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UHECR & Air Shower Physics

®[rst interaction
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Pierre Auger Observatory

70

w  Area: 3000 km?2
60 Located in the Pampa Amarilla, Mendoza, Argentina
Altitude: 1400 m a.s.l.

~ 60 km « 1600 Surface Detectors (SD) Stations

 SD stations spaced by 1.5 km
e 4 Fluorescence Detectors (FD) » Covering an area of 3000 km?

« 6 x 4 Fluorescence Telescopes
Ruben Conceicao 3



WCD + Fluorescence Detector
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Pierre Auger Observatory

(Low energy extensions)

70 s Infill - Denser array
[km]

Loma Amarilla

+ 433 m grid with 19 stations

60
+ 750 m grid with 61 stations

+ AMIGA - Buried scintillators (muon detectors)

s 19(61) stations in 433 (750) m array, 10'%°> < E/eV < 10"

50

40 + 30(60) m? scintillator modules

+ 2.3 m below ground
30 + Auger Engineering Radio Array (AREA)

s+ 153 antennasin 17km? E > 4 x 1018eV

20

750 m

Central —10 H% H&
Campus
| O surtace deector
0 — b
10 HQH H::H
¢ H EAT Southern twin
+ 3 additional FD telescopes with a high Hﬂ%
elevation FoV 30°-60°, E > 1017 eV O <N
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Ultra High Energy Cosmic Rays

Scaled flux E2° J(E) (m?s'srieV'®

10"

10'°

10

103

Equivalent c.m. energy Vs
10° 10

PP

(GeV)

10°

10°

10°
Elllllf l¢ | l*l]]ll
_ HERA (y-p)
_ RHIC (p-p)

oo

Tevatron (p-p) 7 TeV 13 TeV
LHC (p-p)

100 TeV
FCC (p-p)

» Telescope Array
e Pierre Auger Obs.

L
‘ ‘tttt****
.’- I+
|
* ATIC = KASCADE (SIBYLL 2.1) %o % |+
& PROTON *  KASCADE-Grande T
o RUNJOB *  Tibet ASg (SIBYLL 2.1) +
= IceTop ?
| lllllllI | IllllllI | llllllll | Illlllll | Illlllll | llllllll | llllllll | IlllllllTl | 111U
10" 10" 10" 10'° 10" 10'® 10" 10%° 10?
Energy (eV/particle)
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+ A hybrid Observatory
+ Fluorescence Detector
¢+ Quasi-calorimetric energy measurement
¢ ~ 15% duty cycle
<+ Surface Detector

+ Sensitive to both e.m. and muonic shower

components
s
10* E
ii - Lateral
S oL distribution
7R
S - 51()()() xX B
1000 1w g
10 §_ ?vIc 'T;' 1 i
:— PR T W R W PR TR TR SR R lllllll'lT'lll'
500 1000 1500 2000 2500 !
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Hadronic Interaction Models

What is our current understanding of air showers?



The EAS muon puzzle @ Auger

Fur.Phys.J.C 80 (2020) 8, 751

(In(pss/m~2))

0.2 7
1 E=10'"%¢V,
040 S0=H —
: Fe
06 - I:I.,O\\ | @ | Auger
1 e ~~\\ N d
] T o\
—0.8 - O..... DT
1 T ~OHe
- "D ..... \“~~\
—1071 o EPOS-LHC P Yo L
1 O QGSJetll-04 =
127771
600 625 650 675 700 725
Xmax) /g cm™?

Buried Scintillators + FD

Phys.Rev.Lett. 126 (2021) 15, 152002

Muon excess present both
at lower and higher

energies if one takes into 1.0
account preferred Xnax 0.9
composition 0.8

850
¢ Auger FD ICRC17 (prel.) = stat. y
¢ Auger SD ICRC17 (prel.) = stat .-~
800 — _ =sys. i 0

750

2
(X [g/em?]
~l
o
o
I|IIII|II'II\4Illlllllllllll

E [eV]
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- QGSJetll-04
|- SIBYLL-2.3d

| 1 | | | P |

700 720 740 760 780 800
(Xmax) / gem™

SD inclined + FD

1
820




SIOOO) d IStri bUtiOﬂ

Phys.Rev.D 109 (2024) 10, 102001

Analysis of the (X

max?

