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The Pierre Auger Observatory
Malargüe, Mendoza (Argentina)

∼ 3000 km2

Pierre Auger, NIMA 798 (2015) 172–213

SD1500 = Surface Detector array of 1600 water Cherenkov stations (∼ 3000 km2)
SD750 = 61 water Cherenkov stations (∼ 27 km2)

FD = 4 Fluorescence (24 + 3) detectors
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Fig. 1 The layout of the SD and FD of the Pierre Auger Observatory
are shown above. The respective fields of view of the five FD sites are
shown in blue and orange. The 1600 SD locations which make up the
SD-1500 are shown in black while the stations which belong only to
the SD-750 and the boarder of this sub-array are highlighted in cyan

well-accredited, a full understanding of how it occurs is hence
lacking. The approximately power-law shape of the spectrum
in this energy range may mask a complex superposition of
different components and phenomena, the disentanglement
of which rests on the measurements of the all-particle energy
spectrum, and of the abundances of the different elements as
a function of energy, both of them challenging from an exper-
imental point of view. On the one hand, the energy range of
interest is accessible only through indirect measurements of
CRs via the extensive air showers that they produce in the
atmosphere. Therefore, the determination of the properties
of the CRs, especially their mass and energy, is prone to
systematic effects. On the other hand, different experiments,
different instruments and different techniques of analysis are
used to cover this energy range, so that a unique view of
the CRs is only possible by combining measurements the
matching of which inevitably implies additional systematic
effects.

The aim of this paper is to present a measurement of the CR
spectrum from 1017 eV up to the highest observed energies,
based on the data collected with the surface-detector array of
the Pierre Auger Observatory. The Observatory is located in
the Mendoza Province of Argentina at an altitude of 1400 m
above sea level at a latitude of 35.2◦ S, so that the mean
atmospheric overburden is 875 g/cm2. Extensive air showers
induced by CR-interactions in the atmosphere are observed
via a hybrid detection using a fluorescence detector (FD) and
a surface detector (SD).

The FD consists of five telescopes at four sites which
look out over the surface array, see Fig. 1. Four of the tele-
scopes (shown in blue) cover an elevation range from 0◦

to 30◦ while the fifth, the High Elevation Auger Telescopes
(HEAT), covers an elevation range from 30◦ to 58◦ (shown
in red). Each telescope is used to collect the light emitted
from air molecules excited by charged particles. After first
selecting the UV band with appropriate filters (310–390 nm),
the light is reflected off a spherical mirror onto a camera of
22×20 hexagonal, 45.6 mm, photo-multiplier tubes (PMTs).
In this way, the longitudinal development of the particle cas-
cades can be studied and the energy contained within the
electromagnetic sub-showers can be measured in a calori-
metric way. Thus the FD can be used to set an energy scale
for the Observatory that is calorimetric and so is independent
of simulations of shower development.

The SD, the data of which are the focus of this paper,
consists of two nested hexagonal arrays of water Cherenkov
detectors (WCDs). The layout, shown in Fig. 1, includes the
SD-1500, with detectors spread apart by 1500 m and total-
ing approximately 3000 km2 of effective area. The detectors
of the SD-750 are instead spread out by 750 m, yielding an
effective area of 24 km2. SD-750 and SD-1500 include iden-
tical WCDs, cylindrical tanks of pure water with a 10 m2 base
and a height of 1.2 m. Three 9” PMTs are mounted to the top
of each tank and view the water volume. When relativistic
secondaries enter the water, Cherenkov radiation is emitted,
reflected via a Tyvek lining into the PMTs, and digitized using
40 MHz 10-bit Flash Analog to Digital Converters (FADCs).
Each WCD along with its digitizing electronics, communi-
cation hardware, GPS, etc., is referred to as a station.

