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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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The Pierre Auger Observatory
Malargüe, Mendoza (Argentina)

SD1500 = Surface Detector array of 1600 water
Cherenkov stations (∼ 3000 km2)
SD 750 = 61 water Cherenkov stations (∼ 25 km2)

FD = 4 Fluorescence buildings (24 + 3) detectors

∼ 3000 km2
35.5º S, 69.3º W
1400 m a.s.l. (870 g cm-2)

Pierre Auger, NIMA 798 (2015) 172–213



Detection of UHECR-induced showers
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Had we built Auger centered in Santiago…
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Main goal of  Pierre Auger Observatory:

Determine origin (sources), nature (composition) and acceleration
mechanisms of Ultra-High-Energy Cosmic Rays (UHECR) above ∼ 1 EeV
(1018 eV), through measurements of:

• energy spectrum

• primary composition

• distribution of arrival directions

• gamma-ray and neutrino content of the UHE particle flux

Auger data also probes hadronic interactions at the energy frontier

See International Cosmic Ray Conference 2021, Berlin, July 2021 for 
latest results. https://pos.sissa.it/395
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Energy spectrum of UHE Cosmic Rays

8

215,030 events above 2.5 
x 1018 eV

Flux above 5 x 1019 eV is
0.5 km-2 century

15 events detected with
E>1020 eV (16 Joules)

Highest energy event is
100 million times more 
energetic than a LHC 
proton

Pierre Auger, Phys. Rev. Lett. 125, 121106 (2020) 
Pierre Auger, Phys. Rev. D 102, 062005 (2020) 

Most precise measurement of the cosmic-ray energy spectrum at UHE
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Energy spectrum of UHE Cosmic Rays
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Most precise measurement of the cosmic-ray energy spectrum at UHE

Pierre Auger, Phys. Rev. Lett. 125, 121106 (2020) 
Pierre Auger, Phys. Rev. D 102, 062005 (2020) 

Rich structure. 
New feature discovered: 
the ”instep” 
(compatible with the
change of composition
from light to heavy as E 
increases)



Declination dependence of UHECR spectrum
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No dependence of flux 
on declination i.e. 

Flux is the same in 
different parts of the sky
(within the FoV of Auger)

Disfavours a single or a 
small number of sources
in the sky responsible for
the flux 

Pierre Auger, Phys. Rev. Lett. 125, 121106 (2020) 
Pierre Auger, Phys. Rev. D 102, 062005 (2020) 



UHECR spectrum above 1017 eV
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Measured with the
smaller more compact 
SD750 array 

560,000 events with
q < 40 deg.
E > 1017 eV

Pierre Auger, Eur. Phys. J. C 81, 966 (2021) 
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parameterization, and by bracketing the bias with the pure
proton/iron mass primaries below full efficiency. The impact
of the resolution uncertainties on the unfolding procedure is
the larger, in particular at the highest energies. On the other
hand, the energy bias and reduced efficiency below 1017 eV
only impacts the first few bins. These various components
are summed in quadrature and are shown by the dotted blue
line in Fig. 15. These influences are clearly seen to impact
the spectrum by <4%.

The last significant uncertainty in the flux is related to
the calculation of the geometric exposure of the array. This
quantity has been previously studied and is 4% for the SD-
750 which directly translates to a 4% energy-independent
shift in the flux [24].

The resulting systematic uncertainties of the spectral
parameters are given in Table 6. For completeness, beyond
the summary information provided by the spectrum param-
eterization, the correlation matrix of the energy spectrum is
given in the Supplementary material. It is obtained by repeat-
ing the analysis on a large number of data sets, sampling
randomly the systematic uncertainties listed above.

5 The combined SD-750 and SD-1500 energy spectrum

The spectrum obtained in Sect. 4 extends down to 1017 eV
and at the high-energy end overlaps with the one recently
reported in [21] using the SD-1500 array. The two spectra
are superimposed in Fig. 16. Beyond the overall consistency
observed between the two measurements, a combination of
them is desirable to gather the information in a single energy
spectrum above 1017 eV obtained with data from both the
SD-750 and the SD-1500 of the Pierre Auger Observatory.
We present below such a combination considering adjustable
re-scaling factors in exposures, δE , and ESD energy scales,
δESD, within uncorrelated uncertainties.

