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Extensive air showers

Very low rate of particles at ultra-high energies→ detection through extensive air showers (EAS)

2

Fig. 1 Logo of KCDC (https://kcdc.ikp.kit.edu).

We describe shortly the evolution of KCDC and give finally
an outlook on possible use-case analyses for the available
data set and on the future of the KCDC project itself.

A first release [1] of KCDC is running since November
2013 with a positive response from the community and pub-
lic users. Motivated by this success, we had several KCDC
updates, the last major release, called NABOO 1.0, in Febru-
ary 2017 and NABOO 2.0 and 2.1 in October 2017 and
March 2018, respectively. Presently we provide in differ-
ent formats data from more than 433 million events from
the three detector components KASCADE (representing the
original KASCADE Array), the Central Hadron Calorime-
ter, and the array of the extension KASCADE-Grande. With
the latest updates we provide as well simulations, separately
for the three detector components for direct download as
ROOT files and the data points of 88 published spectra from
21 experiments.

2 KASCADE-Grande

KASCADE-Grande (KArlsruhe Shower Core and Array DE-
tector with its extension Grande) was an extensive air shower
experiment array to study the cosmic ray primary composi-
tion and the hadronic interactions in the energy range E0 =
1014�1018 eV (fig. 2). The experiment was situated on site
of the KIT, Campus North (the former Forschungszentrum
Karlsruhe) (49.1 �N, 8.4 �E) at 110 m asl, corresponding to
an average atmospheric depth of 1022 g/cm2 [2]. The main
detector components of KASCADE-Grande were the KAS-
CADE array (1996-2012), the Muon Tracking Detector and
the Central Detector to measure the hadronic and muonic
components in the center of the showers as well as the ex-
tension Grande (2003-2012) [3] to enlarge the detector area
by a factor of 10 and to extend the accessible energy range
to E0 = 1018 eV.

The radio antenna field LOPES [4] and the microwave
experiment CROME [5] were also important components of
the experimental set-up of KASCADE-Grande, where the
data are not yet included in KCDC. The full facility was
in operation until end of 2012. In this section we give a
short introduction to the experimental set-up of KASCADE-
Grande, its main goals, and achievements of the 20-year run-
ning period.

interaction 
with air nuclei

Fig. 2 Photograph of the KASCADE array with its central detector
building (upper panel); Schematic view of an extensive air shower
(EAS), where KASCADE is measuring the hadron, muon, and elec-
tron components (lower panel).

2.1 Experimental set-up

2.1.1 The KASCADE array

The KASCADE array consisted of 252 scintillator detector
stations set up in a regular grid with 13 m spacing cover-
ing an area of 200⇥ 200 m2. The stations are organized in
16 clusters of 4⇥ 4 stations each (fig. 3). The stations of
the inner 4 clusters contains 4 unshielded liquid scintilla-
tion detectors (e/g detectors) each, to measure the charge
particle component and the particle arrival times. The outer
12 cluster consists of 2 liquid scintillation detectors only,
but have in addition lead and iron absorber sheets (10 cm
Pb and 4 cm Fe) underneath the e/g detectors to measure
the muonic shower component (fig. 4). Here, vertical muons
have a threshold of 230 MeV. Data are accumulated in the
electronic station of each cluster independently and trans-
mitted to the data acquisition system (DAQ).

2.1.2 The KASCADE Central Detector

The central detector located in the centre of the KASCADE
array covered an area of 16⇥20 m2 and housed several de-
tector components. The main part was the finely segmented
hadron sampling calorimeter [6] to detect the hadronic com-
ponent of an extensive air shower in about 11,000 warm-

• UHE particles start interacting with atmospheric nuclei (N, O, Ar) 
→ cascades of ionised particles + electromagnetic radiation

• Cascades observed by ground-based detectors, like the Pierre Auger Observatory 
→ the type of primary particle can be inferred from the air shower characteristics
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Ground-based experiment, hybrid detection technique (Surface Detector (SD) + Fluorescence Detector (FD)) 
Located in Argentina, close to Malargüe (~1400 m a.s.l.)

The Pierre Auger Observatory

3000 km2  

~450 members from ~90 
institutions in 17 countries

SD

FD

Largest observatory in the world for the 
detection of ultra-high-energy particles

• Nucl. Instrum. Meth. A 798, 172–213
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The Pierre Auger Observatory

Fluorescence Detector (FD) 
24 telescopes in 4 sites overlooking the SD (and 3 additional 
ones for lower energies) 

Collecting the nitrogen fluorescence light produced in the 
atmosphere 

Duty cycle: ~15%

Surface Detector (SD) 
1660 water-Cherenkov tanks covering a ~3000 km2 area, with a 
spacing of 1.5 km (and a denser smaller array for lower energies)  

3 PMTs collecting the light produced within the tank 

Hybrid events = observed by both detectors 
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Figure 34: Example of a reconstructed shower profile.

Finally, the calorimetric energy of the shower is obtained by integrating equa-
tion (8) and the total energy is estimated by correcting for the ‘invisible energy’ carried
away by neutrinos and high energy muons [115]. An example of the measured light at
aperture and the reconstructed light contributions, and energy deposit profile is shown
in Figs. 34(a) and 34(b).

11. SD event reconstruction

The reconstruction of the energy and the arrival direction of the cosmic rays pro-
ducing air showers that have triggered the surface detector array is based on the sizes
and times of signals registered from individual SD stations. At the highest energies,
above 10 EeV, the footprint of the air shower on the ground extends over more than
25 km2. By sampling both the arrival times and the deposited signal in the detector
array, the shower geometry, i.e., the shower core, the arrival direction of the incident
cosmic ray, and the shower size can be determined.

11.1. Event selection
To ensure good data quality for physics analysis there are two additional off-line

triggers. The physics trigger, T4, is needed to select real showers from the set of
stored T3 data (see Section 6.3) that also contain background signals from low energy
air showers. This trigger is mainly based on a coincidence between adjacent detector
stations within the propagation time of the shower front. In selected events, random
stations are identified by their time incompatibility with the estimated shower front.
The time cuts were determined such that 99 % of the stations containing a physical
signal from the shower are kept. An algorithm for the signal search in the time traces
is used to reject signals produced by random muons by searching for time-compatible
peaks.

To guarantee the selection of well-contained events, a fiducial cut (called the 6T5
trigger) is applied so that only events in which the station with the highest signal is
surrounded by all 6 operating neighbors (i.e., a working hexagon) are accepted. This
condition assures an accurate reconstruction of the impact point on the ground, and at
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Figure 38: Dependence of the signal size on distance from the shower core.

Figure 39: Angular resolution as a function of the zenith angle q for events with an energy above 3 EeV, and
for various station multiplicities. [40].

factor of about 10 %, while the contribution of the first two terms depends on energy
and varies from 20 % (at low energies) to 6 % (at the highest energies).

11.4. Shower arrival direction
Shower axis â is obtained from the virtual shower origin (of the geometrical recon-

struction) and the shower impact point on the ground (from the LDF reconstruction),

â =
~xsh �~xgr

|~xsh �~xgr|
. (11)

To estimate an angular resolution of the whole reconstruction procedure a single
station time variance is modeled [121] to take into account the size of the total signal
and the time evolution of the signal trace. As shown in Figure 39, the angular resolution
achieved for events with more than three stations is better than 1.6�, and better than 0.9�
for events with more than six stations [40].