Using data collected over 15 years with the SD-1500, we
recently reported the measurement of the CR energy spec-
trum in the range covering the region of the ankle up to the
highest energies [20,21]. In this paper we extend these mea-
surements down to 1017 eV using data from the SD-750: not
only is the detection technique consistent but the same meth-
ods are used to treat the data and build he spectrum. The
paper is organized as follows: we first explain how, with the
SD-750 array, the surface array is sensitive to primaries down
to 1017 eV in Sect. 2; in Sect. 3, we describe how we recon-
struct the showers up to determining the energy; we illustrate
in Sect. 4 the approach used to derive the energy spectrum
from SD-750; finally, after combining the spectra measured
by SD-750 and SD-1500, we present the spectrum measured
using the Auger Observatory from 1017 eV upwards in Sect. 5
and discuss it in the context of other measurements in Sect. 6.
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Largest Ultrahigh Energy 
(E > 1017 eV) Cosmic-Ray 
detector in the world



Hybrid detection of UHECR-induced showers in Auger
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Design targets of SD:
ü Self-contained & autonomous Surface Detector stations

ü In-situ calibration of SD stations (by cosmic-ray muons)

ü 100% duty cycle

ü Measurement of time structure of signals of shower front

ü Sensitivity to showers arriving at large zenith angles 

Timeline
• Conceived in 1991

• Site selection 1995

• Engineering Array 2001

• Construction started 2002

• First data 2004. First physics 2005

• Full Auger construction ended 2008

• Taking data continuously

with full Auger for the last 14 years

Building the Surface Detector (SD) of the
Pierre Auger Observatory

Assemblying SD stations Deploying Filling with water
& installing electronics

Pierre Auger, NIMA 798 (2015) 172–213



Water-Cherenkov stations
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• Records Cherenkov light in water produced
by the passage of charged shower particles
mainly muons and electrons + positrons

• Photons can also convert in water and 
produce a shower inside the tank

Cylindrical
polyethylene
(tough) tank

Colored beige to 
blend with 
landscape

3.6 m diameter, 
1.2 m height

530 kg + 12 tons of 
water

Three 9-inch PMT 
looking downwards

Reflective inner 
Surface (liner)

Self-powered
1solar panel + 12 V 

batteries

Power consumption: 
10 Watts

Wireless 
communication with 

central data 
acquisition system

GPS receiver
Electronics

protected by
aluminum dome



Cosmic-ray event
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SD event reconstruction
Date                          2006 July 5 
Energy                      97 +/- 8 EeV
Zenith angle            58.7 deg.
Ntanks triggered 30

Signals are digitized in FADC 
traces with 25 ns time resolution

Two of the stations used for reconstruction

A random coincidence station

https://opendata.auger.org/

https://opendata.auger.org/


Calibration of Water-Cherenkov stations
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Charge histogram (in black) from an SD 
station, triggered by a 3-fold coincidence

between all 3 PMTs. 

There are 1600 stations in the SD1500 that
behave slightly different from each other.

Calibration

Cherenkov light is measured in units of the
signal produced by a vertical & central 
through-going muon, a vertical-equivalent
muon (VEM). 

The goal of SD calibration is to measure the
value of 1 VEM in “electronic” units.

à Conversion to units of VEM needed to
provide a common reference level

Atmospheric muons pass through each SD 
detector at a rate 2500 Hz and produce a 
peak in the charge histogram collected
every minute. 

The peak of the charge distribution Qpeak
VEM

is 1.09 VEM and provides the conversion. 

Peak due to vertical 
through-going
atmospheric muons

Qpeak
VEM

X. Bertou et al., NIMA 568 (2006) 839–846
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Upcoming tau neutrino

Search for UHE neutrinos with Auger SD1500
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In Auger: Neutrino signature → inclined showers that develop close to ground
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Top of the atmosphere

Earth

Downward-going neutrino

Inclined showers (q > 60 deg.) are the key to identification of UHE neutrinos

• Protons & nuclei initiate inclined showers high
in the atmosphere => Shower front at ground
mainly composed of muons (electromag. 
component absorbed in atmosphere).

