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The Pierre Auger 
Observatory

• Area: 3000 km2

• Altitude: 1400 m a.s.l.
• Collaboration: 18 countries, 95 institutes

à over 400 members
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Pierre Auger Observatory
Province Mendoza, Argentina



The Pierre Auger 
Observatory
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SD

• Surface Detectors (SD):
• 1,600 water-Cherenkov detectors
• 1.5 km grid spacing

• Fluorescence Detectors (FD):
• 4 buildings, each 6 telescopes
• around the observatory perimeter

• Infill array (enhancement area):
• 60 SD: 750 m grid spacing
• Underground muon detectors (UMD): 

30 m2 scintillators
• High elevation telescopes (HEAT)
• Auger engineering radio array (AERA)

FD



Principle of Measurement
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From air-showers to primary particle
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From air-showers to primary particle
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Lateral distribution

• Fluorescence Detectors (FD):
Measures UV light from 𝑁!
excitements 
Tracks shower development, energy, 
and direction
Night-only (15% duty cycle)

• Surface Detectors (SD):
Detects particles via Cherenkov light
Measures energy and direction
Continuous (100% duty cycle)



Hybrid Detection Technique
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Ruben Conceição

Hybrid technique
✧ Calibration of SD with FD 
✧ FD provides a quasi-calorimetric energy 

measurement 

✧ Improve geometry reconstruction 
✧ For hybrid events 

✧ Better assess/control systematic 
uncertainties 

✧ Different insights of the shower 
✧ Access different shower components 
✧ Test shower consistency

11

Calibration of SD with FD:

• FD provides a quasi-calorimetric

energy measurement

• Improves geometry reconstruction for hybrid events

• Enhances control of systematic uncertainties

SD energy estimators for vertical (two baselines) and inclined events vs. FD energy

Ref: EPJ Web of Conferences 283, 02004 (2023)
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we after?
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UHCR Energy 
Spectrum
• 14 years of data with over 200,000 events

• Deviations from a power law: 

distinct features observed

• UHE features incompatible with 

single mass models

• Suppression due to propagation effects 

and/or source exhaustion
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Ref: Eur. Phys. J. C 81, 966 (2021)
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Mass Composition 
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PoS(ICRC2023)365

Mass Composition at the Pierre Auger Observatory Eric Mayotte
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Figure 1: The first (left)
and second (right) moments
of -max distributions mea-
sured with the FD [8], the
SD [9], AERA [10], and
HEAT [7] during Phase-I.
Note: the systematic uncer-
tainties on h-maxi for the SD
and FD are correlated.

Of the available techniques, the measurement of -max using hybrid events delivers the highest
resolution and lowest model dependence. However, it is also limited by the low uptime of the
FD, -max dependent aperture, and the need to correct for atmospheric conditions. As a result of
this, hybrid measurements struggle with low statistics and relatively high systematics, limiting their
power at energies above 1019.5 eV, an energy range critical to identifying astrophysical sources [11].
Statistics can be improved by deducing UHECR composition from SD data. However, unlike the
FD, the SD can not directly observe the development of showers. Instead, SD methods must analyze
the timing structure and distribution of particles arriving at the ground to extract signatures related
to shower development and primary particle type. For example, a data-driven method used the
mean risetime of signals from SD stations in an event (�) as it is related to the proximity of the
shower maximum to the ground. By evaluating how the mean value of � evolved with energy,
the mass trends seen in the Hybrid data were confirmed and extended to 100 EeV [12]. The most
recent SD-only composition analysis applies machine-learning algorithms to the WCD signal traces
collected to simultaneously leverage all SD information to estimate shower -max directly, delivering
a strong improvement over earlier techniques [9, 13]).

The direct measurement of -max, when combined with predictions from hadronic interaction
models, allows for the straightforward calculation of the first two moments of the log of the mass
of the primary particles (ln �) making up the UHECR beam. An overview of the moments of
ln � is shown in Fig. 2, which likewise shows impressive agreement between FD and SD-derived
measurements. The plot of first moments (hln �i) describes the energy evolution of the mean
mass of primary cosmic rays and clearly shows the beam first becoming lighter before turning
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Auger ICRC23 - Preliminary Figure 2: The first (left)
and second (right) mo-
ments of ln � distributions
derived from the FD and
SD Phase-I -max moments
in Fig. 1 using QGSJet-
II.04 (grey) [14], EPOS-
LHC (blue) [15], and Sibyll
2.3c (red) [16].