11.5. Energy calibration
For a given energy, the value of S(1000) decreases with the zenith angle q due to the

attenuation of the shower particles and geometrical effects. Assuming an isotropic flux

63
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3) How do we detect cosmic ray showers

The Pierre Auger Observatory combines two independent techniques to detect and
characterise cosmic ray showers: one is based on the surface detector, that collects
information on the charged particles reaching ground; the other is based on the fluorescence
detector - it detects light produced in the atmosphere due to the passing of the cascade
particles. While the surface detector is always in operation, this fluorescence detector
collects data only on dark, moonless nights. In this guide we will concentrate on the
surface detector, since the data made public by the Observatory were collected using the
surface detector.
The Auger surface detector consists of more than 1600 water tanks, sketched in figure 6,
placed at about 1.5 km from each other, and which will sample the charged particles of
the shower as they reach ground.

Figure 6: Water tank of the Pierre Auger Observatory.

The shower particles reaching ground are detected in the tanks due to the Cherenkov e↵ect:
when a charged particle travels at a speed above the speed of light in the medium (the
water inside the tank) - something that is not possible in vacuum (why?) - they will emit
Cherenkov radiation. This light will be detected by 3 photomultipliers (light detectors,
PMT). The photons are emitted while the particle crosses the tank (or until it is absorbed
by the water in the tank) and many of them quickly reach the photomultipliers, which
convert them, by photoelectric e↵ect, in a measurable electric current. The collected
electric signal is proportional to the number of charged particles crossing the tank, and

11

Sampling the shower particles reaching 
the ground 

Duty cycle: ~100% 
Ongoing detector upgrade (AugerPrime)

Ecal = ∫
dE
dX

dX

Calorimetric energy

Depth of shower maximumS(r) ∝ rβ(r + rM)β+γ

→ S(ropt)

Signal at the 
optimal distance
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The Pierre Auger Observatory as a multi-messenger detector

Latest results from the searches for UHE photons and neutrinos at Auger Marcus Niechciol

Figure 3: Results of the data unblinding for two search channels: ES channel (left); DG channel (right), in
the sub-channel with #stations 2 [7, 11]; for details, see [5, 6]

Figure 4: Upper limits on the diffuse flux of neutrinos, both integral (straight solid line) as well as differential
(curved solid line); shown are also upper limits from IceCube and ANITA and the expected neutrino fluxes
under different theoretical assumptions and scenarios, including ones based on Auger data (cf. [7]); for
details, see, e.g., [5, 6].

redshift are strongly constrained and even excluded due to the non-observation of neutrinos so far.
A more detailed study of the constraints on the characteristics of the sources of UHE cosmic rays
that can be derived from the limits on the neutrino flux is also shown at this conference [7].

3. Gravitational Wave Follow-Up Searches

The large exposure to UHE photons and neutrinos makes the Pierre Auger Observatory also an ideal
tool for follow-up studies to gravitational wave (GW) and other transient events. Alerts received
through the General Coordinates Network (GCN)1 are routinely followed up based on the stand-
alone searches discussed in the previous section. To highlight the capabilities of the Observatory
as a multimessenger instrument, we mention the follow-up search for UHE neutrinos to the event
GW170817, a binary neutron star merger [8]. Here, stringent upper limits on the neutrino fluence
in the UHE regime could be set, due to the source of the GW being directly within the field of view
of the ES channel at the time of the event. In the following, we briefly discuss a stacking analysis

1https://gcn.nasa.gov/
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Figure 1: Search for photons with energies above 1019 eV: distributions of the observables !LDF (left) and
� (center); distribution of the Fisher discriminant and results of the application to data (right); for details,
see [2].
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Figure 2: Current upper limits on the integral photon flux determined from data collected by the Pierre Auger
Observatory (red, blue and gray circles); shown are also upper limits published by other experiments as well
as the expected photon fluxes under different theoretical assumptions and scenarios; for details, see [3].

SD-only analysis is based on two observables, !LDF and � (see Fig. 1). The two observables relate
the measured total signals in the individual SD stations and the measured risetimes of the signals
to a data benchmark, describing the average of all of the SD data (assumed to be overwhelmingly
constituted by primary nuclei). The use of the average behavior of all SD data in the two quantities
removes the need for assumptions on the composition of the background, which is not known in
detail at the highest energies. The two observables are combined in a Fisher discriminant analysis,
with the burnt sample—about 2 % of the full data sample which are not used in the final analysis—
representing the background and photon simulations the signal (see also Fig. 1). The analysis
is applied to SD data collected between 1 January 2004 and 30 June 2020. Overall, 16 events
from the data sample pass the photon candidate cut, which is consistent with the expectation from
background. No primary photon could therefore be unambiguously identified. The resulting upper
limits on the integral photon flux are shown in Fig. 2, together with upper limits determined from
other experiments as well as the expected photon fluxes under different theoretical assumptions and

3

Energy spectrum Mass composition

• Phys. Rev. Lett. 125, 121106
• PoS(ICRC2023)365
• PoS(ICRC2023)1488
• PoS(ICRC2023)252

Follow-up of gravitational wave eventsArrival directions

COSMIC RAY MEASUREMENTS
SEARCH FOR NEUTRINOS AND PHOTONS
Diffuse neutrino flux Diffuse photon flux
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Cosmic rays as multi-messenger probes Cosmic rays

✴ Ultra-high-energy cosmic rays are the main target of the Pierre Auger Observatory 
✴ Combined fit of the energy spectrum and mass composition measurements above 1017.8 eV:

• JCAP05(2023)024

• Identical and uniformly distributed extragalactic sources 
• Two populations are necessary to describe the ankle feature 
• Rigidity-dependent cutoffs 
• Propagation effects on the fluxes are considered

Predicted fluxes 
at Earth

It is possible to compute the  fluxes 
associated to the best fit results

ν

Cosmogenic neutrinos (and gamma rays) are produced during the 
propagation of UHECRs 

Figure 15. The predicted fluxes of neutrinos (single flavour) corresponding to the best fit results
obtained by assuming a source evolution with m = �3 (top left), m = 3 (top right) and m = 5

(bottom) for the LE component; in all the three cases the HE component has no source evolution
(m = 0). The black solid curves represent the fluxes corresponding (from the bottom to the top)
to zmax = 1, 2, 3, 4 and 5, assuming a constant m value in the whole redshift range. The dashed black
curve shows the expected fluxes corresponding to zmax = 3 with a flat source evolution above z = 1.
The observed IceCube HESE flux, the current upper limits from IceCube and Auger (solid lines),
and the predicted sensitivities of future detectors (dot-dashed lines) are also shown for reference (see
text).

by IceCube are shown.666

Note however that neutrinos with E . 10
8
GeV can be produced by nuclei injected667

with energies below the range of our fits, E < 10
17.8

eV, where we extrapolate the injection668

spectrum as a power law with � & 3 down to indefinitely low energies; this is a rather extreme669

hypothesis, as it would require incredibly large integrated emissivities at low injection energies.670

Hence, the predicted fluxes shown in figure 15 below 10
8
GeV should be considered upper671

bounds to the predictions in more realistic scenarios, in which at E ⌧ 10
17.8

eV the injection672

spectra are harder.673

In general, the contribution of the HE population to the flux of expected neutrinos is674

negligible, regardless of its cosmological evolution: due to its rather low rigidity cutoff, even675

when the estimated fraction of protons is not negligible, the pion photoproduction interactions676

cannot occur on CMB photons, but only on the EBL ones. The latter, despite having a lower677

energy threshold, contributes to the neutrino flux to a lesser extent because of the much678

– 25 –

• Mixed mass composition + low rigidity cutoff 
at high-energy → low  fluxes 

• For strong source evolutions expected 
sensitivities of future detectors are reached

ν
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Neutrino identification at the Pierre Auger Observatory Neutrinos

 How to distinguish neutrino-induced air showers?  (from the background of hadron-induced ones)

