maximum energy
and propagation energy losses

14


https://icrc2021-venue.desy.de/video/Combined-fit-of-the-energy-spectrum-and-mass-composition-across-the-ankle-with-the-data-measured-at-the-Pierre-Auger-Observatory/8d7af8a92afc12e9c4a771d164d01c91

J-E3(eV2km™2sr-tyr1)

1038

107

Interpretation of flux and composition data (ii

=7 )

| Auger ICRC 2021
| ) N /N . |
18.0 18.5 19.0 19.5 20.0
log10(E/eV)

A=1
1<A<S
4 <A<23
22<A <39
38 <A <57

(Eleonora Guido)

- Instep as new feature is of fundamental importance (composition!)
- Watch region between 1018 and 1018-5 eV (another feature?)

Phase ll: composition information

for all high-energy events (old and new)

Are the data consistent with e+e- dip model?
Need very strong source evolution!

—— Strong Source °
Evolution (1+z)

Ysource =23

Uniform Source
-Ysource =2-3 )

L s ]

Auger ICRC 2007

] | ] ] | ] |

Vsource=-2.2 .\\
Exponential cutoff at Y
Esource — 1021 X 7 ®

max

source 20 \
Emax - 1 O X Z %
\

hY
\

A

IIII|IIII|IIII|IIII|II\I

18.5 19 19.5 20
log(E [eV])

15


https://icrc2021-venue.desy.de/video/Combined-fit-of-the-energy-spectrum-and-mass-composition-across-the-ankle-with-the-data-measured-at-the-Pierre-Auger-Observatory/8d7af8a92afc12e9c4a771d164d01c91

Outlook: The (r)evolution of machine learning
Yy .-
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https://icrc2021-venue.desy.de/video/Event-by-event-reconstruction-of-the-shower-max-with-the-Surface-Detector-of-the-Pierre-Auger-Observatory-using-deep-learning/50a1f04662668ddcf37e4c78d20bdc43
https://icrc2021-venue.desy.de/video/Extraction-of-the-Muon-Signals-in-the-Surface-Detector-of-the-Pierre-Auger-Observatory-Using-Recurrent-Neural-Networks/215197bad32483858953ee756c16a7c5

(In(pss/m=2))

What could be the origin of the problem?
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Hybrid events and inclined showers
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Discrepancy in number of muons

Relative fluctuations in agreement
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https://icrc2021-venue.desy.de/video/Update-on-the-Combined-Analysis-of-Muon-Measurements-from-Nine-Air-Shower-Experiments/80ed6df5931ca5d1ad0d8d780f2b6fa3

Test: modification of hadronic interaction models
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https://icrc2021-venue.desy.de/video/Adjustments-to-Model-Predictions-of-Depth-of-Shower-Maximum-and-Signals-at-Ground-Level-using-Hybrid-Events-of-the-Pierre-Auger-/264b398b0ad23e1b30a0f5d2e97247f2

Test: modification of hadronic interaction models (il

RHad (emin)

1.5

— | © stat.

— — 3 O stat.

1.4

— - = 5 o stat.

1.3

1.2

1.1

1.0

¥ EPOS-LHC

A QGSJetI1-04
® Sibyll 2.3d

.........................................

=20 —-10 O

Assumption: relative fluctuations not changed

Main improvement by re-scaling muon component by angle-dependent factors (attenuation)

10 20 30 40 50
A Xy [g/cm?]

60

RHad (emax)

1.5

1.4

1.3

1.2

1.1

1.0

Y EPOS-LHC
A QGSJet I1-04
e Sibyll 2.3d

1 G stat.

3 O stat.

5 © stat.

SXAPY | ST
............................................... \;:\/

| I I I I I | L1 1 1 | | I I I | I I I L1 1 |

10 20 30 40 50 60

A Xinax [g/cm’]

Further improvement by shifting Xmax of models to larger depth (heavier composition)
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https://icrc2021-venue.desy.de/video/Adjustments-to-Model-Predictions-of-Depth-of-Shower-Maximum-and-Signals-at-Ground-Level-using-Hybrid-Events-of-the-Pierre-Auger-/264b398b0ad23e1b30a0f5d2e97247f2
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Anisotropy on large angular scales — dipole
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https://icrc2021-venue.desy.de/video/Large-scale-and-multipolar-anisotropies-of-cosmic-rays-detected-at-the-Pierre-Auger-Observatory-with-energies-above-4-EeV/148979d6ff90e9211f2a5a3d257467c4