The combination is carried out using the same bin-by-
bin correction approach as in Sect. 4. The joint likelihood
function, L(s, δE, δESD), is built from the product of the
individual Poissonian likelihoods pertaining to the two SD
measurements, L750 and L1500. These two individual likeli-
hoods share the same proposed function,

J (E, s) = J0

(
E
E0

)−γ0

∏3
i=0

[
1 +

(
E
Ei j

) 1
ωi j

](γi−γ j )ωi j

∏3
i=0

[
1 +

(
E0
Ei j

) 1
ωi j

](γi−γ j )ωi j
,

(13)

with j = i + 1 and E0 = 1018.5 eV. As in [21], the transition
parameters ω12, ω23 and ω34 are fixed to 0.05. In this way, the
same parameters s are used during the minimisation process
to calculate the set of expectations νi (s, δE, δESD) of the two

Fig. 16 Superimposed SD spectra to be combined scaled by E2.6, the
SD-750 (red circles) and the SD-1500 (black squares)

Fig. 17 SD energy spectrum after combining the individual measure-
ments by the SD-750 and the SD-1500 scaled by E2.6. The fit using the
proposed function (Eq. (13)) is overlaid in red along with the one sigma
error band in gray

arrays. For each array, a change of the associated exposure
E → E + δE impacts the νi coefficients accordingly, while a
change in energy scale ESD → ESD + δESD impacts as well
the observed number of events in each bin. Additional likeli-
hood factors, LδE and LδESD , are thus required to control the
changes of the exposure and of the energy-scale within their
uncorrelated uncertainties. The likelihood factors described
below account for δE and δESD changes associated with the
SD-750 only. We have checked that allowing additional free
parameters, such as the δE corresponding to the SD-1500,
does not improve the deviance of the best fit by more than
one unit, and thus their introduction is not supported by the
data.

Both likelihood factors are described by Gaussian distri-
butions with a spread given by the uncertainty pertaining to
the exposure and to the energy-scale. The joint likelihood

123
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parameterization, and by bracketing the bias with the pure
proton/iron mass primaries below full efficiency. The impact
of the resolution uncertainties on the unfolding procedure is
the larger, in particular at the highest energies. On the other
hand, the energy bias and reduced efficiency below 1017 eV
only impacts the first few bins. These various components
are summed in quadrature and are shown by the dotted blue
line in Fig. 15. These influences are clearly seen to impact
the spectrum by <4%.

The last significant uncertainty in the flux is related to
the calculation of the geometric exposure of the array. This
quantity has been previously studied and is 4% for the SD-
750 which directly translates to a 4% energy-independent
shift in the flux [24].

The resulting systematic uncertainties of the spectral
parameters are given in Table 6. For completeness, beyond
the summary information provided by the spectrum param-
eterization, the correlation matrix of the energy spectrum is
given in the Supplementary material. It is obtained by repeat-
ing the analysis on a large number of data sets, sampling
randomly the systematic uncertainties listed above.

5 The combined SD-750 and SD-1500 energy spectrum

The spectrum obtained in Sect. 4 extends down to 1017 eV
and at the high-energy end overlaps with the one recently
reported in [21] using the SD-1500 array. The two spectra
are superimposed in Fig. 16. Beyond the overall consistency
observed between the two measurements, a combination of
them is desirable to gather the information in a single energy
spectrum above 1017 eV obtained with data from both the
SD-750 and the SD-1500 of the Pierre Auger Observatory.
We present below such a combination considering adjustable
re-scaling factors in exposures, δE , and ESD energy scales,
δESD, within uncorrelated uncertainties.