1.  Neutrinos may interact very deep in atmosphere → even very inclined shower are still “young" at the ground 
level (electromagnetic component still present)

2.  may interact in the Earth crust producing a ντ τ → the lepton decays in the atmosphere and an upward-going 
shower can be observed

✴ The Pierre Auger Observatory is sensitive also to UHE neutrinos  
✴ They are probes to specific astrophysical scenarios and can be used to study transient and steady sources 
✴ They rarely interact with matter → can travel very long distances 

CR Downward-going neutrinos Upward-going neutrinos

[M. Niechciol]

Top of the atmosphere

EM component

Hadronic
component

Neutrino (Inclined)

Muons

Earth

Top of the atmosphere

EM component
Hadronic
component Earth-Skimming

tau Neutrino

Muons

Earth tau lepton

Top of the atmosphere

EM component

Hadronic
component

Cosmic Ray (Inclined)

Earth

Muons
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Neutrino identification at the Pierre Auger Observatory

Search for inclined showers ( ) with a large electromagnetic component at the ground (SD data are used)θ > 60o

footprint on the 
SD stations 

(large L/W ratio)

Broader signal in each SD station 
(large Area-over-Peak ratio)

 How to distinguish neutrino-induced air showers?  (from the background of hadron-induced ones)

1.  Neutrinos may interact very deep in atmosphere → even very inclined shower are still “young" at the ground 
level (electromagnetic component still present)

2.  may interact in the Earth crust producing a ντ τ → the lepton decays in the atmosphere and an upward-going 
shower can be observed
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✴ The Pierre Auger Observatory is sensitive also to UHE neutrinos  
✴ They are probes to specific astrophysical scenarios and can be used to study transient and steady sources 
✴ They rarely interact with matter → can travel very long distances 

Neutrinos
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The neutrino diffuse flux

Downward-going 
showers

✴  (high angle) → Events divided in 5 subsample basing on  

✴  (low angle) → Events divided in 3 subsample basing on Nstat

60o < θ < 75o θrec

75o < θ < 90o

Earth-skimming 
showers ✴  → Discriminating observable: <AoP> over all the triggered stations in the event 90o < θ < 95o

→ multivariate analysis:  different observables in each subsample  
→ Different Fisher discrimination variables  

Neutrinos

• JCAP 10 (2019) 022
• PoS(ICRC2023)1488

• Analysis recently updated with data until 31 
December 2021  

• Two search channels shown as an example 

• No candidate events have been identified 
in any of the search channels 

• Neutrino candidate cut chosen to get a false-positive rate of 1 event per 50 years
• No candidate events have been identified in any of the search channels

Data unblinding (two examples)

4 October 2022Marcus Niechciol (Universität Siegen), UHECR 2022 17

ES (1 Jan 2004 - 31 Dec 2021) DGH /$%"%&'($ ∈ [2, 44] (1 Jan 2004 - 31 Dec 2021)

PRELIMINARYPRELIMINARY
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Figure 3: Results of the data unblinding for two search channels: ES channel (left); DG channel (right), in
the sub-channel with #stations 2 [7, 11]; for details, see [5, 6]

Figure 4: Upper limits on the diffuse flux of neutrinos, both integral (straight solid line) as well as differential
(curved solid line); shown are also upper limits from IceCube and ANITA and the expected neutrino fluxes
under different theoretical assumptions and scenarios, including ones based on Auger data (cf. [7]); for
details, see, e.g., [5, 6].

redshift are strongly constrained and even excluded due to the non-observation of neutrinos so far.
A more detailed study of the constraints on the characteristics of the sources of UHE cosmic rays
that can be derived from the limits on the neutrino flux is also shown at this conference [7].

3. Gravitational Wave Follow-Up Searches

The large exposure to UHE photons and neutrinos makes the Pierre Auger Observatory also an ideal
tool for follow-up studies to gravitational wave (GW) and other transient events. Alerts received
through the General Coordinates Network (GCN)1 are routinely followed up based on the stand-
alone searches discussed in the previous section. To highlight the capabilities of the Observatory
as a multimessenger instrument, we mention the follow-up search for UHE neutrinos to the event
GW170817, a binary neutron star merger [8]. Here, stringent upper limits on the neutrino fluence
in the UHE regime could be set, due to the source of the GW being directly within the field of view
of the ES channel at the time of the event. In the following, we briefly discuss a stacking analysis

1https://gcn.nasa.gov/

5
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The neutrino diffuse flux

No neutrino candidate has been identified so far but upper limits have been set above 1017 eV

Assuming a differential flux , the upper limit to k 
at 90% C.L. is given by:

ϕ = k ⋅ E−2
ν

JCAP10(2019)022
Figure 5. Exposure of the SD of the Pierre Auger Observatory (1 January 2004–31 August 2018) to
UHE neutrinos as a function of neutrino energy for each neutrino flavor and for the sum of all flavors
assuming a flavor mixture of ⌫e : ⌫µ : ⌫⌧ = 1 : 1 : 1. Also shown are the exposures to upward-going
Earth-skimming ⌫⌧ only and to the Downward-Going neutrinos of all flavors including CC and NC
interactions.

4 Limits to di↵use fluxes

The total exposure Etot folded with a single-flavor flux of UHE neutrinos per unit energy,
area A, solid angle ⌦ and time, �(E⌫) = d6N⌫/(dE⌫ d⌦ dA dt) and integrated in energy
gives the expected number of events for that flux:

Nevt =

Z

E⌫

Etot(E⌫) �(E⌫) dE⌫ . (4.1)

Assuming a di↵erential neutrino flux � = k · E�2
⌫ , an upper limit to the value of k at 90%

C.L. is obtained as

k90 =
2.39R

E⌫
E�2

⌫ Etot(E⌫) dE⌫
, (4.2)

where 2.39 is the Feldman-Cousins factor [58] for non-observation of events in the absence of
expected background accounting for systematic uncertainties [33, 59]. The integrated limit
represents the value of the normalization of a E�2

⌫ di↵erential neutrino flux needed to predict
⇠ 2.39 expected events.

Several sources of systematic uncertainty have been considered in the calculation of
the exposure and limit. The uncertainty due to simulations includes the e↵ects of using
several neutrino interaction generators, shower simulations, hadronic interaction models and
thinning level. These would modify the event rate for a �(E⌫) / E�2

⌫ flux in eq. (4.1) between

– 11 –

Feldman-Cousins 
factor in absence 

of background
Exposure

The integrated upper limit between 1017 eV and 2.5 x 1019 eV:

• Auger sets limits comparable with the IceCube ones 

• Maximum sensitivity at ~EeV (peaks of most cosmogenic 
models) 

• Several models for the production of cosmogenic and 
astrophysical neutrinos are already constrained

• JCAP 10 (2019) 022
• PoS(ICRC2023)1488
• PoS(ICRC2023)1520 

Neutrinos

k90 < 3.5 × 10−9 GeV cm−2 s−1 sr−1

Cosmogenic models involving a pure-proton composition and a strong evolution of the sources with redshift are already excluded
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Neutrinos from point-like sources

Figure 8. Pierre Auger Observatory upper limits (1 Jan 2004 - 31 Aug 2018) at 90% C.L. on the
normalization kPS of a single flavour point-like flux of UHE neutrinos dN/dE⌫ = kPSE�2

⌫ as a function
of the source declination �. Also shown are the limits for IceCube (2008 - 2015) [38] and ANTARES
(2007 - 2015) [46]. Note the di↵erent energy ranges where the limits of each observatory apply.

obtained by IceCube [38] and ANTARES [46]. It must be stressed that the energy ranges
where the three experiments are sensitive are di↵erent and in many respects complementary.
The limits reported by ANTARES and IceCube apply to energies just below the energy range
of the search for neutrinos with the Pierre Auger Observatory that starts at ⇠ 1017 eV.

