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A discussion is given of the highest energy events so far recorded by the Pierre Auger Observatory. We present\

these to illustrate the quality of the information that they contain. The surface detectors are used to measure a
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o e oio o o "3‘105_ omis? l g ’ l
g S(1000)=345 VEM | =
( © e ® & 0 O oZwf Sys.= 9% Stot.= 4 7= 15 1
©c® 080 o %109— —‘:E'
(ICRC 2005) o e @ Q @® o o “ T 1322 1% 4
. . . . . o ® @ @ e o 101 18 . ‘ |
A discussion is given of the highest energy events so far e \Y\*\H s . L=
. o o e e 0 O t ?' |// 1
recorded by the Pierre Auger Observatory. We present these D e e
to illustrate the quality of the information that they contain. P BT
ik | M
3,101:9: ' ‘%12
>10
2
After the conclusion of Phase | of operation, 2

5(1000) = 56 VEM SD Only
5(1000) = 52 VEM Hyb. Geom

il 1 1 L L 1
400 500 600 700 800 900

with an integrated exposure of 122,000 km? sr yr,

. . : . 57075 1077520 2530 35 cm?

the Pierre Auger Collaboration is releasing a catalog to 28 v
demonstrate the quality of the data that lie behind T e————
measurements of the energy spectrum, the distribution of 87460 597502 2044841 31 1173 2034006 765
. I directions 762238 473+02 248+ 11+12 18 1135 222+0.07 64+4

1102721 238 +£02 318+22+52 12 1467 — 63+ 11

a rrlva . 4 . 1233429 543 +£02 2019+ 16 21 1261 — 63+ 06

- 1018639 269 +£0.2 2944+ 19 £ 26 10 1196 293+£0.13 59+6

and the mass Of the hlgheSt energy Cosmlc rays 1264145 16.310.2 2891 lZi 11 11 910 2.6510.]1 5613
1263529 20.7 £0.2 264 + 20 £ 34 7 1470 — 51+ 8

634746 51.6+02 174+£9+ 12 14 1203 — 48+ 4

Table 1. The 10 highest energy events recorded by the Surface Detector.
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The Catalog

* Details of 100 highest-energy cosmic rays, in the range 78 EeV to 166 EeV
included in the data set used in a discussion of the arrival directions of events
above 32 EeV, without any interpretation.

* Further 9 very energetic events that have been used in the calibration
procedure adopted to determine the energy of each primary.
Some hybrid events with energies close to 100 EeV, used in a recent study of

mass composition are not included as different selection criteria were adopted.

* The events are identified with a catalog number (#N) and by a name,
PAOddmmyy, that indicates the day, month and year of detection.

_—

URNAL, 935:170 (24pp), 2022 August 20 https: / /doi.org,/ 10,3847 /15384357 facTdde

CrossMark

Arrival Directions of Cosmic Rays above 32 EeV from Phase One of the Pierre Auger

A Catalog of the Highest-Energy Cosmic Rays recorded during Phase T of Operation of the Pierre
Auger Observatory

THE PIERRE AUGER COLLABORATION

J

See Uqgo’s talk tomorrow!

Observatory
Table 3
Excerpt of the Full Data Set of 2635 Events Above 32 EcV Collected at the Pierre Auger Observatory Between 2004 January 1 and 2020 December 31
Year 1D uTC Zenith Angle, & Azimuth Angle, ¢ RA. o Decl., & E Cumulative Exposure
5 = = = = EeV km® sryr
2019 314 1573399408 58.6 —1356 1289 —520 166 111.900
2007 13 1168768186 142 85.6 1929 -21.2 165 9.800
2020 163 1591895321 189 —477 1072 —47.6 155 116,800
2014 293 1413885674 6.8 —155.4 1029 —378 155 0,600
20018 224 15334096475 479 141.7 1250 —06 147 101,400
2008 268 1222307719 408 1405 28T R 15 140 21,300
209 nu7 1556436334 148 —32.7 275.0 —42.1 133 107,400
207 361 1514425553 417 —305 1078 —44.7 132 96,100
2014 65 1394114269 585 473 340.6 120 131 65,300
2005 136 1120579594 573 155.7 458 L7 127 3,100
2015 236 1440460829 201 —46.1 2848 —480 125 77,700
2008 18 1200700649 50.3 178.9 3525 —20.38 124 16,100
2016 26 1453874568 226 —147 1756 -37.7 122 81,200
2016 21 1453381745 137 —179.8 2314 —34.0 122 81,100
2011 26 1296108817 249 0.9 150.0 —10.4 116 39,300
2016 [ 1457496302 137 108.7 151.5 —126 115 81,100
20135 268 1443266386 2 —172.0 217 —138 113 T8.400
2016 97 1477276760 495 104.5 3521 13.2 111 86,300
2020 of 1583535647 414 —20.6 133.6 —383 110 114,600
2018 174 1529810463 427 43 300.0 -226 110 100,200
Note. See the main text for a description of the columns. Events are sorted here by decreasing energy. E. and only the 20 highest-energy events are displayed. The full
data sct is available in the same format at hitps:/ /doi.org,/ 10,5281 /zenodo 6504276 and in machinc-readable format in the online article.
{This table is available in machine-readable form.)
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The Catalog: paper