The combination is carried out using the same bin-by-
bin correction approach as in Sect. 4. The joint likelihood
function, L(s, δE, δESD), is built from the product of the
individual Poissonian likelihoods pertaining to the two SD
measurements, L750 and L1500. These two individual likeli-
hoods share the same proposed function,
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with j = i + 1 and E0 = 1018.5 eV. As in [21], the transition
parameters ω12, ω23 and ω34 are fixed to 0.05. In this way, the
same parameters s are used during the minimisation process
to calculate the set of expectations νi (s, δE, δESD) of the two

Fig. 16 Superimposed SD spectra to be combined scaled by E2.6, the
SD-750 (red circles) and the SD-1500 (black squares)

Fig. 17 SD energy spectrum after combining the individual measure-
ments by the SD-750 and the SD-1500 scaled by E2.6. The fit using the
proposed function (Eq. (13)) is overlaid in red along with the one sigma
error band in gray

arrays. For each array, a change of the associated exposure
E → E + δE impacts the νi coefficients accordingly, while a
change in energy scale ESD → ESD + δESD impacts as well
the observed number of events in each bin. Additional likeli-
hood factors, LδE and LδESD , are thus required to control the
changes of the exposure and of the energy-scale within their
uncorrelated uncertainties. The likelihood factors described
below account for δE and δESD changes associated with the
SD-750 only. We have checked that allowing additional free
parameters, such as the δE corresponding to the SD-1500,
does not improve the deviance of the best fit by more than
one unit, and thus their introduction is not supported by the
data.

Both likelihood factors are described by Gaussian distri-
butions with a spread given by the uncertainty pertaining to
the exposure and to the energy-scale. The joint likelihood
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Unified HECR spectrum above 1017 eV

12Pierre Auger, Eur. Phys. J. C 81, 966 (2021) 
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Inclined air showers & number of muons in Auger

Inclined showers → muon-dominated ⇒
clean & direct measurement of number of muons. 

13

��������
��	
�����


����	
�����

�


���������������
Top of the atmosphere

Earth

Inclined cosmic-ray Shower 

Hadronic interaction models of multiparticle production
predict 30% - 80% less muons than observed in Auger data

Pierre Auger, Phys. Rev. D 91, 032003 (2015) 



First measurement of the (relative) fluctuations
in the muon content of air showers at ultra-high energy

Fluctuations well reproduced by hadronic interaction models => 

Compatible with muon deficit originating from small deviations in 
predictions from hadronic models that accumulate as showers develop. 14

Pierre Auger,
Phys. Rev. Lett. 
126, 152002 (2021) 



nt

Upcoming tau neutrino

Search for UHE neutrinos with Auger Surface Detector 
SD1500
• Pierre Auger is not a dedicated neutrino observatory but ... 

• UHE neutrinos induce showers that can be distinguished from background
charged CR showers: 

15

��������
��	
�����


����	
�����

�


���������������
Top of the atmosphere

Earth

Neutrino signature ⇒ inclined showers that develop close to ground

Cosmic Ray 

��������
��	
�����


����	
�����

�

�

Top of the atmosphere

Earth

Downward-going neutrino



High-Energy n discovered by IceCube directionally 
coincident with a blazar (AGN)
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IceCube Collab. et al. Science 361, 146 (2018) 
IceCube Collab. Science 361, 147-151 (2018)

• 22 Sep. 2017 ∼ 300 TeV n within 0.1o  of g-ray
source TXS 0506+056 (blazar) in a flaring state
of activity

• Excess of 13+/-5 events (3.5 s) in a window of
110 days around 13 Dec 2014 coincident with
TXS 0506+056. 

First identified source of high-energy
astrophysical neutrinos 

Near the ”elbow” 
of Orion´s arm

Blazar TX 0506+056 
z ∼ 0.34 (∼ 1.8 Gpc)
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Auger limit to UHEn from TXS 0506+056

Multimessenger Astronomy
IGFAE is responsible for follow-up of transient events in UHE neutrinos

No candidate neutrinos from direction of TXS at EeV energies in Auger
First upper limits to the UHE neutrino flux from an identified n source

Pierre Auger. 
The Astrophysical Journal, 902, 105 (2020) 

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.