Limits for the particular case of the active galaxy Centaurus A, a potential source of
UHECRs, are shown in Fig. 9, together with constraints from other experiments. CenA at
a declination � ⇠ �43� is observed ⇠ 7% (⇠ 29%) of one sidereal day in the range of zenith
angles corresponding to ES (DG) events. The predicted fluxes for two theoretical models
of UHE ⌫-production – in the jets [47] and close to the core of Centaurus A [48] – are also
shown. We expect ⇠ 0.7 events from CenA for the flux model in [47] and ⇠ 0.025 events for
the model in [48]. However, there are significant uncertainties in this model that stem from
the fact that the neutrino flux is normalized to the UHECR proton flux assumed to originate
from CenA, which is uncertain.

5 Discussion and Conclusions

The search for point sources of neutrinos with data from the Surface Detector Array of the
Pierre Auger Observatory relies on selecting showers with large zenith angles in three di↵erent
angular ranges where searches with di↵erent sensitivities are performed. The sensitivity of
the Observatory to transient sources of UHE neutrinos is demonstrated using the e↵ective

– 13 –

✴ The same sets of inclined events as in the diffuse flux search 
are considered 

✴ At each instant, only neutrinos from a specific region of the 
sky corresponding to  can be detected. 

✴  Same exposure calculation as in the analysis for diffuse 
neutrinos except for the solid angle integration over the sky  

✴ A blind search is performed and no neutrino candidate is 
observed 

• Assuming a differential flux , the upper limit to  
at 90% C.L. according to Feldman-Cousins is computed

60o < θ < 95o

ϕ = kPS ⋅ E−2
ν kPS(δ)

• JCAP 11 (2019) 004

Neutrinos
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Follow-up of gravitational waves

✴ Routine follow-up of gravitational-wave (GW) events:  
→  search for neutrinos in the ES and DG channels in a 
chosen time window around the event 
→ no neutrinos found so far 
→ limits complementary to those of IceCube and ANTARES

Neutrinos

• ApJL 850 (2017) L35 
• PoS(ICRC2021)968
• PoS(ICRC2023)1488
• ApJ 952 (2023) 91

Latest results from the searches for UHE photons and neutrinos at Auger Marcus Niechciol

35(/,0,1$5<

Figure 5: Relative contribution of each BBH merger to the 24-hour UHE-neutrino luminosity limit; the
events are shown in chronological order with colors indicating the GW event catalog; for details, see [9].

35(/,0,1$5<

Figure 6: Results of the stacking analysis in the 24-hour time window [9]. Solid line: upper limit on the total
energy emitted in UHE neutrinos. Dashed lines: partial results when only a subset of the available sources
is taken into account.

of all binary black hole mergers observed by LIGO and Virgo during the observation runs O1 to
O3 [9]. The aim of this analysis is to probe the UHE neutrino luminosity of such mergers from
the non-observation of any UHE neutrino event. As a benchmark model, a universal and constant
UHE-neutrino luminosity for all BBH mergers is assumed, with an ⇢�2

a spectrum. The neutrinos
are assumed to be emitted isotropically during two different hypothetical emission periods after
each merger of 24 h and 60 d. The analysis is then based on the total number of neutrinos that can,
under these assumptions, be expected to be collected from all sources, only taking into account
observational parameters related to the source position and its luminosity distance. Also factored
in is the time-dependent exposure of the SD to the individual sources in the two time windows.
The relative contribution of each BBH merger to the stacking analysis in the 24 h time window is
shown in Fig. 5. The results of this analysis, given in terms of an upper limit on the UHE-neutrino
luminosity, taking into account all 83 BBH merger events observed by LIGO/Virgo during the
three observation runs, is 2.7⇥1048 erg s�1 for the 24 h period and 4.6⇥1046 erg s�1 for the 60 d

6

➡ GW170817 (binary neutron 
star merger) as an example  

➡ In the FoV of the ES channel 
at the time of the event

✴ Stacking analysis of 83 binary black holes (BBH) mergers 
detected by LIGO and Virgo via gravitational waves 

✴  Two hypothetical emission periods:  
• =24 h after the GW event 

• =60 d after the GW event 

✴  spectrum and constant emission are assumed 

✴ No neutrinos have been found →  upper limits are set on 
the total energy emitted in UHE neutrino 

Δ
Δ

∝ E−2

• Routine follow-up of gravitational-wave (GW) event alerts sent through, e.g., GCN
• Search for associated neutrinos in the SD dataset with a latency of at most 15 minutes, both in the 

Earth-skimming and down-going channels – so far, no neutrinos identified

• One example: GW170817 (binary neutron star merger)
• Source perfectly within the FoV of the ES channel at the time of the event
• Auger limits complement those of IceCube and ANTARES

Follow-Up of Gravitational-Wave Events

28 July 2023Marcus Niechciol (Pierre Auger Collaboration) / ICRC 2023 (Nagoya, Japan) 12

[Antares, IceCube, Pierre Auger, Ligo Scientific and Virgo Colls., ApJL 850 (2017) L35]

>

/ 24-hour time 
window

➡ Limit per source at 90 % 
C.L.: ~2.3 × 1053 erg 
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Photon identification at the Pierre Auger Observatory Photons

✴ The Pierre Auger Observatory is sensitive also to UHE photons  
✴ They can be produced either at the sources or during the propagation of UHE cosmic rays 

  → constrain specific astrophysical scenarios (e.g. GZK effect, top-down/bottom-up models for UHECRs production) 
✴ Neutral particles  → as UHE neutrinos, they are used to study steady and transient sources

 How to distinguish photon-induced air showers?  (from the background of hadron-induced ones)

 A photon-initiated shower is dominated 
by EM interaction

→ deeper depth of shower maximum Xmax 
→ less muons at the ground level

Photon Proton

Top of the atmosphere

EM component Hadronic
component

Cosmic Ray
(Vertical)

Muons

Earth

Top of the atmosphere

EM component Hadronic
component

Photon
(Vertical)

Muons

Earth

[M. Niechciol]
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 E > 1019 eV
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The diffuse photon flux

• Steeper LDF (less muons) →  observable SLDF

• SLDF,  are are combined using a Fisher discriminant 
analysis

Δ

• Only the SD measurements are used

How to distinguish SD photon events:

• Slower rising signal in the single SD triggered 
stations → observable related to the risetime Δ

• Zenith angles between 30° and 60° (selection of fully 
developed showers)

Photons

16 events from the data sample pass the photon candidate cut  
(consistent with the expectation from background)  

• JCAP 05 (2023) 021

JCAP05(2023)021
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Figure 4. Distribution of � (left) and LLDF (right) as a function of the photon energy E“ for the burn
sample and photon simulations. Preshowering photons are shown only in the energy range in which
they represent a fraction of the selected events larger than 3%. The bands represent one standard
deviation of the photon distributions.

maximum with respect to non-preshowering ones of the same primary energy. This results
in an underestimate of their energy of 30% using the look-up table constructed as described
in section 4.2.

4.4 Selection of photon candidates

To combine the information contained in the two discriminating variables and define a cri-
terion for the identification of photon candidate events, a burn sample is extracted from the
set in a way that guarantees a time distribution of events representing a fair sample of the
instantaneous exposure over the time period considered. The burn sample consists of 886
events, corresponding to ≥1.8% of the total selected events. The use of such a subset avoids
reliance on simulations of showers initiated by nuclei, which constitute the background for
the photon search, and the related uncertainties stemming from the assumptions on the mass
composition and the modeling of hadronic interactions.

