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Pierre Auger Observatory: a 4π Multi-Messenger Observatory

Karl-Heinz Kampert - University of Wuppertal Görlitz Workshop, March 20244

Auger: A 4    MM Observatory

1⃣ Neutrons and charged CRs: Θ ≤ 80°

2⃣ Photons: 30° ≤ Θ ≤ 60° 

3⃣ Down-Going Neutrinos: 60° ≤ Θ ≤ 90° 

4⃣ Earth Skimming Neutrinos: 90° ≤ Θ ≤ 95° 

5⃣ BSM Particles: Θ > 95°

π

θ θ

zenith range to be extended

extremely sensitive to EeV neutrinos

@Karl-Heinz Kampert

By construction a cosmic rays Observatory is also a γ, ν, and neutron Observatory
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... and more than 4 decades in energy
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The Observatory (Malargue, Argentina)
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Fluorescence Telescopes

Surface detectors

- 3 triagular grids spaced by
1500 m, 750 m, and 433 m
Auger coll., NIM A 798 (2015) 172-2133000 km2 (1660 detectors), 27 telescopes, started in 2004
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Auger detectors
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Examples of the higest energy events

Auger: 72 EeV, 36 degrees
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Auger coll. ApJS 264 50 (2023)
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Time distribution of signals recorded to follow the detailed structure of the air-shower front
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More inclined air-showers

Auger: 165 EeV, 59 degrees
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Auger: 50 EeV, 77 degrees
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Cosmic rays and multi-messenger physics

- Constraining EHE (> 1020 eV) source properties: maximum
rigidity, chemical environment, source luminosity

- Constraining source classes with anisotropies

- Redshift evolution of UHECR sources

- From clustering: constrain galactic and extra-galactic B-fields

- A robust input to calculations of the expected flux of cosmogenic
particles

MM is more than multi-wavelength and more than studying transient events
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Mass composition and energy spectrum

Combined fit of Xmax and energy spectrum

CR Energy Spectrum and Mass Composition

14Karl-Heinz Kampert - University of Wuppertal Görlitz Workshop, March 2024

JCAP05(2023)024

Figure 11. Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the
e�ect on the relative abundances at the top of the atmosphere. The bands represent the maximal
variations given by the results in table 3. The shaded grey area indicates the energy region where
energy-by-energy estimates of the mass composition are not available (i.e. above the median of the
highest energy bin used for Xmax data) and mass predictions are mainly based on the shape of the
all-particle spectrum.

less accurate [63]. Besides, as concerns the EBL spectrum and evolution, we tested also the
Domínguez model, which has a higher spectral energy density in the far infrared with respect
to the Gilmore one. Regarding the HIM, we verified that QGSJet II-04 cannot properly
describe our data (D & 1000 in all cases), and is thus excluded from this analysis. Instead
of fixing a single HIM, we allow for the possibility to describe our data with an intermediate
model between Epos-LHC and Sibyll 2.3d by introducing an additional nuisance parameter
”HIM, limited between 0 and 1. In this way each HIM-dependent Gumbel parameter is
interpolated as alpha as –HIM = ”HIM –Epos-LHC + (1 ≠ ”HIM) –Sibyll 2.3d,8 so that ”HIM = 0
corresponds to “pure” Sibyll 2.3d and ”HIM = 1 to “pure” Epos-LHC.9

The results thus obtained are summarised in table 3 and their e�ect on the predicted
fluxes at Earth is shown in figure 11.

Regardless of the propagation models configuration, our data appear to be better de-
scribed by pure Epos-LHC or by intermediate models much closer to Epos-LHC than to
Sibyll 2.3d, making the HIM choice the dominant uncertainty among the ones from models
in terms of predictions at Earth. For example, from table 4 it is clear that a significant
worsening of the deviance is obtained when Sibyll 2.3d is assumed as the HIM and the ref-
erence propagation models configuration is used. As concerns the propagation models e�ects,
even if the impact on the deviance and on the predicted fluxes at the Earth is smaller, some
changes in the best fit parameters at the sources are observed, which are in agreement with
what is expected to compensate the di�erences in the propagation to produce similar fluxes
at the Earth. When the photodisintegration cross sections are modelled with PSB instead
of Talys, the absence of secondary alpha-particle production during propagation must be
compensated by a larger amount of helium ejected at the sources. When the EBL spectrum

8For a given primary mass and energy, the Gumbel distribution parameters µ, ‡, ⁄ are linear functions of
the HIM-dependent parameters ai, bi, ci, so it makes no di�erence whether we interpolate the former or the
latter.

