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The Pierre Auger Observatory: Phase-|
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e Datataking from 2004 ;
SO i v [km]

e Since 2008
o 1600 Water Cherenkov Detectors (SD1500) - E > 10182 eV

Loma Amarilla

o 4 Fluorescence detectors (FD)

Fluorescence Detector

5 Water Cherenkov Detector
~15% Duty Cycle ~100% Duty Cycle ’



The Pierre Auger Observatory: Phase-|

e Datataking from 2004 Loma Amarilla - P

A [km]
e Since 2008 TSI ANTSS

o 1600 Water Cherenkov Detectors (SD1500) - E > 108> eV
o 4Fluorescence detectors (FD)
e Lower energy extension
o 71WCDs (SD750) - E > 10Y~ eV
o 19WCDs (SD433) - E > 1018 eV
o High-elevation angle FD (HEAT) - E > 100 eV

Fluorescence Detector
~15% Duty Cycle

Water Cherenkov Detector
~100% Duty Cycle 3



The Pierre Auger Observatory: Phase-|

e Datataking from 2004 Loma Amarilla e .- _7;(m]
e Since 2008 B

o 1600 Water Cherenkov Detectors (SD1500) - E > 108> e __60

eV 4

o 4Fluorescence detectors (FD) P _50
e Lower energy extension —40

o 71WCDs (SD750) — E > 10V~ eV -

o 19WCDs (SD433) — E > 108 eV —30

o High-elevation angle FD (HEAT) — E > 10Y70% eV £ Mol;gcsios

e Hybrid detection with combined SD + FD data subset

Phase-l dataset: events up to 2023
~20 years of data

Fluorescence Detector

5 Water Cherenkov Detector
~15% Duty Cycle ~100% Duty Cycle 4



Origin of Ultra Energetic Cosmic Rays (UHECRS)
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e Mass composition — Rely on hadronic interaction models
o Energies below UHERCs

o  Source of systematic uncertainties



Mass sensitive observables

Depth of maximum development: X

X

e Extracted from the longitudinal profile of the

shower

e Currently the most precise mass estimator

Number of muons at ground: Nu
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Xmax estimation . (dE

Sensitivity to mass
FD: energy deposition rate andiEYRe fiprmeny
Time structure

° Direct measurement

e Limited by FD low uptime

Detector signal (arb. units)
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SD: time structure of signals measured by the WCDs : P 1 o Tl .;::.L..,

‘s‘ Time bins (25 ns)
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e Mass sensitive parameter
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e  Substantially more events
e X . calibratedwith FD

Lateral distribution

Signal [VEM]

o
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500 1000 1500 2000 2500 Example: event observed with Auger Observatory



Xmax estimation we ] (dE> "

Sensitivity to mass

FD: energy deposition rate _ andiEYRe fiprmeny
vl Time structure
e Direct measurement §
e Limited by FD low uptime : ]
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The moments of Xma

X
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Mean of the mass number LnA

Mean of the log of the mass of the primary nuclei

(Ind) = {gr=—gr=s In(56)

E < 1 EeV Moderately heavy composition becoming lighter
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Mean of the mass number LnA

Mean of the log of the mass of the primary nuclei
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_ (Xmaz) B (Xremx>
= X 1n(56)

E < 1 EeV Moderately heavy composition becoming lighter

1to 10 EeV Lightest composition at 2-3 EeV
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Mean of the mass number LnA

Mean of the log of the mass of the primary nuclei

_ <Xmaz> B <sz;uzx>
(Ind) = e,y n(56)

E < 1 EeV Moderately heavy composition becoming lighter

1to 10 EeV Lightest composition at 2-3 EeV

E > 10 EeV UHECR composition becomes
increasingly heavy with energy
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Dispersion of the mass nhumber

Dispersion of the log of the mass of the primary nuclei

E < 1 EeV Highly mix composition
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Dispersion of the mass nhumber

Dispersion of the log of the mass of the primary nuclei

E < 1 EeV Highly mix composition

1-10 EeV Transition to relatively pure beam
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Dispersion of the mass nhumber