For photon showers, the distribution of the SD observables � and LLDF described
in section 3 is dependent on the energy and zenith angle of the primary particle (see, e.g.,
figure 4). To define a single selection criterion for photon candidates as independent as
possible from direction and energy, the mean and standard deviation of the distribution of
each initial variable are computed, for non-preshowering photons, in 30 bins of roughly equal
statistics in the (S(1000), ◊) space (five in S(1000) and six in ◊). The reference spectrum
is Ã E≠2 hence simulations are weighted accordingly. The variables �̃ and L̃LDF are then
defined as linear transformations of the initial ones centered around 0 and expressed in units

– 10 –
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Figure 6. (Left) Distribution in the (�̃,L̃LDF) plane of the events of the search sample compared
with the E≠2-weighted distribution for non-preshowering photons (same contour levels as in figure 5).
(Right) Distribution of the Fisher discriminant value for the burn sample (grey), search sample (red)
and E≠2-weighted photon simulations (non-preshowering in blue and preshowering in light blue). The
search sample and photon distributions are scaled as to have the same integral as the burn sample one.
The vertical line stands for the candidate cut. The dashed line shows the result of the exponential fit
to the 5% of events in the burn sample with larger Fisher values.

as normalized histograms for the burn sample, the search sample, as well as the simulated
photon sample separated in non-preshowering and preshowering. For reference, the candidate
cut is shown as the vertical line, while the result of an exponential fit to the 5% of events from
the burn sample with the largest Fisher values is drawn to guide the eye in the interpretation
of the tail of the Fisher distribution of the search sample.

We find 16 (1) [0] photon candidates above 1019 eV (2◊1019 eV) [4◊1019 eV]. The number
of observed candidates is in statistical agreement with what is expected from the exponential
fit to the burn sample, with a di�erence of -0.3 standard deviations. In addition, no peak-like
features above the selection cut that would indicate the presence of a photon population are
observed above the fall-o� of the distribution. Overall, therefore, the Fisher distribution of
photon candidates is consistent with the expectations of a background of UHECR events.

To search for further imprints that would be indicative of the presence of photon events,
we have checked that no candidates are coincident in time. We have also searched for small-
scale clustering in arrival directions that would be indicative of repeaters and thus of point-
like sources of photons. No such clustering is observed, and the arrival directions of the
candidates are distributed in accordance with the directional exposure of the cosmic-ray
background events.

From the absence of photon flux measurements, upper limits are derived from the num-
ber of candidates above a minimum energy E0. The signal e�ciency of the analysis, ‘“ , is
estimated by applying the quality cuts and the selection of candidates to a Monte-Carlo set
of photon air showers using the same procedure as for the data. The (weighted) ratio of the
number of selected candidates (preshowering or not) reconstructed in the selected zenithal
range and with assigned photon energy above the threshold E0 to the total number of simu-
lated events with generated zenith and energy in the desired ranges is computed. The weight

– 12 –

The photon candidate 
cut is the median of the 

photon test sample



Eleonora Guido for the Pierre Auger Collaboration 
Multi-messenger studies at the Pierre Auger Observatory

ICRC2023 Satellite Workshop

The diffuse photon flux
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FD+SD are used (hybrid measurements) in the photons searches below 1019 eV

   1018 eV  < E < 1019 eV

• FD measurements: 
→ Larger depth of shower maximum Xmax 

• SD measurements: 
→ Smaller number of triggered SD stations NSD 
→ Steeper LDF (less muons) → observable Sb

The observables are combined to obtain a discriminant

Nstations are shown in Figure 2 for the simulated samples as well
as the data sample.

To combine the three discriminating observables, a multi-
variate analysis (MVA) is performed using the boosted
decision tree (BDT) method as implemented by the TMVA
package (Hoecker et al. 2007). To take into account energy and
zenith angle dependencies, the photon energy Eγ and the zenith
angle θ are also included in the MVA. The MVA is trained
using two thirds of the simulated samples described before,
while the remaining third is used to test the trained MVA for
consistency and calculate the performance of the MVA with
regard to photon/hadron separation. In Figure 2, the training
and test subsamples are denoted by the markers and the shaded
regions, respectively, for both the photon and the proton
samples. In the training and testing stages of the MVA, events
are weighted according to a power-law spectrum E−Γ with a
spectral index Γ= 2, as in previous photon searches (see, e.g.,
Aab et al. 2017a).

The distribution of the output from the BDT β, which is used
as the final discriminator for separating photon-induced air
showers from the hadronic background, is shown in Figure 3
for both the simulated and the data samples (see also
Section 5). The photon and proton distributions are clearly
separated. The background rejection at a signal efficiency of
50%, i.e., the fraction of proton-induced events that have a β
larger than the median of the photon (test sample) distribution
—which is used as the photon candidate cut, marked with the
dashed line in Figure 3)—is (99.87 ± 0.03)%, where the
uncertainty has been determined through a bootstrapping
method. When only events with Eγ� 2× 1017 eV are taken
into account, the background rejection at 50% signal efficiency
becomes (99.91 ± 0.03)%; hence, we expect a background
contamination of (0.09 ± 0.03)%. For the size of the data
sample given in Table 1 (2204 events), this would translate,
under the assumption of a pure-proton background, to
1.98 ± 0.66 background events that are wrongly identified as
photon candidate events. All of these numbers have been
determined from the test samples (see above). Were the
analysis to be based on Xmax only, the background rejection at
50% signal efficiency would be 92.5%. The expected back-
ground contamination can therefore be reduced significantly by
including the SD-related observables Sb and Nstations.

5. Results

Finally, we apply the analysis to the data sample to search
for the presence of photon candidate events. The distributions
of the three discriminating observables Xmax, Sb, and Nstations
for the data sample are shown in Figure 2 together with the
corresponding distributions for the simulated samples. In the
following paragraphs, we briefly discuss these distributions.
The Xmax distribution for the data sample is shifted toward

smaller Xmax values compared to the proton distribution. This is
in line with current Auger results on the composition of
UHECRs: for example, in Yushkov & Pierre Auger Collabora-
tion (2019), the Xmax� § values that were measured above
1017.2 eV are consistently below the expectation for primary
protons, indicating a heavier composition. As the average Xmax
is decreasing with increasing primary mass, a shift of the Xmax
distribution for the data sample toward smaller values is
expected. Similarly, a composition effect can be seen in the Sb
and Nstations distributions. As the lateral shower profile gets
wider with increasing primary mass and the number of muons

Figure 2. Normalized distributions of the three discriminating observables Xmax, Sb, and Nstations. The photon sample is shown in blue, the proton sample in red, and
the data sample in black. Only events with Eγ > 2 × 1017 eV are shown. The simulated samples are subdivided into a training sample used to train the MVA and a test
sample used to determine the separation power of the individual observables. Note that for illustrative purposes and to facilitate the comparison of the data
distributions to the ones obtained from the simulated samples, the latter were weighted with an E 3

H
� spectrum instead of the E 2

H
� one used in the MVA (see Section 4).