3

Ref: ICRC2023)365 

PurerMore mixed

Lowest mass around 2 EeV

• The primary composition shifts from lighter to heavier elements as energy increases
• The composition becomes progressively purer above the ankle

First and second moments of the X max distributions Vs. Energy



Composition 
Enhanced 
Spectrum
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• Protons are minimal above the 
ankle and rare at the highest 
energies

• Iron is nearly absent from 
10^18.4 to 10^19.4 eV
à

• Sources have low cutoff 
energies (𝐸"#$ ≲ 𝑍×5 EeV)

• hard spectra (𝛾 ≲ 1)
• heavy composition

Figure 4. The combined effect of the experimental uncertainties (left) and of the uncertainties from models (right) on the all-particle
energy spectrum and on the partial contributions of the different mass groups at Earth.

However, it is worth stressing that the impact of changing
the propagation models on the deviance and on the pre-
dicted fluxes at Earth is encompassed by the effect of the
experimental systematic uncertainties.

5 Effect of the cosmological evolution of
sources

We repeated the fit considering, for each population of
sources, three different models for the cosmological evolu-
tion of the source emissivity, parameterised as ∝ (1 + z)m,
namely m = +5, +3 and −3, in addition to the no-evolution
(m = 0) case considered so far. Each one of these choices
can be associated to different classes of sources [13].

In this analysis we consider an evolution (1 + z)m with
constant m in the entire considered redshift range (up to
z = 10), but we have verified that other possibilities for the
behaviour of the evolution at z > 1 have only a small im-
pact on the LE component, not affecting our main conclu-
sions, and a completely negligible effect on the HE com-
ponent. This can be explained by the fact that practically
all nuclei reaching us with energies ≥ 1017.8 eV originate
from z ! 3, and in particular those with E " 1018.4 eV
from z ≤ 1.

Since the LE and HE populations might be accelerated
in different classes of sources, they could have different
source evolutions. Hence, we consider all sixteen possible
pairs of evolutions among m ∈ {−3, 0,+3,+5}. Our results
in terms of total deviance are summarised in Fig. 5.

A positive (negative) evolution means that particles
were on average accelerated longer ago (more recently)
than in the no-evolution scenario, and hence had the time
to undergo more (fewer) interactions in intergalactic space.
The effects are more noticeable for the HE population, as
interactions are more frequent at high energies. In the case
of a strong positive (m = 5) evolution of the HE compo-
nent, corresponding to the last column in Fig. 5, its sec-
ondary flux at ankle energies exceeds the observed all-
particle spectrum, so that no good fit of the data is possible
(D ∼ 1000), regardless of the source evolution of the LE

Figure 5. The total deviance is colour-coded as in the right bar
and shown for all the possible combinations of source evolution
of the two populations. The values of m are shown on the axes.

component. On the other hand, the scenarios with no evo-
lution for the HE population appear to be favoured overall,
though acceptable fits can also be found with a weak evo-
lution (m = ±3).

Additional constraints on the cosmological evolution
of sources may be obtained by considering the flux of the
expected cosmogenic neutrinos associated to the best-fit
results of each chosen source evolution scenario. In fact,
cosmogenic neutrinos do not undergo any interactions dur-
ing their propagation, except for adiabatic energy losses
due to the expansion of the Universe and flavour oscil-
lations, so they can reach us even from very high red-
shifts, providing complementary information to that avail-
able from UHECR measurements.

