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Radio antenna array
- (153 antennas, 17 km?2) [,

Sub-array of 750 m
(63 stations, 23.4 km?2) |

Underground muon R O S
detectors (24+) | = R\ U0 OO ey SO0 o0

Pierre Auger Observatory
Province Mendoza, Argentina

4 fluorescence detectors
(24 telescopes up to 30°)

High elevation telescopes (3)

Central
Campus....
More than 400 members, Water-Cherenkov
98 institutes, 17 countries 0 detectors and
1665 surface detectors: Fluorescence
Southern hemisphere: Malargue, water-Cherenkov tanks telescopes
Province Mendoza, Argentina (grid of 1.5 km, 3000 km?)




Main Results at a-glance +°

" Top down 5cenarjo°s' (cosmological.
.origin) disfavoured.

"« UHECR extragalactin origin

e Sources are astrophysical b5
g '—..St-arburst Galaxies, Al 2. :
e « -Hard injection spectra’ . 4
- * Heavier compositioh TN
. E =41 Ee0) -y =28 — (comf)a red to exp'ectatﬁmsj. |

EUNPC ziiﬁ . 3



Air Showers:the =, -

Primary:

H.adron - _ eng|ne _ l

Muons trace the hadronic shower which
is the backbone of the whole cascade

The bulk of radiate 2nd_
visible energy comes from
the EM=ascade =

flo decays are the propellers of the EM

5" # ; cascade
X _EUNPC 2022, Santiago 4
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PIERRE :
AUGER

OBSERVATORY R
' Fluorescence
Light

= Fluorescence Detector (FD)
__,7 4 building with 6 telescopes each
N\ ‘Z_ Telescope f.0.v. 30 x 30 deg

Surface Detector (SD)

1600 water Cherenkov tanks Secondary SD & ED
Area of 3000 km?2 Particles (+AMIGA)
PMT H e
: FADC trace |
;— 5 FADC trace ‘
Diffusive tyvek : t,;,[25ns] i "

1, [2508]



Energy [eV] Energy [eV]
10" 10" 10% 10" 10" 10%

T T ITIIIII T T Illllll T T IIIIITI T T IIIIIII T T IIIIIII T T IIIIIII

¢ Auger FD,ICRC (2019)
¢ Auger SD, ICRC (2019)

= OSyS

proton

0'()(max) [g Cm_z]
8 + W

[\o]
(=]

— EPOS-LHC
Sibyll2.3¢

- QGSJet-11.04
1 1 1 1 1 | L 1 1 1 1 1 1 " |

‘ 19 20 19 l
Ig(E [eV]) Ig(E [eV])

et
=

et
~

L. Cazon




. . i . ' Longitudinal Shower profile
. P-Alr€ross
~ 'section -

Slant depth, X

= Tail of X,,.x—Distribution

M dN /dXax o< exp(—Xmax/Ay;)
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Ay, systematic uncertainties (mb)

Hadronic interaction models (mb)

Energy scale uncertainty, AE /E = 14% (mb)
Conversion of A, to 0, (mb)

Photons (mb)

14.1
10
1.3
7
42

Possible He contamination is the
main source of systematic
uncertainty. 25% He maximum
contamination assumed for sys.

Helium, 25% (mb) -17.2

-15.8

uncertainties

Total systematic uncertainty on Oy, i (mb) +19/-25

+19/-25
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Oinel (Proton-Proton)  [mb]
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IVIuon Productlon Depth < Xu '

max

.
Muon Production Dapth profile cam be estimated from the muon arrival times distributions

. . . .
Muons are-produced'in the shower axis
Muons travel following straight lines

& 55-65 deg, E=10""" eV
® Auger PRD14
—*— QGSJetll-04 |
- - EPOS-LHC

Example of a real event -~ .
with: E= (33 + 1) EeV

1000 1200

X" [g/cm?]

700 750 800 850
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Auger PRD 90 (2014)012012



.. Nember of muonsin- ==
-7 ‘Inclined Showers - *  cocodes
' . Fit the muoh density in.s;cations

Pu= N19pﬂ,19(xa y)

where N;5 free parameter

. And p, 19 (x,y) is fixed, corresponding to
. .« proton QGSlJetll-03 at 10° eV
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32 30 -28 26 -24 -22 20 -18 -16 -14 Ratio of the total number of muons N, to
x [km] N, 15 (proton QGSJetll-03 at 10%° eV)

R,=N,/N,

Correspondence (<5% bias correction)

Example of p , 1, for proton showers at 8=80°, ¢=0"and core at [x,y) = (0,0)
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Number of Muons and Energy Scale -
.~ .from Vertical Showers . -

QIl-04 Fe
y2ld.of. (p): 0.75 : ) ] : ]
44ld.0f. (Fe): 0.76 * Find simulations which match FD profile,

for each event

dE/dX [PeVigicm?]

 Compare SD signals for simulations and
data

600 800 1000 1200 * Rescale muon content until simulated SD
D Jem?
o fofem best match data

& N Data —a—
" Q-04p e
Qll-04 Fe

TABLE I: Approximated amount of signal for each one of the
different components at 38 deg, 10" eV.

component scaling signal )

0) Total Signal
1) Pure EM EM 15.8 VEM
2) Pure p hadronic 16.6 VEM
3) EM from low-E w0’ hadronic 4.4 VEM
1000 1500 4) p from Photoprod. EM 1.3 VEM
Depth [g/cm:] 5) EM from p decay ~ hadronic 1.0 VEM



Systematic Uncert. ——— models
Qll-04p
QlI-04 Mixed o
EPOS-LHCp ®
POS-LHC Mixed O

Model Rg

QII-4 p 1.09 = 0.08 = 0.09
QII-04 mixed 1.00 =0.08 =0.11
EPOS p 1.04 = 0.08 = 0.08
EPOS mixed 1.00 £0.07 = 0.08

1.59 +£0.17 £ 0.09
1.61 =018 = 0.11
1.45+0.16 = 0.08
1.33+0.13 £ 0.09

«The observed muon signal is a factor
1.3 to 1.6 larget than predlcted by
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. Working Group on Hadronic

Interactions and .Shower Physics’,
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Proton-proton equivalent CM energy Vs | TeV
80 90100 200 300

—B#EPOS-LHC --E#QGSJetll-04 ----E#SIBYLL-23d @ data

— EPOS-LHC ¢ data
QGSJetlI-04 4-mass-Xmax-fit+models

79 4-mass-Xmax-fit+model

SIBYLL-2.3d

2.0

FIuctua'tions.are sensitive to the first

- interation. . - .
Muon average number missmatch . Auger Collab. PRL+126 (2021) 15 .
caqnot be explained solely due to a "
mis thin the_lst interaction.

L. Gazon ;
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Preliminary:

Models 'p_redict

too deep <X
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Conclusions

for particle production

missmath provides further constraints in hadronic

models

— Muon rescaling factor
* Also models present less muon number derivative wrt energy
* WHISP confirms high significance. Missmath starts around 1E16 eV

* Intense Theoretical/phenomenological activity

— Quark Gluon Plasma — Core Corona effect
— Strange fireball
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