Figure 3. Normalized distributions of the final discriminator β. The photon
sample is shown in blue, the proton sample in red, and the data sample in black.
Only events with Eγ > 2 × 1017 eV are shown. The simulated samples are
subdivided into a training sample used to train the MVA and a test sample used
to determine the separation power of the full analysis. The dashed line denotes
the median of the photon test sample, which is used as the photon candidate
cut. The inlay shows a zoom on the data distribution around the photon
candidate cut.
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Standard data set  
(E > 1018 eV)

Low-energy data set  
(E > 2 x 1017 eV)

The photon candidate cut is the median of the photon test sample

• Zenith angles below 60°

• Universe 8 (2022) 579

 2 x 1017 eV <  E < 1018 eV

PhotonsUniverse 2022, 8, 579 7 of 20

Figure 4. (Top left) scatter plot of Xmax and Fµ, i.e., the observables used in the hybrid search for
photons using air-shower universality, for simulated primary photons (blue) and protons (red); The
contour lines enclose 90%, 50% and 10%, respectively, of the events. (Top right) distributions of the
Fisher discriminant f for simulated primary photons (signal, blue) and protons (background, red),
and for the burnt sample (black); the dashed red line marks the tail of the proton distribution; the
dashed blue line indicates the median of the photon distribution. (Bottom) the tail of the distribution
of f for the hybrid data sample (black dots); the dashed line represents the photon-candidate cut; the
shaded blue regions show the 1s, 2s and 3s uncertainty bands for background expectation. For more
details, see [24].

4.3. Search for Photons above 1019 eV with the Surface Detector of the Pierre Auger Observatory
In the energy range above 1019 eV, UHE photons are searched for among the data

collected with the 1500 m SD array of the Pierre Auger Observatory [25]. While the photon
search using SD-only data can profit from the large exposure due to the high duty cycle
of the SD, the lack of a corresponding fluorescence measurement for the bulk of the data
poses some challenges. For example, there is no direct measurement of Xmax available.
Additionally, the primary energy can only be accessed indirectly, using S(1000)—the
interpolated signal in the SD stations at a perpendicular distance of 1000 m from the shower
axis—as a proxy.

Two observables are used in this analysis, one related to the thickness of the shower
front at ground and one based on the steepness of the lateral distribution. These two
properties of an air shower depend on the type of the primary particle initiating the shower,
hence they can be used for photon–hadron separation. The first observable, D, is based
on the risetime t1/2 in the individual SD stations, which is defined as the time at which
the integrated signal in the measured time trace rises from 10% to 50% of its total value.
For showers of the same primary energy and zenith angle, t1/2 is expected to be larger for

• FD measurements: 
→ Larger depth of shower maximum Xmax 

• Muon content given by the parameter Fμ (derived from the 
SD signals with air-shower universality concept)
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No photon has been unambiguously detected so far but upper limits have been set above 5 x 1016 eV

• Auger set the most stringent limits above ~1017 eV 

• Top-down models are already disfavoured 

• GZK predictions still not constrained 

→ slightly lowering the limits would put some constraints 

• Improvement are expected in the next future (AugerPrime)

Event ID E� [EeV] Zenith [�] Xmax [g/cm2] Sb [VEM] Nstat l [�] b [�]
3218344 1.40± 0.18 34.9± 0.9 851± 31 2.04± 0.77 2 218.21± 1.29 -25.67± 0.36
6691838 1.26± 0.05 53.9± 0.3 886± 9 4.94± 1.21 2 100.45± 0.57 -46.25± 0.25
12459240 1.60± 0.14 49.4± 0.4 840± 21 9.57± 2.56 3 324.94± 0.37 -24.70± 0.60

Table 2. List of the events selected as photon candidates with the main quantities used for photon-
induced air-showers identification and with their arrival directions in galactic coordinates (l,b).
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Figure 5. Hybrid exposure for primary photons
in the time interval 1 January 2005 - 31 December
2013, assuming a power-law spectrum with � = 2.
Systematic uncertainties due to the ontime and
the trigger efficiency are shown as a gray band.

Detector systematic uncertainties

Source Syst. uncert. UL0.95 change
(E� > 1 EeV)

Energy scale ± 14% (+18, -38)%
Xmax scale ± 10 g/cm2 (+18, -38)%
Sb ± 5% (-19, +18)%
Exposure ± 6.4% (-6.4, +6.4)%

Table 3. Relative changes of the upper limits on
the photon flux for different sources of systematic
uncertainties related to the detector. Only the first
energy bin (E� > 1 EeV) is reported as the mostly
affected one.

Mpc because of UHE photons interaction on the extragalactic background radiation [28]. The
smallest angular distances between the candidates and any of the objects in the catalogue
is found to be around 10�. One candidate (ID 6691838) was also selected in a previous
analysis [19]. Its longitudinal profile is shown in Fig. 4 (left). In Fig. 4 (right), the values
of Xmax and Sb for this event are compared to the measured ones in dedicated simulations
having the same geometry and energy of this event. In the data sample of simulated protons,
three out of 3000 showers pass the photon selections and are misclassified, in agreement with
the expected average background contamination.

6 Results

Since the number of selected photon candidates is compatible with the background expecta-
tion, upper limits (UL) on the integral photon flux at 95% confidence level (C.L.) are derived
as:

�0.95
UL (E� > E0) =

N0.95
� (E� > E0)

E�(E� > E0|E��
� )

(6.1)

where N0.95
� is the Feldman-Cousins upper limit at 95% CL on the number of photon

candidates assuming zero background events and E� is the integrated exposure above the

– 9 –

Upper limit on the integral flux at 95% C.L.

Feldman-Cousins 
upper limit for 0 

background

Integrated exposure for  E−Γ = E−2

Photons

• Universe 8 (2022) 579
• PoS(ICRC2023)1488
• PoS(ICRC2023)191
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210 Auger SD 433 m + UMD (2023), U.L. at 95 % C.L.
Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.
Auger Hybrid (2021), U.L. at 95 % C.L.
Auger SD 1500 m (2023), U.L. at 95 % C.L.
KASCADE-Grande (2017), U.L. at 90 % C.L.
EAS-MSU (2017), U.L. at 90 % C.L.
Telescope Array (2019), U.L. at 95 % C.L.
Telescope Array (2021), U.L. at 95 % C.L.

GZK proton I (Kampert et al. 2011)
GZK proton II (Gelmini, Kalashev & Semikoz 2022)
GZK mixed (Bobrikova et al. 2021)
CR interactions in Milky Way (Berat et al. 2022)
SHDM Ia (Kalashev & Kuznetsov 2016)
SHDM Ib (Kalashev & Kuznetsov 2016)
SHDM II (Kachelriess, Kalashev & Kuznetsov 2018)

Ongoing analysis in the energy range 50 - 200 PeV  

→ upper limits extended to lower energies
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Photons from point-like sources

✴ Goal: Identifying the first UHE photon point sources (or constraining their characteristics) 

✴ Photons are attenuated by the interactions with background radiation 
→  sources within few Mpc (including Centaurus A) 

✴ Atmospheric Cherenkov telescopes (e.g. HESS) observed gamma-ray sources in the TeV 
region 
→ the continuation of such spectra to EeV energy could be observed by Auger

7

For each target direction we use a top-hat counting re-
gion of 1◦. Details of this multivariate cut selection and
counting procedure are given in Aab et al. (2014c). Av-
eraging over all 364 target directions, the multivariate
cut is expected to retain 81.4% of photons while reject-
ing 95.2% of background hadrons. After applying the
cut, the total number of recorded events from all of the
targets is reduced from 11,180 to 474.
Each target set is tested with and without statistical

weights. The weight wi is assigned to each target i in a
target set proportional to the measured electromagnetic
flux fi in the catalog and proportional to the directional
photon exposure εi of the Pierre Auger Observatory
based on Settimo & The Pierre Auger Collaboration
(2012). Relative attenuation differences from candidate
sources of the same class can be neglected given an in-
teraction length between 90 and 900 kpc of primary
photons in the energy range considered (see Figure 1).
The sum of weights in each set is normalized to 1 (see
Aab et al. (2014d)):

wi =
fi · εi
∑

i fi · εi
. (1)

A p-value pi is assigned to each candidate source of
a target set as follows. The p-value for the target i is
defined by pi ≡ [Poisson(ni, bi) + Poisson(ni + 1, bi)]/2,
where Poisson(ni, bi) is the probability of getting ni or
more arrival directions in the target when the observed
value is ni, and the expected number from the back-
ground is bi. Averaging the values for n and n+1 avoids
a bias toward low or high p-values for pure background
fluctuations.
The combined weighted probability Pw is the frac-

tion of isotropic simulations yielding a weighted product
∏

i p
wi

i,iso that is not greater than the measured weighted
product

∏

i p
wi

i :

Pw = Prob

(

∏

i

pwi

i,iso ≤
∏

i

pwi

i

)

, (2)

where pi,iso denotes the p-value of target i in an isotropic
simulation. The combined unweighted probability P is
given by the same formula with wi = 1 for all targets
(see Aab et al. (2014d)).