Section 1:
INTRODUCTION

Section 2:

THE DETECTION OF HIGH-ENERGY COSMIC RAYS

AND THE PIERRE AUGER OBSERVATORY

Section 3:
RECONSTRUCTION OF SHOWER PARAMETERS

Section 4:

THE EVENTS OF THE CATALOG

e 4 Vertical events
* 2 Inclined events
* 2 Hybrid events

Section 4:

A SKY MAP OF THE 100 HIGHEST-ENERGY EVENTS
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Events recorded by the Surface-Detector
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Date 2014-10-21 Earl
 Footprint on the ground and in a plane perpendicular to owe | em 1, e B
the arrival direction; o T E 27 ) A -
6 [deg] 378 = 7 2 > . °
B 26 0 - ° .
. . . . . t12(1000) [ns]  360+10 -2 = .
* Lateral distribution of the recorded signals as a function of Motiplicty 13 " - -
the distance to the shower core; T T g
? 1 selej:tgd stai;:orl ; 5‘1?50 -é
* Time delays with respect to a fit that assumes a plane =™ # suo) £ 1250 |
2 107 ;'1000 =
shower; . o 2 '
[ _é § 500 -é ot
. . M . . . 7 T T T 1 ‘I‘I-IHI E 252-§I.III.‘IIIIIIIIIIIIIIIIIIIIIIII
e Arrival time distributions of the signals recorded at each o oo w0 F e ot 10 200 s a0 2o dobo
Distance from core in the shower plane [m] Distance from core in the shower plane [m]
water-Cherenkov detector; ’ ’
1 2 3
120 = id =831 B = id =523 i id =813
105 = signal =1135.5 VEM 7 - signal =90.1 VEM _ signal =16.1 VEM
— gy 3 rsp=897 m 6 rsp=1717 m i
=
3 2 .

Mario Buscemi - UHECR 2022

Time [us]



Events recorded by the Surface-Detector

Footprint on the ground and in a plane perpendicular to
the arrival direction;

Lateral distribution of the recorded signals as a function of
the distance to the shower core;

Time delays with respect to a fit that assumes a plane
shower;

Arrival time distributions of the signals recorded at each
water-Cherenkov detector;

Different procedures are used to reconstruct the energy
of vertical (6 < 60°) and inclined (B > 60°) showers.

Asymmetry of the radial distribution of the muons
in the shower increases with zenith angle, becoming
particularly apparent above 70°.
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e The most energetic event _

TE22E  OBSERVATORY : lI
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Events recorded by the Surface-Detector

Vertical events (6 < 60°)
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The lateral spread of the signals is
described by the modified
Nishimura-Kamata-Greisen (NKG)
lateral distribution function (LDF)

r T+ Ty
Spr(r) = 5(1000) Kr t) (r . >]
op op S

The energy resolution, obtained from the
spread of Esovalues at a given Emin the
calibration events, is ~8 %
at the highest energies.
Directional uncertainties are < 1°.
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) HERRE - The most energetic inclined event sersscenas
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Events recorded by the Surface-Detector

The muon signal scales with energy as

|nC| | ned events (e > 60°) p,(r) &< E* with a in the range 0.90 to 0.95.

The expected density of muons at the ground is
given by p (r) = Nyg p, 19(1, 6, ), where Nyg, is
chosen by convention, as a measure of shower size

- Exposure of the Observatory enhanced by 30%.

- Sky coverage extended to regions that would otherwise be inaccessible. using a reference shower model and comparing the

signals to those expected from simulated showers
of 10 EeV with the same arrival direction.
The energy resolution is estimated as 12%, at the

45° highest energies, from a comparison of N, with Ep,.
\ 3
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Hybrid events

e Camera views from telescopes

* Reconstructed profiles of the energy
deposition in the atmosphere

The Fluorescence Detectors:

* Provide a calorimetric measurements of the
showers energy to set the energy scale of the SD
sample

* Measure the longitudinal development of air
showers in the atmosphere and the shower
maximum -> Key measurement for mass estimation
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Some WCDs signals
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Direct light reaching
one photomultiplier
at about 6 us
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The Catalog: online event browser https://opendata.auger.org/catalo

03 Cafalog of the Highest-Energy Cosmic Rays recorded during
Phase | of Operation of the Pierre Auger:Observatory

This page provides a simple Event Display, that can be used to display any event. Once an event is selected its components can be browsed in
different tabs.

Catalog

01020304050607080910111213 14151617 18 1920
21222324 252627 28 29 30 31 32 33 34 35 36 37 38 39 40
4142 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
6162 63 64 656667 686970717273747576777879 80
81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100
101 102 103 104 105 106 107 108 109

PAO | Enter specific shower Id ‘ Find shower Id
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https://opendata.auger.org/catalog/

The Catalog: online event browser

0% Catalog of the Highest-Energy Cosmic RaAysrecorded during
Phase |1 of Operation of the Pierre Auger:Observatory

This page provides a simple Event Display, that can be used to display any event. Once an event is selected its components can be browsed in
different tabs.