0 € (0°,33°) 0 € (33°,39°) 0 € (39°,45°) 0 € (45°,51°) 0 € (51°,60°)

60 40

432 events 425 events 499 events 447 events 436 events 35
50 F 35 o
S ' 130 5
E 40T {25 B
I —
~ 301 20 2
(- - O (D)
S I 15 ©
& 20 4 " =
' ] mm 10 o
10 F o - 5 Z

0 . l L l L l 1 l 1 l 1 l Ll l 1 l L l 1 l 1 l 1 I 1l l 1 l 1 l 1 l L l 1 l an l L l L l 1 l 1 l 1 l n l 1 l 1 l L l 1 l 1 l 1 O

600 700 800 900 1000 1100 600 700 800 900 1000 1100 600 700 800 900 1000 1100 600 700 800 900 1000 1100 600 700 800 900 10001100

/(gcm™ 2)

max

Explore hybrid FD-SD events and fit the measured two-dimensional (X
templates for simulated air showers produced with hadronic interaction models

S1000) distributions using

max?

60 60
EPOS-LHC 6 € (0°,33°%) 0 € (0°,33°) | 5 1018 5 1019 v
W d 40 ) < 100 & ' c
“— @ 50 | p 50 |- Fe [ s ]
5 E - 35 P
Q — S A0 =30 , > 4 2
et O i 1,5 M o 2
= & Z wf s Z wf s
o 5 = 5
© -|C—IJ) S , 15 g S , 40 §
% U v 20 = ) 20 >
10
L] S oL . ol 20 Surface Detector
0 0
O 0 | | | | | |
500 600 700 800 900 1000 1100 1200 500 600 700 800 900 1000 1100 1200
-2
max/(g cm- max/(g cm )
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Systematic uncertainties

Analysis of the (X, S1000) distribution

Phys.Rev.D 109 (2024) 10, 102001

dX?

0 € (0°,33°) 0 € (33°,39°) 0 € (39°,45°) 0 € (45°,51°) 0 € (51°,60°)
60 1 40
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Q
4
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E—14% > 'S
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¥ O
E+ 14% 1 J 1B J ) O
* t P S S(1000) + 5%
@)
9
Xmax — 9g/Cm“ = o B _%
© J H = Method
9 I~ ) o m o ] Q
Xmax + 8g/cm” I H I ‘ =
v wn
oLt 1 Y [ v P | ! | 1 L x (I >
0 20 40 60 80 100 )

Aln L

None of the post-LHC hadronic interaction models can describe the Auger (X, .., S1000) data, even

ax?
considering the systematic uncertainties
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Muon puzzle

Phys.Rev.D 109 (2024) 10, 102001
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Muon puzzle + Shiftin X .. scale

Phys.Rev.D 109 (2024) 10, 102001

Rhad ( emax )

AXmax / ( g/cmz)

Ruben Conceicao
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X,,,.x from SD trace using a DNN

10

element : iron
Eyie s 25 EeV

Oyic @ 51°

10

10
11
12
13

O© 00 JO Clix W N — O

||||||||||||

012345678 910111213
9

Extract the X, from SD-only events

Ruben Conceicao

Accepted in PRL + PRD (2024) |
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X,,,.x from SD trace using a DNN

Accepted in PRL + PRD (2024) |

element : iron
Eyie: 25 EeV

Oyic @ 51°

element : iron mea:lsu;ed 1
Byo: 25 BV total signa

Ovic @ 51°
mc : 1531 m

element : iron photons
Byc: 2B EV IUONS

9MC . 510 electrons
measured

mvc: 1931 m "~ total signal
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ot

o
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L
®
© 00O Ul W+ O
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DN w
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L b )
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Extract the X, from SD-only events

Exploit the SD traces using a Deep Neural Network
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X,,,.x from SD trace using a DNN

Accepted in PRL + PRD (2024) |

10 . 0
element :  iron 1 19 element : iron photons element : iron ~ __ measured
Eyic s 25 EeV 2- . 25 EeVv T muons 0.51 Byc: 25 EeV total signal
5. Oyic @ 51° 3 50 elec’cronil = Byc: 51°
o o Cwn | tloa nc: 151 m
g X . g2
~ 0 ° @ \ = 7 =03
SN g E{ :
9- =202
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11 0.11
12 . — 0.0 e
075 -5 0 5 10 B 2 T &% 2 o 1500 2000 2500 3000 70 500 1000 1500 2000 2500 3000
012345678910111213
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1100
1000+
Extract the X .. from SD-only events
A -
|
oo J007 - 250
— . .
- Exploit the SD traces using a Deep Neural Network
¥ 8001
&
> P
@ =-31.4 gcm
700 o = 33.4 gcm‘; Test DNN performance using FD-SD hybrid events
p=0.
N = 1642