Progress in AugerPrime
Extension/Upgrade of the Pierre Auger Observatory

Instrument water-Cherenkov stations with ∼4 m2 scintillators & antennas on top

Improve composition determination on shower-by-shower basis

Status & timeline: Data taking with full upgraded array until 2025 (extension to 2030 ?)
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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
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“Ultra-High Energy Cosmic Rays (UHECRs):
The Intersection of the Cosmic and Energy Frontiers”

Multimessenger
summary plot
showing together
Auger differential
photon and neutrino 
limits in comparison
to UHECR spectrum
and IceCube fluxes
and limits

Contributions to Snowmass 2021 
as coordinators / main authors

arXiv:2205.05845

https://arxiv.org/abs/2205.05845
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Radio detection of  tau neutrinos

Expertise of IGFAE on
simulations of radio 

emission from UHE showers



ANITA normal & “anomalous” events

Antarctic ice

Tau neutrino 
interaction

Tau decay
shower ???

direct 
radiation

Tau lepton

Atmosphere-skimming air shower

UHECR

UHECR 

Reflected
air shower

reflected
radiation

ANITA. PRL 117, 071101 (2016)
ANITA. PRL 121, 161102 (2018)
ANITA. PRL 126, 071103 (2021)

ANITA

Anomalous below horizon Normal reflectedNormal direct above horizon
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ANITA I, III and IV saw 6 ”anomalous” events

ANITA & IGFAE, Phys. Rev. D 99, 063011 (2019) 
ANITA & IGFAE, Phys. Rev. D 105, 042001 (2022) 

If ANITA ”anomalous” 
events are due to tau 
neutrinos interacting

in the Earth

⇩
Auger and IceCube

should have already
detected hundreds of
tau neutrino events !!
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PUEO – Payload for Ultra-high
Energy Observations

The Payload for Ultrahigh Energy Observations (PUEO): A White Paper. 
JINST 16 (2021) 08, P08035 (participation of IGFAE)

• PUEO builds on the success of the previous ANITA experiment. 
• > 10 x more sensitive than ANITA at 10 EeV
• To be launched from Antarctica in 2024 (30-day flight expected)
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PUEO – Payload for Ultra-high
Energy Observations

The Payload for Ultrahigh Energy Observations (PUEO): A White Paper. 
JINST 16 (2021) 08, P08035 (participation of IGFAE)

• PUEO builds on the success of the previous ANITA experiment. 
• > 10 x more sensitive than ANITA at 10 EeV
• To be launched from Antarctica in 2024 (30-day flight expected)
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BEACON: Beamforming Elevated Array 
for Cosmic Neutrinos

BEACON & IGFAE – JCAP 11 (2020) 069.  BEACON prototype arXiv:2206.09660

BEACON prototype (4 antennas 30-80 MHz) in 
the White Mountains in California, USA at 3.8 km 
altitude. Cosmic-Ray candidate detected

BEACON with 100 stations & 3 years of data can 
improve existing limits by a factor of 3.

Radio Quiet!

https://arxiv.org/pdf/2206.09660.pdf
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Contribution to Snowmass 2021 Whitepapers

”Tau Neutrinos in the Next Decade: from GeV to EeV”
CONTENTS 96

Experiments Phase &  
Online Date

Energy 
Range Site
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Planar Arrays
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M
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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
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as coordinators / main authors

arXiv:2203.05591

https://arxiv.org/abs/2203.05591
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Example of a 
simulated 1018 eV 
Earth-Skimming
(q=90.7 deg.) tau 
neutrino in Auger
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• Add radio antennas (30-80 MHz) to the

1600 water-Cherenkov stations

• Goals: 
§ em/muon separation in inclined showers
§ shower-by-shower mass sensitivity with inclined showers
§ increase sky coverage

• Status:
§ 100% of the funds secured (Advanced ERC + Netherlands Organiz. for Scientifc Research).
§ Project implementation currently ongoing. Prototyping. 