9This is just an approximation, as the “true” model is not necessarily a linear interpolation between
Epos-LHC and Sibyll 2.3d.
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CR mass fractions from longitudinal shower development:  
Xmax, σ(Xmax), PRD 2014
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Combined fit of E, Xmax, σ(Xmax) ; JCAP 05 (2023)
note, nearly mono elemental compositions1

Derived source parameters: 
   
   very hard nuclear spectra escaping from sources (assuming steady EG sources)

ℒ ≃ 5.1 ⋅ 1044 erg Mpc−3yr−1
log(Rmax) = 18.15 V ⇒ end of CR spectrum rather a source than a propagation effect !

Source properties: rigidity log(Rmax ≈ 18.15V → flux suppression dominated by the end of the
UHECR spectrum, not by propagation

Assuming steady extra-galactic sources: very hard nuclear spectra escaping sources
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Soon: mass composition using deep learning
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FIG. 11: Energy evolution of (a) the average depth of shower maximum ⟨Xmax⟩ and (b) the fluctuations of the shower maximum σ(Xmax) as
determined using the FD reconstruction [62] (grey open squares) and the DNN Xmax predictions (black circles). Red (blue) lines indicate
expectations for a pure proton (iron) composition for various hadronic models.

energy, also reported in previous SD-based studies using the
risetime of signals in the WCDs [21].

The elongation rate D10 is defined by the change of ⟨Xmax⟩
per decade of energy

D10 =
d⟨Xmax⟩

dlog10(E)
= D̂10

(
1− d⟨lnA⟩

dln(E)

)
,

where A denotes the primary particle mass. When measur-
ing D10, a deviation from the elongation rate D̂10, which is in
a very good approximation, universal across all hadronic in-
teraction models and primary nuclei, can be traced back to a
change in the primary mass composition. The elongation rate
obtained using the SD over the whole energy range amounts
to D10 = (24.1 ± 1.2) gcm−2 decade−1 in good agreement
with the FD result

(
(26±2) gcm−2

)
[62]. However, the re-

duced χ2/ndf = 46.7/13 obtained for the SD data indicates
that another substructure exists, as will be comprehensively
discussed in the next Section IV A.

The evolution in σ(Xmax), sensitive to the composition mix-
ing, is shown in Fig. 11b. We find a decrease of σ(Xmax) as
a function of energy and a very good agreement between the
measurements of the SD and the FD. This confirms for the
first time the transition from a lighter and mixed composition
into a heavier and purer composition with large statistics. At
the highest, previously inaccessible energies (> 50 EeV), the
fluctuations appear to stabilize and remain small. However,
more statistics are needed to examine the composition evolu-
tion at these energies in more detail. Given the limited dif-
ferences in the interaction model predictions of σ(Xmax), the
small fluctuations in Xmax beyond 30 EeV clearly exclude a

scenario with a substantial fraction of protons and light nuclei
in the UHECR composition. Additionally, at around 10 EeV,
the fluctuations appear to stay constant.

A. Discussion of breaks in the elongation rate

The observation of an elongation rate similar to the FD
but obtained using the comprehensive SD data set that fea-
tures χ2/ndf ≈ 3.6, indicates that a simple linear model is not
describing the data well (see Fig. 12a), suggesting the exis-
tence of a substructure to be analyzed. The measurement of
σ(Xmax) also shows a non-continuous decrease of fluctuations
with energy.

In Fig. 12, we study the evolution in the UHECR mass com-
position using different models. We analyze the evolution us-
ing broken-line fits with a different number of breaks. The
simplest model beyond a constant elongation rate is a broken-
line fit with one fitted break point shown in Fig. 12b that also
cannot describe our data reasonably (χ2/ndf ≈ 3.4). Con-
sidering Wilks’ theorem, we compared the χ2 values of two
nested models, in which the model of a constant elongation
rate is used as the null hypothesis and test if it can be rejected
with more complex models. A model with two breaks in the
elongation rate can reject the constant elongation rate hypoth-
esis at a significance of 3.4σ (see Fig. 12c). In Fig. 12d, we
show a model with three breaks in the elongation rate, where
the slopes and the break position were determined by a fit.
This model can reject the hypothesis of a constant elongation
rate at a level of 4.6σ and a single-break model at a level of