• Neutrinos can initiate “deep” showers close to 
ground => Shower front at ground: 
electromag. + muonic components

In TAMBO: Neutrino signature → more vertical showers (from other side of valley)



Selection of inclined showers: 
3 observables
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(1) Elongated footprint of
shower on the ground

(2) Apparent velocity V of propagation of
shower front at ground along major axis L

Vertical shower

V >> c

Horizontal shower

V ～ c

(3) Reconstructed q > 60 deg
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⇒ induce Time-over-Threshold (ToT) 
triggers in the SD stations

and/or
⇒ have large Area-over-Peak (AoP) value

(AoP～ 1 muonic front)

Definition of Area-over-Peak (AoP)

Water Cherenkov stations do NOT 
efficiently separate muons from
electrons but, the electromagnetic
component induces extended 
signals in time in the FADC traces

Searching for neutrinos ⇒
Searching for inclined showers with stations

with large values of Area-over-Peak

Identifying neutrinos in Auger data

Pierre Auger, PRD 91, 092008 (2015)



Sensitivity to all flavours & channels in Auger

τ decay 

muonic component of the shower

E-M component of the shower

first interaction 

1) regular shower 
initiated by proton

detector
5) down-going shower

initiated byν τ

τ

3) up-going shower
initiated byν τ

τ

2) deep shower
initiated byν

4) double-bang shower
initiated byν τ

τ

Three selection criteria

Earth-skimming (3)

DGL (60º - 75º)
DGH (75º - 90º)
ES    (90º - 95º)

Down-going low angle (2 and 4)
Down-going high angle (2, 4 and 5)
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More details on selections in 
Pierre Auger Collab.,  PRD 91, 092008 (2015)

Three selections depending on zenith angle : 
Earth-Skimming (ES) → (90o, 95o)
Downward-going high-angle  (DGH) → (75o, 90o)
Downward-going low-angle (DGL) → (60o, 75o)



Data unblinding: Earth-Skimming channel
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Distribution of mean Area-over-Peak <AoP> in highly inclined events

No neutrino candidates in the Earth-Skimming channel
Large neutrino-selection efficiency => sensitivity dominated by exposure, 
NOT by background

Auger data 
1 Jan 04 - 31 Dec 2021

PRELIMINARY

• Pierre Auger
JCAP 10 (2019) 022
• Auger at UHECR 2022 

L´Aquila (Italy)
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Monte Carlo simulation
Earth-Skimming neutrino

Background (UHECR) 
inclined event in data

• Black arrow parallel to projection of shower axis on ground
• Numbers on top of each station indicate <AoP> - the discriminating observable for Earth-Skimming n



PRELIMINARY

Upper limit to 
diffuse flux of 
UHE neutrinos 
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• No neutrino candidates in data Jan 04 – Dec 21 => restrictive upper limits to 
neutrino flux in the cosmic particle beam at EeV energies.

• Very small background to n identification => Auger sensitivity limited by exposure
• UHEn are produced in interactions of UHECR ⇒ Auger limits constrain models

assuming pure proton primary cosmic beam

Auger data: 
1 Jan 2004 – 31 Dec 2021

• Pierre Auger
JCAP 10 (2019) 022
• Auger at UHECR 2022 

L´Aquila (Italy)

Flavor of
neutrino

Fractional
contribution
to event rate

ne 10 %
nµ 4 %
nt 86 %

(assuming an E-2 flux)
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Role of topography at Auger site
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§ Topography affects both the Earth-Skiming (90º  – 95º) 
channel and to downward-going (88º  – 90º ) neutrinos

§ Topography contributes (roughly) with 17% to the
TOTAL neutrino event rate (assuming an E-2 flux)

Digital Elevation map of the Auger site

Length in rock (km) vs direction for
observers at different locations in the
SD1500

Andes mountain rangeNorth

South

West
East

Auger SD



Stability of the SD1500 array of Pierre Auger
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Pierre Auger
JCAP 11 (2019) 004

Construction period Full SD1500 period

Effective area vs time for different neutrino channels

TAMBO target effective area at 1016 eV



Sky coverage of Auger SD1500
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Auger “sees” ∼ 30% of the sky at 
each instant of time in the zenith
angle ranges where sensitivity to
UHE neutrinos is largest. 