Anisotropy searches at highest energies — catalogs
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https://icrc2021-venue.desy.de/video/The-ultra-high-energy-cosmic-ray-sky-above-32-EeV-viewed-from-the-Pierre-Auger-Observatory/51c661414620333f91cf77baf3bb9278

Joint Auger-TA anisotropy working group
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https://icrc2021-venue.desy.de/video/The-UHECR-dipole-and-quadrupole-in-the-latest-data-from-the-original-Auger-and-TA-surface-detectors/dc65bfc0b6448d689b480c9c66808b39
https://icrc2021-venue.desy.de/video/UHECR-arrival-directions-in-the-latest-data-from-the-original-Auger-and-TA-surface-detectors-and-nearby-galaxies/c8d8c90a48d58eb6b19ed2390d864cf5

Outlook: How to gain sensitivity to distinguish source scenarios

Fit of model parameters to

Universe model setup: Simulated observables:
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https://icrc2021-venue.desy.de/video/A-combined-fit-of-energy-spectrum-shower-depth-distribution-and-arrival-directions-to-constrain-models-of-UHECR-sources/37123d950f53f1829b74f8837c1a4911
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https://icrc2021-venue.desy.de/video/Indication-of-a-mass-dependent-anisotropy-above-10187-eV-in-the-hybrid-data-of-the-Pierre-Auger-Observatory/ab562f7176b3f6c283dee0d6acc1ff43

Searches: Ultra-high energy photons
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https://icrc2021-venue.desy.de/video/A-search-for-ultra-high-energy-photons-at-the-Pierre-Auger-Observatory-exploiting-air-shower-universality/186165d752b09af1a4497c142c61dbef
https://icrc2021-venue.desy.de/video/Follow-up-Search-for-UHE-Photons-from-Gravitational-Wave-Sources-with-the-Pierre-Auger-Observatory/17c7dbdf8bb697545af62c3c6eb993b5

Searches: Ultra-high energy neutrinos
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https://icrc2021-venue.desy.de/video/Combined-Search-for-UHE-Neutrinos-from-Binary-Black-Hole-Mergers-with-the-Pierre-Auger-Observatory/1106f049cb6bca8d2165d63d67a60170

Searches: Upward-going events motivated by ANITA
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https://icrc2021-venue.desy.de/video/Search-for-upward-going-showers-with-the-Fluorescence-Detector-of-the-Pierre-Auger-Observatory/d300edf7673ff71e4f01e18d32c5b0b6
https://icrc2021-venue.desy.de/video/A-tau-scenario-application-to-a-search-for-upward-going-showers-with-the-Fluorescence-Detector-of-the-Pierre-Auger-Observatory/8838b8b688e5a06a2f1e5cb99f9166a5
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
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An invitation: Auger open data
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In [19]:
Y_Oval = FC_CL * 6.9
plt.title("Spectrum with event counts")
plt.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}$S(E) [km$A{-2}S sr8r{-1}$ yr$Ar{-1}$ eV$r{-1}$]")
# 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
10—17.
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(Viviana Scherini)
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https://icrc2021-venue.desy.de/video/The-2021-Open-Data-release-by-the-Pierre-Auger-Collaboration/d48db38a4b9864c64cfdf28701ed9713
http://opendata.auger.org

AugerPrime — multi-hybrid measurements
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https://icrc2021-venue.desy.de/video/Reconstruction-of-Events-Recorded-with-the-Water-Cherenkov-and-Scintillator-Surface-Detectors-of-the-Pierre-Auger-Observatory/34ea97d45696c1fcf1c9fa6379481037
https://icrc2021-venue.desy.de/video/Update-of-the-Offline-Framework-for-AugerPrime/cffb14610f5548c2b65ea275c7fe2ef3

Backup slides
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Comparison of Xmax data of Auger and TA
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Work in progress:
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Change of model predictions thanks to LHC data

pre-LHC models
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(see also discussion Lipari, Phys.Rev.D 103 (2021) 103009)
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post-LHC models
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(Pierog, ICRC 2017)

LHC-tuned models should
be used for data interpretation
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