First measurement of the fluctuations up to 100 EeV using the surface detector, further
constrains on the source properties
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Greisen-Zatsepin, Kuzmin effect and the cosmogenic particles

p + γCMB ⇒ p + π0

π0 → γγ

p + γCMB ⇒ n + π+

π+ → νe , νµ

Thershold energy for protons:

Ethr ≈ 6× 1019 eV

...almost no protons above Ethr

Photo-disintegration of nuclei

A + γCMB → (A− 1) + p, n

Ethr ≈ 5× 1019 eV

Eν ≈ EA/A

CR Energy Spectrum and Mass Composition

14Karl-Heinz Kampert - University of Wuppertal Görlitz Workshop, March 2024
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Figure 11. Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the
e�ect on the relative abundances at the top of the atmosphere. The bands represent the maximal
variations given by the results in table 3. The shaded grey area indicates the energy region where
energy-by-energy estimates of the mass composition are not available (i.e. above the median of the
highest energy bin used for Xmax data) and mass predictions are mainly based on the shape of the
all-particle spectrum.

less accurate [63]. Besides, as concerns the EBL spectrum and evolution, we tested also the
Domínguez model, which has a higher spectral energy density in the far infrared with respect
to the Gilmore one. Regarding the HIM, we verified that QGSJet II-04 cannot properly
describe our data (D & 1000 in all cases), and is thus excluded from this analysis. Instead
of fixing a single HIM, we allow for the possibility to describe our data with an intermediate
model between Epos-LHC and Sibyll 2.3d by introducing an additional nuisance parameter
”HIM, limited between 0 and 1. In this way each HIM-dependent Gumbel parameter is
interpolated as alpha as –HIM = ”HIM –Epos-LHC + (1 ≠ ”HIM) –Sibyll 2.3d,8 so that ”HIM = 0
corresponds to “pure” Sibyll 2.3d and ”HIM = 1 to “pure” Epos-LHC.9

The results thus obtained are summarised in table 3 and their e�ect on the predicted
fluxes at Earth is shown in figure 11.

Regardless of the propagation models configuration, our data appear to be better de-
scribed by pure Epos-LHC or by intermediate models much closer to Epos-LHC than to
Sibyll 2.3d, making the HIM choice the dominant uncertainty among the ones from models
in terms of predictions at Earth. For example, from table 4 it is clear that a significant
worsening of the deviance is obtained when Sibyll 2.3d is assumed as the HIM and the ref-
erence propagation models configuration is used. As concerns the propagation models e�ects,
even if the impact on the deviance and on the predicted fluxes at the Earth is smaller, some
changes in the best fit parameters at the sources are observed, which are in agreement with
what is expected to compensate the di�erences in the propagation to produce similar fluxes
at the Earth. When the photodisintegration cross sections are modelled with PSB instead
of Talys, the absence of secondary alpha-particle production during propagation must be
compensated by a larger amount of helium ejected at the sources. When the EBL spectrum

8For a given primary mass and energy, the Gumbel distribution parameters µ, ‡, ⁄ are linear functions of
the HIM-dependent parameters ai, bi, ci, so it makes no di�erence whether we interpolate the former or the
latter.

9This is just an approximation, as the “true” model is not necessarily a linear interpolation between
Epos-LHC and Sibyll 2.3d.
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Combined fit of E, Xmax, σ(Xmax) ; JCAP 05 (2023)
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Derived source parameters: 
   
   very hard nuclear spectra escaping from sources (assuming steady EG sources)

ℒ ≃ 5.1 ⋅ 1044 erg Mpc−3yr−1
log(Rmax) = 18.15 V ⇒ end of CR spectrum rather a source than a propagation effect !

Expected cosmogenic fluxes much lower than in
a pure proton composition
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Search for neutrinos

Neutrinos in Air Shower Experiments

17Karl-Heinz Kampert - University of Wuppertal Görlitz Workshop, March 2024

6. Multi-messenger searches: neutrinos

31

• Best sensi1vity to UHE neutrinos
slightly below 1018 eV, comparable
to that of IceCube

• Integral limit for neutrino energies
between 1017 eV and 2.5×1019 eV:
3.5×10-9 GeV cm-2 s-1 sr-1

or equivalently
1.1 EeV km-2 yr-1 sr-1

• Frac1onal contribu1ons:
• Channel: ES 0.79; DGH 0.18; DGL 0.03
• Flavor: "" 0.10; "# 0.04; "$ 0.86

Upper limits on the diffuse flux of UHE neutrinos

15 November 2022Jaime Alvarez-Muñiz, Marcus Niechciol / Pierre Auger Collaboration Meeting November 2022 7

IceCube, PRD 98, 062003 (2018)
ANITA, PRD 98, 022001 (2018)
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Auger Observatory