Covering all right ascensions
(due to 100% duty cycle)

Pierre Auger
JCAP 11 (2019) 004

Sensitivity to UHE neutrinos in  
declination ranges between close to
South Celestial Pole to 60 deg North

Instantaneous sky coverage

Time per day (hr) a source is visible vs declination

Movement of a 
source with time
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Follow-up of GW170817 in neutrinos
Binary Neutron Star Merger + short GRB

ANTARES, IceCube, Auger, LIGO & Virgo 
Astrophys. J. Lett. 850, L35 (2017) 

The NS-NS merger was in an optimal position for the detection of UHE 
tau neutrinos from Auger at the instant of emission of GW170817



Limits to n from Binary NS-NS event GW170817: 
ANTARES, Auger & IceCube
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• Neutrino limits based on non-
observation in ± 500 sec & +14 days-
time windows

• Lack of neutrino detection
consistent with expectations from a 
short GRB viewed at a large off-axis 
angle ≳ 20o (in agreement with
LIGO/Virgo & GRB observations)

ANTARES, IceCube, Auger, LIGO & Virgo 
Astrophys. J. Lett. 850, L35 (2017) 



Multimessenger Astronomy at UHE with Auger
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IceCube Collab. et al. Science 361, 146 (2018) 

22 Sep. 2017 High-Energy n discovered 
by IceCube directionally coincident with 
gamma-ray blazar (AGN) TXS 0506+056. 
First identified source of high-energy

astrophysical neutrinos 

Blazar TXS 0506+056 
z ∼ 0.34 (∼ 1.8 Gpc)

corresponds to 7.5 yr, the whole observation time that the
IceCube detector had been in operation at the time of detection.
We here address similar scenarios of half a year and the whole
observation period of the Pierre Auger Observatory, which is
15 yr from 2004 January 1 to 2018 August 31. We note that
periods over which the SD was unstable have been removed
from the analysis and that during the first four years of
operation the effective area was a rapidly growing function of
time because the Observatory was under construction until
2008 June.

The average spectral fluxes of UHE neutrinos with a fixed
spectral index (~ g-E ) that would produce a single event at the
Observatory for these two periods are displayed in Figure 3 for

a spectral index of γ=2.0, assumed to hold in the energy
range between 100 PeV and 10 EeV and to be constant in time
during the corresponding time period. In this plot they are
compared to the fluxes obtained from the neutrino detected in
2017 September 22 and inferred to have energy of order few
hundred TeV, considering a period of half a year and 7.5 yr.
The plot also displays the average VHE gamma-ray flux
detected with Fermi-LAT and MAGIC over periods within a
couple of weeks around the neutrino detection date of 2017
September 22 (Aartsen et al. 2018b). These gamma-ray fluxes
correspond to the reported flaring activity and have not been
corrected for absorption in the extragalactic background light.
They are considerably larger than the average gamma-ray

Figure 2. Hours per day a source is visible in each of the search channels as a function of decl. The decl. of TXS 0506+056 is marked with an arrow.

Figure 3. UHE flux reference that would give one expected neutrino event at the Pierre Auger Observatory over a period of half a year (2017 March 22–September 22)
for a spectrum µ -dN dE E 2 in comparison to the flux that would produce on average one detection like the IceCube-170922 A event over the same period (solid red
and black lines). Flux references are also shown for the Pierre Auger Observatory for a period of ∼15 yr during which it has taken data (2004 January 1–2018 August
31) and for a period of 7.5 yr for IceCube (Aartsen et al. 2018b; dashed red and black lines). The average VHE and UHE photon fluxes measured with Fermi-LAT and
MAGIC around 2017 September 22 (Aartsen et al. 2018b), and the archival photon measurement from Fermi-LAT (Acero et al. 2015), as well as the UHE photon flux
from this direction that would give one expected photon event in half a year at the Pierre Auger Observatory, are also shown for comparison.

6

The Astrophysical Journal, 902:105 (8pp), 2020 October 20 Aab et al.