Dispersion of the log of the mass of the primary nuclei

E < 1 EeV Highly mix composition
1-10 EeV Transition to relatively pure beam

E > 10 EeV Beam has only one or two components
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Dispersion of the mass nhumber

Dispersion of the log of the mass of the primary nuclei

E < 1 EeV Highly mix composition
1-10 EeV Transition to relatively pure beam

E > 10 EeV Beam has only one or two components

Unphysical predictions from
QGSJet-Il.04 from ~ 1EeV
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Model dependent mass fraction

X ., distribution fit with different model-generated

templates of mass groups to estimate their relative

events

contribution[6]
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Model dependent mass fraction
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Complex evolutionin SD X _

Constant mass evolution can be rejected withSD X at

more than 4o for E > 3 EeV[2]

Test: linear fit followed by 3-break fit to the residuals
Linear model y*/NDF = 3.33
3-break model y2/NDF = 1.47
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Complex evolutionin SD X _

Constant mass evolution can be rejected withSD X at
more than 4o for E > 3 EeV[2]

3-break fit produce lower y2/NDF with signatures

similar to the energy spectrum
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Mass sensitive observables

Depth of maximum development: X

X

e Extracted from the longitudinal profile of the
shower

e Currently the most precise mass estimator

Number of muons at ground: N”

e Arrival time of secondary particles at ground

e Direct measurement of muons underground
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Number of muons from inclined showers

For inclined showers, the EM component is absorbed in the
atmosphere and signal at ground correspond predominantly
to muons.

Average number of muons: the measurement does not fall
within the expected range from the models[7].

Relative fluctuations of the number of muons: the
measurements do fall within the expected range from the
models.
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Number of muons with the Underground Muon Detector

Underground Muon Detector: next to SD stations in
the low energy region. Part of Auger Prime, still in

deployment.

Lower energy measurements (closer to LHC data).
First direct measurement of muon content[8]

Larger muon content in data than in predictions, but
compatible with iron primaries.

When XmaX information is considered, datais in

tension with models.
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Summary

e Evidence strongly support mix composition that is lightest

around 2-3 EeV
e Above 3 EeV,UHECRs increase in mass with energy

e Primary beams:
o Mixedunder 1 EeV

o Increasesin purity for energies between 1 to 10 EeV

o 1or2components above 10 EeV

e Energyevolutionof SD X suggest the existence of a
complex structure at energies above 3 EeV

e Tension between predictions of muon content and
experimental results
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Auger Prime

radio antenna

3.8 m? scintillators (SSD) on each SD
station

Upgrade SD electronics

scintiiiator suytace detector

Additional small PMT to increase dynamic iy /e

/ > electronios
range

water-Cherenkov detector

Buried muon counters (UMD) in SD-750
stations

Increase FD uptime

Will increase accuracy of muon
measurements also for individual events
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X

m

o ~ Signalin WCD correlation

Parameter for UHERC composition model-independent
Degree of correlation between X and the signal in WCD at
reference distance (1000 for SD1500): r

o r,<0for mix composition

o rggoestozero as purity increases

Correlation remains significantly negative (6.40 from zero) below

10188 ¢V and then becomes compatible with zero.

Negative values observed below the ankle are compatible only to

mixes with o(ln A) > 1.0
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Complex evolutionin SD X __

X
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Number of muons from inclined showers

Rp: integrated number of muons at ground divided by a reference
value given by N in simulated showers at 1017 eV

Fitted function: considering detector response, physical
fluctuations (o) and the probability distribution of hybrid events

=

24

44 46 48 47 47 49

=Y

10°

100

\ A 4 A\ 4 v \ 4 v \ 4
¢ data 0oy (281 events)

— (RW(E)

Gsys(E)
<+“—>

(Ru)(E) = a[E/(10" eV)]"

a = 1.86+0.02
2% o b = 0.99 +0.02
7 D/n.d.f. = 289.7/273
1 1 I 1 1 1 1 1 1 1 1
1019 1020

E/evV

31



Number of muons from inclined showers

Stars and shaded regions: allowed regions
considering statistical and systematic uncertainties
fromX _ measurements.

Data point: at 1017 eV, with statistical (error bars)
and systematic (square brackets) uncertainties.

None of the predictions is consistent with the
measurement.
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