Neutrino search using inclined air showers

(Auger, UHECR 2022)

Neutrino sensitivity better than Waxman-Bahcall bound  
Limits constrain GZK & astrophysical neutrino models

old shower

young shower

Vertical depth of atmosphere: 11 λI ≈ 30 X0

⇒ zenith angle > 60° : 22 λI ≈ 60 X0

„Earth skimming“
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Figure 1. FADC traces of stations at a distance of approximately 1 km to the shower core. From
top to bottom panel the station belongs to a vertical event, to an inclined event, and to a neutrino-
simulated event. The reconstructed energy (E) and zenith angle (✓) for the events, as well as the
simulated E and ✓ of the neutrino-induced shower, are indicated in each panel. The value of the
Area-over-Peak (AoP) of each trace is also given.

Applying these criteria, a search for ES neutrino-induced showers is performed in the
Observatory data from 1 January 2004, when data taking started, up to 31 August 2018. No
neutrino candidates are identified. In figure 2 we show the distribution of hAoPi for the whole
data period compared to that expected in Monte Carlo simulations of ⌫⌧ -induced ES showers,
along with the optimized value of the cut (hAoPi = 1.83) above which an event would be
regarded a neutrino candidate. After the inclined selection and the neutrino identification
criteria, ⇠ 95% of the simulated neutrinos that induce triggers are kept. This proves that the
Pierre Auger Observatory is highly e�cient as a neutrino detector, with its sensitivity mostly

– 5 –

Time traces in Water Cherenkov stations

Narrow spike in all 
stations due to high 
energy muons

⇒ ordinary hadronic origin,
     no neutrino

time (ns)

Based on the time distribution of signals: search for “young showers” containing a large
fraction of electromagnetic particles
(hadronic initiated showers highly attenuated, just very energetic muons reaching the detectors)
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Ultra high energy neutrinos: cosmogenic fluxesSearches: Ultra-high energy neutrinos

26(Michael Schimp)

JCAP10(2019)022

Figure 6. Pierre Auger Observatory upper limit (90% C.L.) to the normalization k of the di↵use flux
of UHE neutrinos �⌫ = k E�2

⌫ as given in eqs. (4.2) and (4.3) (solid straight red line). Also plotted
are the upper limits to the normalization of the di↵use flux (di↵erential limits) when integrating
the denominator of eq. (4.2) in bins of width 0.5 in log10 E⌫ (solid red line — Auger all channels
and flavours; dashed red line — Auger Earth-skimming ⌫⌧ only). The di↵erential limits obtained
by IceCube [35] (solid green) and ANITA I+II+III [34] (solid dark magenta) are also shown. The
expected neutrino fluxes for several cosmogenic [20, 60–62] and astrophysical models of neutrino
production, as well as the Waxman-Bahcall bound [63, 64] are also plotted. All limits and fluxes are
converted to single flavor.

nuclei in the CMB. The highest fluxes of cosmogenic neutrinos are then expected for injec-
tion of protons, while those expected for injection of iron nuclei are down typically by about
an order of magnitude [20, 23, 24] (cf. figure 6). We note, however, that the possibility of
pure proton (or iron) primaries in the energy range of interest is disfavored by recent results
on the composition of UHECR [12, 13, 66–68]. Instead, a gradually increasing fraction of
heavier primaries is observed with increasing energy up to at least E ⇠ 5 ⇥ 1019 eV [66]. In
addition to this, adopting a simple astrophysical model fitting the energy spectrum and the
mass composition suggests that the observed flux suppression is primarily an e↵ect of the
maximum rigidity of the sources of UHECR rather than only the e↵ect of energy losses in
the CMB and EBL [73, 74]. In consequence, cosmogenic neutrino fluxes would be reduced
much further and may escape detection for the foreseeable future [21, 22, 75]. Thus, fluxes
of cosmogenic neutrinos provide an independent probe of source properties and of the origin
of the UHECR flux suppression at the highest energies.