Pierre Auger. Astrophys. J., 902, 105 (2020) 

No candidate neutrinos from direction
of TXS @ EeV energy in Auger

⇩
First upper limits to the UHE neutrino 

& photon flux from an identified
neutrino source



Extension of the Auger Observatory: AugerPrime
Instrument water-Cherenkov stations with ∼4 m2 scintillators & antennas on top

Improve composition determination on shower-by-shower basis (the enhanced
discrimination of muon & electromagnetic component should benefit n detection)

Timeline: Data taking with upgraded array until 2025 (possibly until 2030)

22

Scintillator Water
Cherenkov
Detector

Radio 
antenna

With scintillator
With scintillator & electronics
Without scintillator

AugerPrime ICRC 2021

Fully-equipped AugerPrime Surface 
Detector station

https://pos.sissa.it/395


Thank you for the invitation
and for your attention
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Trigger of the SD1500
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Station level triggers (T1, T2):
• Time-over-Threshold (ToT) 
• Threshold (TH)

Event triggers (T3) 
• ToT2C1 & 3C2
• 2C1 & 3C2 & 4C4
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Exposure of SD1500: 1 Jan 2004 – 31 Dec 2021

26

• Pierre Auger
JCAP 10 (2019) 022
• Auger at UHECR 2022 

L´Aquila (Italy)

PRELIMINARY
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UHECR 2022 at L´Aquila, Italy
1 Jan 2004 – 31 Dec 2021

Expected neutrino event rate for selected models



Instantaneous effective area Aeff: 
sensitivity to transient sources

Large area of SD of Auger => unrivalled sensitivity to transient point-like sources at 
EeV (as long as source is located in sky in the FoV of Earth-Skimming channel).

28

Pierre Auger
JCAP 11 (2019) 004



Limits to point-like & steady neutrino sources
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Broad range in declination where n can be efficiently identified with Auger: 
two ”sweet” spots around declinations -55o and +55o

IceCube, Astrophys.J. 835, 151 (2017)    ANTARES, PRD 96, 082001 (2017)

NOTE: 
complementary
energy ranges of 
experiments

Pierre Auger
JCAP 11 (2019) 004
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Contribution to Snowmass 2021 Whitepapers

CONTENTS 96

Experiments Phase &  
Online Date

Energy 
Range Site

Tau 

All Flavor

O
ptical / U

V

R
adio

Show
ers

H
2 0

Atm
osphere

Earth’s lim
b

Topography

Lunar R
egolith

Em
bedded

Planar Arrays

Valley

M
ountains

Balloon

Satellite

IceCube 2010 TeV-EeV South Pole ✓ ✓ ✓ ✓
KM3NeT 2021 TeV-PeV Mediteranean ✓ ✓ ✓ ✓

Baikal-GVD 2021 TeV-PeV Lake Baikal ✓ ✓ ✓ ✓
P-ONE 2020 TeV-PeV Pacific Ocean ✓ ✓ ✓ ✓

IceCube-Gen2 2030+ TeV-EeV South Pole ✓ ✓ ✓ ✓ ✓
ARIANNA 2014 >30 PeV Moore's Bay ✓ ✓ ✓ ✓

ARA 2011 >30 PeV South Pole ✓ ✓ ✓ ✓
RNO-G 2021 >30 PeV Greenland ✓ ✓ ✓ ✓
RET-N 2024 PeV-EeV Antarctica ✓ ✓ ✓ ✓
ANITA 2006,2008,2014,2016 EeV Antarctica ✓ ✓ ✓ ✓ ✓ ✓
PUEO 2024 EeV Antarctica ✓ ✓ ✓ ✓ ✓ ✓

GRAND 2020 EeV China / Worldwide ✓ ✓ ✓ ✓ ✓ ✓ ✓
BEACON 2018 EeV CA, USA/ Worldwide ✓ ✓ ✓ ✓ ✓

TAROGE-M 2018 EeV Antarctica ✓ ✓ ✓ ✓ ✓
SKA 2029 >100 EeV Australia ✓ ✓ ✓ ✓

Trinity 2022 PeV-EeV Utah, USA ✓ ✓ ✓ ✓
POEMMA >20 PeV Satellite ✓ ✓ ✓ ✓ ✓ ✓
EUSO-SPB 2022 EeV New Zealand ✓ ✓ ✓ ✓

Pierre Auger 2008 EeV Argentina ✓ ✓ ✓ ✓ ✓ ✓ ✓
AugerPrime 2022 EeV Argentina ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Telescope Array 2008 EeV Utah, USA ✓ ✓ ✓ ✓ ✓
TAx4 EeV Utah, USA ✓ ✓ ✓