In general, the contribution of the HE population to
the flux of expected neutrinos is negligible, regardless of
its cosmological evolution: due to its rather low rigidity
cutoff, the pion photoproduction interactions cannot occur
on CMB photons, but only on the EBL ones, which con-
tributes to the neutrino flux to a lesser extent because of
the much greater interaction length. As a consequence,

EPJ Web of Conferences , 02013 (2023) https://doi.org/10.1051/epjconf/202328302013283
UHECR 2022
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Ref: A. Abdul Halim et al 283, 02013 (2023) 



Assessing Muon Contributions 
in Air Showers
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• Data selection:

• Golden hybrid events: 281 events over 14 years

• Zenit angels: 62° to 80°

• Energy: 𝐸 > 4	×10!" eV

• Measurements:

• FD: Energy measurements

• SD: Muon number estimation

à Relate muon count to primary energy

Ref: A. Aab et al. Phys. Rev. Lett. 126 (2021) 152002

Muon number estimator (Rμ ) as a function of cosmic ray energy

Tim Huege <tim.huege@kit.edu>2

Air-shower radio emission

EAS emit very short, coherent, forward-beamed radio pulses
Typical detection bands: 30-80 MHz, 50-200 MHz, but up to 1 GHz
Originally discovered 1965 (after predictions), field revived in early 2000s
Nowadays very mature technique, both experimentally and theoretically

Workshop on tuning hadronic interaction models - 01/2024



Muon Puzzle

Result: Muon fluctuations align with models, 
but muon counts do not!

Remedies:
• Increase hadronic energy fraction 𝜶

in the first interaction

à Impractical due to fine-tuning

• Introduce 𝜹𝜶 across all generations: 

à Not supported by LHC data
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Arrival direction: Large Scale
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Cosmic-ray flux map in galactic coordinates for energies E≥8 EeV Normalized rate of events as a function of right ascension 

• The 3D dipole above 8 EeV is oriented ~125° from the galactic center
• Its position aligns with mixed composition deflected by galactic magnetic fields
• Arrows indicate expected particle deflections by the galactic magnetic field for E/Z = 5 or 2 EeV

The first-harmonic modulation aligns well with the data 
(X2/n = 10.5/10); the dashed line represents a constant functionRef: The Pierre Auger Collaboration, Science 357, 1266–1270 (2017)



Arrival Direction: Intermediate Scale
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Whole sky blind search: Excess 5.4σ, Ψ=24° & E=41EeV
• Tested 4 different catalogues, 

including starburst galaxies and AGNs
• A model-independent analysis of the 

Centaurus region finds a 4.1σ significance

A 5σ discovery is expected by late 2025 
with Ψ = 27°

Cosmic-ray flux map in galactic coordinates for energies E≥40 EeV

Ref: P. Abreu et al 2022 ApJ 935 170



Arrival Direction: Intermediate Scale
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Whole sky blind search: Excess 5.4σ, Ψ=24° & E=41EeV
• Tested 4 different catalogues, 

including starburst galaxies and AGNs
• A model-independent analysis of the 

Centaurus region finds a 4.1σ excess

A 5σ discovery is expected by late 2025 
with Ψ = 27°

→ Auger Phase II: event-by-event primary mass information – composition enhanced anisotropy studies

Cosmic-ray flux map in galactic coordinates for energies E≥40 EeV

Ref: P. Abreu et al 2022 ApJ 935 170



Searching for Neutral Particles
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Ref: P. Abreu et al. [Pierre Auger Coll.], Universe 8 (2022) 579 Ref: (ICRC2023)1488

No UHE photons or neutrino have been observed yet 

Upper limits on the integral photon flux at 95% C.L. Upper limits on the diffuse flux of neutrinos at 95% C.L.
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AugerPrime: 
Observatory Upgrade

• Scintillator-based Surface Detector (SSD) on Water 
Cherenkov Detector (WCD) 
→ measure shower e/μ

• Added smaller PMT in WCD
→ increase dynamic range

• New upgraded electronics board (UUB) 
→ improve data processing.

• Radio Detector (RD) atop WCD 
→ enhance composition measurements, particularly for 
horizontal events
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AugerPrime: 
Observatory Upgrade

• Scintillator-based Surface Detector (SSD) on Water 
Cherenkov Detector (WCD) 
→ measure shower e/μ

• Added smaller PMT in WCD
→ increase dynamic range

• New upgraded electronics board (UUB) 
→ improve data processing.