Radio extension
of  Auger
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SALLA antenna



UHECR composition with Auger
Complex evolution of mass composition between 1017.2 and 1020 eV 
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Upper limit to diffuse flux of  UHE neutrinos 

31

• No neutrino candidates in data Jan 04 – June 18 => restrictive upper limits to neutrino 
flux in cosmic beam

• UHE neutrinos are produced in UHECR interactions & Auger limits constrain models
assuming pure proton primary cosmic beam

• Very small background to n identification => Auger sensitivity limited by exposure

Auger data: 
1 Jan 2004 –
30 June 2018

Pierre Auger
JCAP 10 (2019) 022



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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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



Dipolar anisotropy of  UHECR at E > 8 1018 eV
• In 2017 Auger discovered an anisotropy in the arrival direction of cosmic rays

with energies above 8 EeV

• Anisotropy well represented by a dipole (> 5 s) with amplitude 6.5% and 
direction pointing ∼ 125o away from Galactic Center. 

• Anisotropy supports hypothesis of extragalactic origin for UHECR, rather than
sources within Galaxy. 

34
Pierre Auger Collab. 
Science 357, 1266 – 1270 (2017) 

32,187 CR of E > 8 EeV
Jan 2004 – Aug 2016

Flux map above 8 EeV in equatorial coordinates



Energy evolution of  dipolar anisotropy
• In 2018 evolution of the anisotropy with energy was studied:

- amplitude of dipole increases with energy as expected owing to smaller
magnetic deflections suffered by CR at higher energy

- directions of reconstructed dipoles consistent with extragalactic origin of  
anisotropies at all energies (all point at least 80o away from Galactic Center).

- quadrupolar components of anisotropy not statistically significant

35Pierre Auger Collab. Astrophysical Journal 868 (2018)

Direction of dipole determined in different energy
bins above 4-8, 8-16, 16-32 & > 32 EeV. 

(Dots represent direction toward galaxies in the
2MRS catalog at D < 100 Mpc)

Evolution with energy of the
amplitude of dipole

Galactic
coordinates

Galactic
Center



Energy evolution of  dipolar anisotropy

Sky maps, in Galactic coordinates, of the ratio between the
observed flux and that expected for isotropic distribution

36Pierre Auger Collab. Astrophysical Journal 868 (2018)

4 EeV < E < 8 EeV

16 EeV < E < 32 EeV

8 EeV < E < 16 EeV

E > 32 EeV



Anisotropy above 40 EeV: StarBurst
Galaxies & UHECR

• Observed pattern of UHECR arrival
directions is best matched by a model
in which ∼ 10% of UHECR arrive from
directions clustered around positions of 
bright, nearby StarBurst Galaxies*

• Isotropy of UHECRs is disfavored with
4.0 s confidence. 

• Indications of excess arrivals from
strong, nearby (a few Mpc) sources. 
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Pierre Auger Collaboration, 
Astrophysical Journal Letters 853, L29 (2018) 

Comparison between sky model of cosmic-ray
excess from StarBurst galaxies & measured one

*StarBurst Galaxies: 
galaxies of intense star formation with
increased rates of gamma-ray bursts, 
hypernovae & magnetars.

Source candidates of UHECR.



A conclusion from Auger studies on arrival
directions of  UHECR

• The observation of a significant (5.2 s) dipole at large
angular scales and of indications at 4 s level of anisotropies
at mid-angular scales, together with the lack of significant
anisotropies at small angular scales, implies that the
Galactic and/or extragalactic magnetic fields have a non-
negligible effect on UHECR trajectories. This is, in fact, 
expected in scenarios with mixed composition where the
CRs are heavier for increasing energies, in agreement with
the trends in the composition that have been inferred for
energies above a few EeV. 
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UHECR candidate detected
with BEACON prototype

BEACON prototype arXiv:2206.09660
(participation of IGFAE).     

"𝑣× %𝐵 Polarization Angle: 
~ 30∘

Measured Polariz. Angle: 
~ 27∘

Data

Data vs Simulation

https://arxiv.org/pdf/2206.09660.pdf