In table 2, we show the expected number of events in the present lifetime of the Ob-
servatory for several cosmogenic neutrino models and the associated Poisson probability of
observing no events. Scenarios assuming sources that accelerate only protons and that have

– 13 –
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Auger Observatory

Neutrino search using inclined air showers

Aperture comparable to IceCube if direction of source is favorable 
Multi-messenger: searches for neutrinos in coincidence with GW events 
Phase II: lowering of detection threshold (new electronics)

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

(UHECR 2018, updated)

Expectations:

- pure p: about 6 ν

- pure Fe: about 0.4 ν

- max. energy scenarion: 0.001 ν
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Search for neutrinos from TXS 0506+56(3) Search for nu’s from TXS 0506+56

12Karl-Heinz Kampert - University of Wuppertal Epiphany 2022, Cracow (online)

In Sept. 2017, IceCube observed a 290 TeV nu from the direction of TXS 0506+59 during a flaring state; Science 361, 146 (2018)

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.
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δ=5.7°unfavourable for Auger

As a result, for the Earth-skimming detection, the neutrino
arrival directions must be within a very small angular range of a
few degrees below the horizon. For these directions, the
effective area of the Observatory for detecting tau-flavor
neutrinos is very much enhanced relative to the search method
for downward-going neutrinos (DGH and DGL). This is the
reason why the Pierre Auger Collaboration could set the best
limit to UHE neutrinos from GW170817 (Albert et al. 2017),
the binary neutron star merger event detected in gravitational
waves and followed up in most bands of the electromagnetic
spectrum (Abbott et al. 2017). The instantaneous effective area
is highly dependent on the arrival zenith angle which is a
function of the source decl. and the hour angle, so that the
sensitivity of the Observatory is highly directional and time-
dependent (Aab et al. 2019b). This can be appreciated in
Figure 1 where the three wide colored bands span the
instantaneous effective area of the Observatory within the
zenith-angle intervals corresponding to the three search
channels. For the Earth-skimming channel the width is largest,
reflecting the rapid variation of effective area as the zenith
angle changes by only 5° from 90° to 95° reaching a maximum
at ∼91°.

The search for neutrinos from the direction of TXS 0506
+056 will be considered for periods much longer than a day.
Thus, the effective area for neutrino detection must be
integrated over time as the source position transits over
different zenith angles. In Figure 1 we have also shown the
daily average of the effective area for the Observatory in each
of the three search channels for the blazar decl. of 5°.7 (full
colored lines), where they are compared to the effective area of
the IceCube detector for the same source (Aartsen et al. 2018a).
Due to the location of the IceCube detector, the effective area
for a fixed position in space depends only on its decl. and is
otherwise independent of time for each configuration. The
width of the IceCube band here is due to the different
configurations achieved after different construction stages

(Aartsen et al. 2018a). The effective exposure can be
approximately calculated by multiplying the daily average of
the effective area for the corresponding decl., by the length of
the time period under consideration (Aab et al. 2019b). The
daily average depends strongly on decl. and this is partly
because the source is only “visible” in neutrinos during a
varying fraction of the day in each zenith-angle range. This
fraction is displayed in Figure 2 as a function of the decl. for
each of the three types of searches. The black arrow marks the
decl. of TX0506+056, indicating that the source is not at a
decl. that maximizes the observation time. This effect also
contributes to the large variations in effective area as a function
of the source decl. For periods much larger than a sidereal day
the approximation is very accurate because variations in
effective area with time have been relatively small since the
Observatory was completed in 2008 June.

3. Results and Discussion

All the data collected with the Pierre Auger Observatory
were searched for candidate neutrino events in the direction of
TXS 0506+056 with negative results. Instead of providing a
flux limit we calculate the expected flux that would have been
deduced if a single neutrino had been observed, assuming a
steady flux over a given period of time. This illustrates the
expected sensitivity to a given flux and can be easily converted
to a flux limit at 90% confidence multiplying it by a factor of
2.39 (Feldman & Cousins 1998). The results naturally depend
on the assumptions that are made with respect to the time
period over which the search is integrated. Two benchmark
scenarios have been discussed in the original article addressing
the correlated detection in neutrinos and in the HE and VHE
gamma-ray bands (Aartsen et al. 2018b). The first is of half a
year and it is motivated by the time window that gave the
largest significance to a search for an excess of neutrino-
compatible events in the archival data of IceCube, interpreted
as a neutrino flare (Aartsen et al. 2018a). The second period