Catalog

0102030405060708091011121314151617 18 19 20
212223 242526 27 28 29 30 31 32 33 34 35 36 37 38 39 40
4142 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
6162 63 64 656667 68697071727374757677 787980
81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100
101 102 103 104 105 106 107 108 109

PAO [080703a B Find shower 1d

Different views of the event are available by selecting the corresponding tabs.
Event summary Ground array view Shower plane view SD traces SD reconstruction SD time residuals ED sky-view

FD reconstruction

Mario Buscemi - UHECR 2022 18



The Catalog: online event browser

Different views of the event are available by selecting the corresponding tabs.

Event summary Ground array view Shower plane view SD traces SD reconstruction SD time residuals FD sky-view
FD reconstruction
SD reconstruction
PAOO80703a
Date 2008-07-03
Energy 57+5 EeV
0 53.8°
® 53.9°
B 2.1
t1,2(1000) 13114 ns
& 11.0°
a 33.0°
Multiplicity 24
Hybrid reconstruction
FD site Energy [EeV] Xmax [9 cm™] 8 [deg] o [deqg]
1 557+ 48 7723 +133 540+ 0.3 550+ 08
4 60.6 + 5.2 799.7 + 242 539+ 0.6 536+ 04

Mario Buscemi - UHECR 2022




The Catalog: online event browser

Different views of the event are available by selecting the corresponding tabs.

5D time residual

Mario Buscemi - UHECR 202




The Catalog: online event browser

Different views of the event are available by selecting the corresponding tabs.

Event summary Ground array view Shower plane view SD traces SO reconstruction SD time residuals FD sky-view

FD reconstruction
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The Catalog: online event browser

Different views of the event are available by selecting the corresponding tabs.

In this tab the FADC traces of the 3 PMTs of all triggered stations are displayed. Inactive PMTs are displayed with a signal of 0. Stations
determined to be random coincidences and not being part of the event are dimmed and listed at the end.

Stations used for reconstruction

1D 502 ID 822

Distance 600 m Distance 737 m
ignal 921.3 VEM : Signal 398.8 VEM

Risetime 94.8 ns Risetime 99.6 ns
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Time: =]
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25 3.0
Time [i=]

1D 509 ID 815

Distance 1264 m . Distance 1210 m
Signal 99.7 VEM Signal 73.5 VEM
Risetime 230.2 ns e Risetime 112.4 ns

30
Time: ]

ID 825
Distance 1877 m
Signal 29.1 VEM
Risetime 164.9 ns : Risetime 489 ns

Signal [VEM]

3.0

Time: ]
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The Catalog: online event browser

Different views of the event are available by selecting the corresponding tabs.

Event summary Ground arr Shower plane view SOt
FD truction

This tab shows the 5D LDF reconstruction: the total signal in the different stations versus the distance of the station to the event core. The

signal at 1000m from the core is used as an energy estimate.

Signal [VEM]

1500
Distance [m]
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The Catalog: online event browser

Different views of the event are available by selecting the corresponding tabs.

Event surmary Ground array view Shower plane view SD traces SO 5 SD fime residuals FD s

FD truction

Time delay wrt plane fits [ns]

2000 2500
Distance [m]
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The Catalog: online event browser

Different views of the event are available by selecting the corresponding tabs.

Event summary Ground array view Shower plane view SD traces SD reconstruction SD time residuals ED sky-view

ED reconstruction

The FD camera view of the event is displayed below. The color code corresponds to the time at which the light reaches each pixel. Dark pixels
are random coincidences and not used in the reconstruction.
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The Catalog: online event browser

Different views of the event are available by selecting the corresponding tabs.

iction SO fime residuals

This tab shows the FD reconstructed profile, the energy depaosited in the atmosphere as a function of the slant depth crossed by the cosmic
ray. The integral of this curve gives a direct measurement of the calorimetric energy, while the depth at which the maximum of the energy
deposition occurs is used to infer the primary particle propert

dE/dX [PeVi(gicm?)]

300 400 500 600 700 800 900 1000 1100
Depth [g/cm?]
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The Catalog: online event browser
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Conclusions

* 100 highest-energy cosmic rays,
in the range 78 EeV to 166 EeV

75°

* Further 9 very energetic hybrid events
e Detection and reconstruction of shower parameters
* Footprint on the ground and in the shower plane,

LDF, time delays w.r.t to a plane fit, WCDs signals,
FD camera traces, FD energy deposited profiles

-75° R.A.

0 5000 10000 15000 20000
dir. exposure w(n) [km?2yr]

The positions of the arrival directions of the 100 highest-energy cosmic rays
detected at the Pierre Auger Observatory shown in equatorial coordinates
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#1 - PAO191110

\
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MALARGUE,

#17 - PAO150926
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#84 - PAO100815
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dE/dX [PeV/(g cm™2)]

dE/dX [PeV/(g cm™?)]

#84 - PAO100815
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