• Radio Detector (RD) atop WCD 
→ enhance composition measurements, particularly for 
horizontal events (100% duty cycle)
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WCD

SSD

RD

The AugerPrime Upgrade

4

Surface Scintillator Detector (SSD):
● Measure mass composition in combination with the WCD 

○ 3.8 m2 area, 1 cm thick
○ Muons and electrons deposit about the same amount of 

energy
○ Sensitive to charged particle density

➞ Disentangling different components of shower possible with 
multi-parametric analyses

Radio Detector (RD):
● Measure radio emission of showers in atmosphere (30-80 MHz)

○ Radio emission not absorbed in atmosphere 
→ Depends on source distance not amount of traversed matter

○ Inclined air showers can be detected by a sparse 
antenna grid

○ Shower footprint provides sensitivity to Xmax



AugerPrime: 
Deployment Status
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Stations with RD + SSD + UUB

Stations with UUB 

Stations with SSD + UUB

Stations with RD + UUB

Pre-upgrade stations

October 2024



Auger Phase 2: 
Enhanced Era
with AugerPrime

• Measure mass composition on an 
event-by-event basis

• Investigate the nature and origin of 

UHECRs
• Detect UHE neutrinos and photons
• Test new physics at the UHE scale
• Explore geophysical sources of high-

energy particles, and more

Figure 7. Mean depth of shower maximum Xmax (left), its fluctuations (center) and the relative muon number at 38� (right), evaluated
for the two scenarios (1=maximum rigidity model; 2=photo-disintegration model) using simulated SD data only, for pure proton and
iron compositions.

3.2 Is there a proton fraction at UHE?

In the first scenario, no protons can reach us from above
50 EeV, while on the contrary we would see a large frac-
tion of them in the second one.
To explore the feasibility of detection of a small fraction
of protons with AugerPrime in the framework of Scenario
1, we artificially added a contribution of 10% protons to
it (“Scenario 1p”). The proton-rich sample was produced
by assigning to these events a proton-like Xmax, i.e. an
Xmax > 700 g/cm2 at 10 EeV, adjusted to the event energy
with an elongation rate of 55 g/cm2 per decade.
The di↵erence � between the means of the distributions as
obtained from the two scenarios (“1” and “1p”) divided by
the statistical uncertainty is shown in Fig. 8 for each ob-
servable. As shown in the figure by the black line, the best
separation power is obtained by constructing a combined
significance using all observables at our disposal:

�2 = �2(< Xmax >) + �2(RMS (Xmax))

+ �2(< Rµ,38� >) + �2(RMS (Rµ,38� )) (3)

We conclude that using this combination and integrating
above 10 EeV we might be able to distinguish between
Scenario 1 and 1p (i.e. to observe a fraction of protons
as low as 10%) at the highest energies with more than 5�
after 5 years of operation of AugerPrime.

3.3 Composition-wise anisotropy studies

To study the gain in sensitivity with AugerPrime in the
search for the sources of ultra-high energy cosmic rays, we
used the arrival directions of 454 events with E > 4 ⇥ 1019

eV measured at ✓ < 60� [24], assigning them random Xmax

values according to Scenario 1. A 10% enhanced proton
fraction was then implemented as in the previous study
(Scenario 1p). Furthermore, we randomly assigned to 50%
of these protons an arrival direction corresponding within
3� to one of the AGNs of the Swift-BAT catalog, chosen
among those with distances within 100 Mpc [25].
The angular correlation is shown in Fig. 9. It is not signifi-
cant when considering the complete data set of 454 events

Figure 8. Significance of distinguishing Scenarios 1p and 1 (with
and without at least 10% protons respectively) as a function of
the operation time of AugerPrime.

without composition information (left panel of the figure),
but with the proton-enriched sample a correlation in ex-
cess of 3� is clearly evident (right panel). As expected,
no excess of pairs is found with the AGNs for the proton-
deprived selection (central plot), as in this case the angular
correlation is just due to statistical fluctuations.

3.4 Neutral particles limits

Auger observations provided the currently most stringent
limits on the flux of photons at energies above 1019 eV and
severe constraints on cosmogenic neutrinos [26, 27].
Even better limits are expected to be reached with Auger-
Prime: five more years of data will provide us with a
large increase in statistics, the new electronics will allow
the introduction of more e�cient triggers, a reduction of
the hadronic background will be possible thanks to an im-
proved muon discrimination.
In Fig.10, the current limits for both photons and neutri-
nos are shown together with preliminary calculations of
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Xmax, Fluctuations, and Muon Number for Rigidity for Different Source Models

Ref: EPJ Web of Conferences 210, 06002 (2019) 