5. RESULTS

The results for the combined analysis for each of the
12 target sets are shown in Table 1, along with detailed
information about the target that has the smallest p-
value in each set. In addition to the direction of the
candidate source, the measured and expected numbers
of events within an opening angle of 1◦ are given along
with the required number of events for a 3σ observation.
In the last two columns are the minimum p-value of the
target set (p) and the penalized p-value p∗ = 1−(1−p)N ,
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Figure 2. Photon flux as a function of energy from
the Galactic center region. Measured data by H.E.S.S.
are indicated, as well as the extrapolated photon flux at
Earth in the EeV range, given the quoted spectral indices
(Abramowski et al. (2016); conservatively the extrapolation
does not take into account the increase of the p–p cross-
section toward higher energies). The Auger limit is indicated
by a green line. A variation of the assumed spectral index by
±0.11 according to systematics of the H.E.S.S. measurement
is denoted by the light green and blue band. A spectral index
with cutoff energy Ecut = 2.0 · 106 TeV is indicated as well.

which is the chance probability that one or more of theN
candidate sources in the target set would have a p-value
less than p if the N p-values were randomly sampled
from the uniform probability distribution.
No combined p-value (P or Pw) nor any individual

target p-value has a statistical significance as great as
3σ. Upper limits are therefore derived for the flux from
the target of smallest p-value in each target set assum-
ing an E−2 photon spectrum and they are indicated in
Table 1. Upper limits on the photon flux from a point
source i are calculated as f95%

i = nZech
i /(ninc · εi), where

nZech
i is the upper limit, at the 95% confidence level,

on the number of photons using Zech’s definition (Zech
1989), ninc = 0.9 is the expected signal fraction within
the search window, and εi is the directional photon ex-
posure.
Various sources of systematic uncertainties have been

investigated in Aab et al. (2014c). The main contribu-
tion arises from the unknown photon spectral index due
to the associated change in the directional photon ex-
posure. Differences in the particle flux upper limit of
−34% and +51% have been estimated when changing
the photon spectral index from 2.0 to 1.5 or 2.5, respec-
tively. Considering the background rejection, differences
in the hadronic interaction models change the particle
flux upper limits by, on average, -9% when using EPOS-
LHC (Pierog et al. 2013) for proton simulations instead
of QGSJET-01c (Kalmykov & Ostapchenko 1989).
In the following, the limit on the Galactic center

6

Table 1. Combined Unweighted probabilities P and Weighted Probabilities Pw for the 12 Target Sets.
Note. In addition, information on the most significant target from each target set is given. The number of observed (Obs)
and expected (Exp) events and the corresponding exposure are shown. The numbers in brackets in the observed number of
events column indicate the number of events needed for a 3σ observation unpenalized and penalized (∗). Upper limits (UL) are
computed at 95% confidence level. The last two columns indicate the p-value unpenalized (p) and penalized (p∗). Due to the
discrete distribution of p-values arising in isotropic simulations, P can differ from p in the sets that contain only a single target.

Class No. Pw P R.A. Decl. Obs Exp Exposure Flux UL E-flux UL p p∗

[◦] [◦] [km2 yr] [km−2 yr−1] [eV cm−2 s−1]

msec PSRs 67 0.57 0.14 286.4 4.0 5 (7,9∗) 1.433 236.1 0.043 0.077 0.010 0.476

γ-ray PSRs 75 0.97 0.98 312.8 -8.5 6 (8,10∗) 1.857 248.1 0.045 0.080 0.007 0.431

LMXB 87 0.13 0.74 258.1 -40.8 6 (8,11∗) 2.144 233.9 0.046 0.083 0.014 0.718

HMXB 48 0.33 0.84 285.9 -3.2 4 (7,9∗) 1.460 235.2 0.036 0.066 0.040 0.856

H.E.S.S. PWN 17 0.92 0.90 266.8 -28.2 4 (8,10∗) 2.045 211.4 0.038 0.068 0.104 0.845

H.E.S.S. other 16 0.12 0.52 258.3 -39.8 5 (8,10∗) 2.103 233.3 0.040 0.072 0.042 0.493

H.E.S.S. UNID 20 0.79 0.45 257.1 -41.1 6 (8,10∗) 2.142 239.2 0.045 0.081 0.014 0.251

Microquasars 13 0.29 0.48 267.0 -28.1 5 (8,10∗) 2.044 211.4 0.045 0.080 0.037 0.391

Magnetars 16 0.30 0.89 257.2 -40.1 4 (8,10∗) 2.122 253.8 0.031 0.056 0.115 0.858

Gal. Center 1 0.59 0.59 266.4 -29.0 2 (8,8∗) 2.048 218.9 0.024 0.044 0.471 0.471

LMC 3 0.52 0.62 84.4 -69.2 2 (8,9∗) 2.015 180.3 0.030 0.053 0.463 0.845

Cen A 1 0.31 0.31 201.4 -43.0 3 (8,8∗) 1.948 214.1 0.031 0.056 0.221 0.221

netic field were 〈B〉 > 1 nG, since in this case the elec-
trons would be largely deflected.
Since there is a close connection between hadronic pro-

duction processes for photons and neutrons, any candi-
date source of neutrons is also a candidate source of pho-
tons. As a consequence this analysis adopts the Galac-
tic point source target sets defined in Aab et al. (2014d)
but adds the new H.E.S.S. unidentified sources reported
in Deil et al. (2015). The Galactic source classes are
millisecond pulsars (msec PSRs), γ-ray pulsars (γ-ray
PSRs), low-mass and high-massX-ray binaries (LMXBs
and HMXBs), H.E.S.S. Pulsar Wind Nebulae (PWNe),
other H.E.S.S. identified and unidentified sources, micro-
quasars, magnetars, and the Galactic center. To retain
independent target sets a candidate source that appears
in two or more sets is kept only in the most exclusive
set. Because the maximum observable distance of EeV
photons is greater than that for EeV neutrons, two addi-
tional extragalactic target sets are included in this anal-
ysis. One set consists of three powerful gamma-ray emit-
ters in the Large Magellanic Cloud (LMC) at a distance
of ∼ 50 kpc (Abramowski et al. 2015). The core region
of Centaurus A (Cen A) is, by itself, the second extra-
galactic target set. The 12 source classes collectively
include 364 individual candidate source directions.