60800 700 800 900 1000 1100

X cm 2
max, SD / 8 Ruben Conceicdo 1 6
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Xma,x, FD / gcm
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X,,,.x from SD trace using a DNN
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EAS muon fluctuations

Phys.Rev.Lett. 126 (2021) 15, 152002

Proton-proton equivalent CM energy /s / TeV

80 90 100 200 300 400
0.30 J ! | T T T
— EPOS-LHC ¢ data
0.25F - QGSJetll-04 4-mass-Xmax-fit+models
---- SIBYLL-2.3d

0.00 | | | | | l]-Ollg | | | | | | ] iozo

E/eV

The muon relative fluctuations are in agreement

with the mass composition expectations derived
from the analysis of Xiax data
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EAS muon fluctuations

Phys.Rev.Lett. 126 (2021) 15, 152002 L. Cazon, RC, F. Riehn, PLB 784 (2018) 68-76
x 107
Proton-proton equivalent CM energy /s / TeV 3.0 l [ [ [ [ [
80 90100 200 300 400 Epos-LHC : v
030 ! ! [ ' l l 25 — 2.0 2
— EPOS-LHC ¢ data 5
0.25 - QGSJetll-04 4-mass-Xmax-fit+models 20 15 o
k2
1.0 2
o
1.0 - o
0.5 . ¥+ - - ' _%f
E T CORSIKA
0.0 | | | | | | 0.0
00 02 04 06 08 1.0 1.2
)
a1 is the fraction of energy going into the
| | | | | | I | | | | | | | | R . . . .
0-00 1019 1020 hadronic sector in the first interaction
E/eV

o(a;) = 70 % 6(N,)

The muon relative fluctuations are in agreement

with the mass composition expectations derived
from the analysis of Xiax data
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EAS muon fluctuations

Phys.Rev.Lett. 126 (2021) 15, 152002 L. Cazon, RC, F. Riehn, PLB 784 (2018) 68-76
x 107
Proton-proton equivalent CM energy /s / TeV 3.0 l l [ [ [ I
80 90 100 200 300 400 Epos-LHC :
030 ! ! [ ' l l 25+ — 2.0 ﬁ
— EPOS-LHC ¢ data 5
025 -— QGS]Jetll-04 4-mass-Xmax-fit+models 20 15 o
a
1.0 .2
o
1.0 - o
0.5, a¥=-7" . T I — ' é‘)
& | + CORSIKA
0.0 | | | | | | 0.0
00 02 04 06 08 1.0 1.2
)
a1 is the fraction of energy going into the
| | | | | | I | | | | | | | | . . . . .
0.00 1019 1020 hadronic sector in the first interaction
E/eV

o(a;) = 70 % 6(N,)

Suggestion that muon deficit might be related with
description of low energy interactions
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The muon relative fluctuations are in agreement
with the mass composition expectations derived
from the analysis of Xiax data




Many other EAS measurements...

Phys.Rev.Lett. 109 (2012) 062002 JCAP 1903 (201%9) no.03, 018 Phys.Rev.D 96 (2017) 12, 122003 PoS (ICRC2023) 339
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Pierre Auger Observatory

The future of the observatory

22



Auger Prime

. . . (see A. Castellina presentation, tomorrow!)
New electronics (UUB) and Scintillators(SSD)

— The strategy ——
VERTICAL (0-60°)

Flbers -

".uxmrMTi:n

B " High dynamic range PMTs

ﬂua n_____’ HORIZONTAL (60-90°)
Radio Upgrade :

Underground Muon Detector (UMD)

Auger Phase | data taking from 2004 on (from 2008 with the full array) to 2021
Auger Phase Il data taking from 2022 to 2035
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Multi-nybrid shower events

(A plethora of measurements to fully understand the shower)

Radio

AMIGA

A & 0 & O @
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Auger Prime (SSD)
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