TAMBO 2025-2026 PeV-EeV Peru ✓ ✓ ✓ ✓
Operational
Prototype
Planning

Technique GeometryNeutrino TargetFlavor 

Projected full operations
Date protoype operations began or begin

Date full operations began

Figure 53. Landscape of operating and planned experiments [301, 302, 501–504,
506, 566–579] sensitivity to tau neutrinos at the highest energies showing their flavor
sensitivity, detection technique, and geometries. The flavor sensitivity column indicates
which experiments have observation channels sensitive only to tau neutrinos and those
that are sensitive to all flavors but that need to tag tau neutrinos using event topology.
Experiments in di↵erent stages (operational, prototype operation or development, or
planned full operations) are indicated with the grey bands. Colors are the same as
those in Fig. 54. See text for more details about each experiment.

Showers: The second possibility is to search for the showers produced in both charged2501

and neutral current neutrino interactions. The detection of showers opens many2502

possibilities. The showers can develop in a dense medium such as water or ice but2503

they can also develop in thinner ones like the atmosphere. Showers that develop in the2504

atmosphere can be detected from very far distances if they are energetic enough, as will2505

be discussed below. This channel is in principle sensitive to all flavors. Neutral currents2506

produce showers of hadronic type with typically about 20% of the neutrino energy at2507

UHE according to the Standard Model predictions, with no di↵erence between flavors.2508

However in the case of charged currents electron neutrinos transfer the remaining energy2509

(80%) to an electromagnetic shower which is typically mixed with the hadronic one. As2510

a result the sensitivity to electron neutrino showers is maximal relative to the other two2511

flavors. Showers induced through stochastic energy losses of muons or tau leptons can2512

increase their detection probability, particularly for very energetic leptons [580]. More2513

Landscape of operating and planned
experiments sensitive to tau neutrinos

”Tau Neutrinos in the Next Decade: from GeV to EeV”,
Journal of Physics G: Nuclear and Particle Physics 49, 11 (2022)
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”Tau Neutrinos in the Next 
Decade: from GeV to 
EeV”,Journal of Physics G: 
Nuclear and Particle
Physics 49, 11 (2022)

Expected
differential
90% CL 
sensitivity to
the diffuse
neutrino flux 
of several
experiments
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“Ultra-High Energy Cosmic Rays (UHECRs):
The Intersection of the Cosmic and Energy Frontiers”
Snowmass 2021, submitted to Astropart. Phys. 

Multimessenger
plot showing: 
• Auger photon

and neutrino 
limits

• UHECR 
spectrum

• IceCube
neutrino fluxes
and limits

Pierre Auger UHE neutrino & photon limits

arXiv:2205.05845

Pierre Auger, JCAP 10 (2019) 022
Pierre Auger, JCAP 11 (2019) 004

No UHE neutrino 
candidates found
in Auger data

https://arxiv.org/abs/2205.05845
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Surface Detector (SD) event

E ~ 3 x 1019 eV, Zenith angle ~ 28º 

Shower profile reconstr. from 
Fluorescence (FD) data

Xmax

footprint of event

Lateral 
distribution 
of signal 

Examples of signal vs time in 2 stations (25 ns bin)

Deposited energy vs depth in atmosphere

Hybrid (FD + SD) event



Monitoring & maintenance of the SD array
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§ The SD data-taking runs non-stop with almost no intervention. 
• Duty cycle > 95% in the last 15 years

§ The operation of the whole SD is monitored online. 
• Different alarms are set on various parameters, if an urgent problem is

detected the local staff intervenes for maintenance service.
• Detectors are exposed to severe environmental conditions: thermal

variations, humidity, wind, salinity, dust, flooding, ground erosion, 
damages caused by local fauna and vandalism or theft.

§ Detectors out of operation:
• Black Tanks (have not sent any trigger in the last 24 hours) 
• Grey Tanks (only one PMT out of the 3 is working). 
• A very large number of Black Tanks is due to general problems of

power or communication. 
• To keep the number of Black + Gray Tanks around 40-50, about 3 field

trips per week are required to some of them, and periodical
maintenance trips, especially for PMTs, are conducted.