Figure 1. Effective area of the Pierre Auger Observatory as a function of neutrino energy for each search channel. The shaded bands bound the instantaneous effective
area for each neutrino detection channel and indicate the variation with zenith angle in the corresponding range. TXS 0506+056 at a decl. δ;5°. 7 is viewed at the SD
of Auger for a limited amount of time (see Figure 2) and with a range of zenith angles from θ=60° to θ=95°, the sensitivity being largest below the horizon
(θ>90°). The full lines represent the effective area for the different detection channels when averaging over a full day, i.e., when including the periods during a day,
when the source cannot be seen. The instantaneous effective area of IceCube for the decl. of TXS 0506+056 is also shown for comparison. For IceCube at the South
Pole the zenith angle of TXS 0506+056 is practically constant over time and given by θ=90°+δ. The width of the gray band corresponds in this case to different
stages of IceCube construction and configuration, which depend on the period under consideration.
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IceCube

Auger

Auger Collaboration, ApJ 902 (2020) 105

IceCube observed a 290 TeV nu from the direction of TXS 0506+59 during a flaring state
see also talk by Anna Frankoviak

Unfortunate none seen by Auger during the flare
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Search for ultra-high-energy photons

Figure 1. Main features of photon- and nucleus-induced showers.

smaller than the mean free path for photo-nuclear interactions. Yet, the development of the
shower is delayed by the typically small multiplicity of electromagnetic interactions. Thus
the maximum development of the shower is reached at a slant atmospheric depth Xmax larger110

for photon primaries than for nuclei, with a difference of ' 200 g cm−2 between photons and
protons at 1019 eV and even larger between photons and heavy nuclei.

The lateral distribution of secondary particles at a given stage of development is gov-
erned by the moderate transverse momentum of the processes in the cascade and by the mean
free path of the particles. Overall, the steepness of the lateral distribution decreases with115

the slant depth X so as to get flatter through the shower development, and the fall-off with
the distance to the axis of the shower depends on the primary mass of the cosmic rays. At
ground level, the steepness is thus relevant to distinguish between nucleus-induced showers
and photon-induced ones.

Since the mean free path for photo-nuclear interactions is much larger than the radiation120

length, the transfer of energy to the hadron and muon channels is reduced hence only a small
fraction of the electromagnetic component in a photon-induced shower is injected into the
hadronic cascade. Showers induced by photons are thus characterized by a lower content of
muons: on average, simulations show that photon showers have nearly one order of magnitude
less muons than proton showers of the same energy.125

These main features of photon showers, depicted in Fig. 1, are amplified by the Landau-
Pomeranchuk-Migdal (LPM) effect [42, 43] resulting in a suppression of the bremsstrahlung
and pair-production cross sections.

The picture of UHE photon showers is supplemented by accounting for the influence of
the magnetic field of the Earth, which can allow for the conversion of photons into an e± pair130

before they enter the upper atmosphere (“preshowering” effect [44]). The resulting showers
are a superposition of cascades initiated by lower energy electrons and photons, giving rise
to smaller Xmax values on average.

– 3 –

Deep showers with very low muon content

Searches done combining several detectors: fluorescence
detectors (Xmax), water-Cherenkov detectors, buried
scintillators (muonic component)
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Bounds on photon flux

Photon limits start to constrain
cosmogenic photon fluxes of
p-sources and SHDM models

Can we lower the energy
threshold to measure photons?
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Probing Extreme PeVatron Sources (PEPS)

Idea: build a 10 km2 denser array in the same area as the underground muon detectors using
double liner water-Cherenkov detectors (Phase I of 2 km2 in the next years)
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Lower the energy threshold down to ≈1 PeV: Tens of events expected for similar sources as
LLHASO in the no flux suppression scenarios

Very good coverage of the southern sky and of the galactic center
supported by Auger Collaboration (not an Auger project yet) 18



Follow-up of GW170817

16

LVC, ANTARES, IceCube, Auger, ApJL 850 (2017) L35

Follow-up of GW170817 in neutrinos

➡ Source in the field of view of ES neutrino search 
➡ No UHE neutrino candidates found in either coincidence windows 

(+500 sec around the GW or in the 14 days period after it) 
➡ Limits on the total emitted energy in the range 1017-2.5 1019 eV  

+500 s :      < 6.9 10-4 M⊙                +14 days :  < 2.3 10-2 M⊙ 

➡ Lack of detection consistent with expectation from a short GRB 
viewed at off-axis angle >200 

16

19



20



Conclusions and outlook

UHECRs (> 1019eV) accessible only by cosmic rays

They provide important information for the
multi-messenger physics (EHE neutrinos, photons,
source composition,...)

... and benefit from the counterpart observations
(neutrinos, photons, GWs, B-fields)

Pierre Auger Observatory partner in follow-up
observations: ACME, AMON

Auger Phase II data within the next 10 years will
provide valuable data to the MM physics

Last radio antenna installed 17 days ago
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