4. ANALYSIS METHOD

To reduce the contamination of hadronic background
events, only air showers similar to the photon expec-
tation are selected using the multivariate method of

Boosted Decision Trees (Breiman et al. 1984; Schapire
1990) trained with Monte Carlo simulations of show-
ers produced by photon and proton primaries. For a
fixed primary energy, photon induced air showers have,
on average, a delayed shower development and fewer
muons (mostly electromagnetic component) compared
to hadron-induced showers. As in the previous photon
search paper, five different mass-sensitive observables
are used: the depth of shower maximum Xmax (from
FD, being sensitive to delayed shower development), re-
duced χ2 and normalized energy of the Greisen fit to
the longitudinal profile (from FD, being sensitive to the
electromagnetic component), Sb-parameter (Ros et al.
2011) (from SD, being sensitive to the slope of the lateral
distribution of the shower, and hence to the muonic con-
tent), and the ratio of the early arriving to the late arriv-
ing integrated signal in the detector with the strongest
signal (from SD, being sensitive to the muonic compo-
nent and to the delayed shower development).
The optimized cut in the multivariate output distri-

bution for a specific candidate source direction i de-
pends on the expected number of isotropic background
events bi. This number is calculated by applying the
scrambling technique (Cassiday et al. 1990), and natu-
rally takes into account detector efficiencies and aper-
ture features by assigning arrival times and arrival di-
rections, binned for each telescope, randomly from mea-
sured events. This procedure is repeated 5000 times and
the mean number of arrival directions within a target is
then used as the expected isotropic background count.

• Sources grouped in 12 target sets to have more significant signals (364 individual 
source candidates) 

• Selected events: hybrid events,  ,  
• 5 mass-sensitive observables used to train a BDT 

• A combined p-value  is associated to each target 
→ no evidence of EeV photon (statistical significance always lower than 3 ) 
→  upper limits are set →  constraints on the extrapolation of TeV spectra to EeV 
energies (e.g. Ecut < 2 EeV for the Galactic center)

θ < 60o 1017.3 eV < E < 1018.5 eV

P
σ

Galactic center

Photons

• ApJL 837 L25 (2017)
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Follow-up of gravitational wave events

✴ Goal: search for UHE photons from the sources of gravitational waves (GW) 

✴ The SD data above 1019 eV are used 

✴ Same method used for the search of the diffuse photon flux above 1019 eV  

✴  Two time windows: =1000 s starting 500 s before the GW event 
  =24 h starting 500 s after the GW event 

✴ Selection of GW events based on localization quality and distance (events 
within the photon horizon, farther events but very well localised, …) 
→ only 10 GW events overlap with the field of view of the SD during 
one of the two time windows 

• No photon candidate has been observed 

• For each GW event upper limit on the photon spectral fluence at 90% C.L.

Δ
Δ

Photons

• PoS(ICRC2021)973
• ApJ 952 (2023) 91

• Photon detection efficiency better than for
neutrinos, but identification more difficult
(larger hadronic background)

• Only follow-up selected GW alerts to
reduce the rate of false-positive detections

• Focus on close and/or well-localized GW events
measured by LIGO/Virgo: 10 GW events pass the
selection; look at time windows of ±500	s and
+1 day around the time of the merger

• No coincident photons were identified in the SD
data set (above 1019 eV) for any of the 10 GW events:
determine upper limits on the spectral fluence

Follow-Up Search for UHE Photons

28 July 2023Marcus Niechciol (Pierre Auger Collaboration) / ICRC 2023 (Nagoya, Japan) 14

[Pierre Auger Coll., accepted for publication in ApJ]
[P. Ruehl (Pierre Auger Coll.), PoS (ICRC 2021) 973]
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Neutron search for source targets

✴ Also UHE neutrons are not deflected by magnetic fields and may point back to their sources 

✴ Mean travel distance before decaying is 9.2 kpc En/EeV → neutrons above 1 EeV from sources in the Galactic disk can be 
detected 

✴ Neutron-induced air showers cannot be distinguished from proton-initiated ones 
→ search for an excess in given directions (as in the targeted search of EeV photon sources)

No evidence for a neutron flux from any target sets of sources 

→ upper limits (95% C.L.) 

• Energy flux upper limit, assuming an 𝐸 −2 spectrum 

•  Analysis performed with the events of the SD array 

• Plan to perform an updated blind search for a neutron flux from any 
direction

Neutrons 

• PoS(ICRC2023)246
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Summary

The Pierre Auger Observatory is sensitive not only to UHECRs, but also to UHE photons, neutrinos and neutrons

✴ Photons can be discriminated from hadrons because they initiate showers with reduced muon content and deeper Xmax  
→ they are searched with both the SD and the FD  

✴ Neutrinos produce showers that develop deep in atmosphere → large electromagnetic component at the ground (“young” 
showers)  
→ search for inclined events with the SD (electromagnetic component of hadron showers is almost completely absorbed) 

✴ No candidate events → stringent upper limits on the diffusive fluxes (and on the fluxes from point-like steady sources) 
✴ Follow-up of gravitational wave events has not led to the observation of candidates so far → upper limits 

✦ Cosmic rays can be used as multi-messenger probes: 

→ Predictions of cosmogenic neutrinos associated to astrophysical scenarios for UHECRs are compared to the  upper limits 

→ possible constraints on source properties (e.g. cosmological evolution, rigidity cutoff at the sources,…)

ν

✦ Neutrons can be detected by looking for an excess of particles from a a given direction 
→ analysis recently updated but no excess observed so far
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Outlook

✴ The current upper bounds will be lowered thanks to increasing exposure and number of transient event 
✴ Expected improvements with AugerPrime upgrade → improved sensitivity of the SD to different primaries

Auger with its unique sensitivity will continue to monitor the UHE sky and contribute to multi-messenger studies

✦ New electronics → improved resolution and larger dynamic range 
✦ SD stations equipped with radio antennas → detection of radio signals in air showers 
✦ Plastic scintillator on top of each SD station (Surface Scintillator Detectors) 
→ different sensitivity to the muonic/electromagnetic components

Auger Upgrade: mass/charge sensitivity up to highest energy

14
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Cherenkov light in water 

Scintillator (3.8 m2)

Scintillator detector on top of each water tank Scintillation detector (SSD)

water-Cherenkov detector (WCD)

Both signals used to derive number of muons and electromagnetic particles

counting of muons; a channel for signal integration will be
used to extract the muon information close to the shower
core, in the saturation region.
These detectors will provide a direct measure of the muon
content of the extensive air showers, with the aim of study-
ing the primary composition and hadronic interactions in a
region of energy corresponding to the transition of cosmic
rays from a Galactic to an extra-galactic origin.
Furthermore, the underground modules will allow us to
cross-check and fine-tune the methods used to derive the
muon information from the upgraded SD.

Figure 4. Top: Two AMIGA modules during assembly. Bottom:
the Moon and Jupiter above one of the Fluorescence Detectors in
the Pierre Auger Observatory.

2.6 The extended duty cycle of the Fluorescence
Detector

The Auger Fluorescence Detector (FD) is composed of 27
telescopes overlooking the SD area (Fig.4, bottom panel).
They are used to observe the longitudinal development of
air showers in the atmosphere, thus providing mass sen-
sitive observables and a model independent energy recon-
struction.
The FD duty cycle is currently limited to about 15 %, be-
ing operations limited to dark and moonless nights. The
current criteria for FD measurements require the Sun to
be more than 18� below the horizon, the Moon to be be-
low the horizon for more than 3 hours and the illuminated
fraction of the Moon to be below 70%.
A significant increase of about 50% in the duty cycle can
be obtained by extending the FD operations to times with
larger night sky background, relaxing the second and third
requirements. By reducing the supplied high voltage, the
PMT gains can indeed be reduced by a factor of 10.
Preliminary tests show that the PMTs operated at reduced

gain satisfy the criteria required for the FD performance
(such as linearity, stability and lifetime), avoiding too high
anode currents that could result in a deterioration of the
tubes.

2.7 The Radio Upgrade

An engineering array of radio detectors (AERA) has been
running in the Pierre Auger Observatory for a few years.
With the collected data, it was possible to demonstrate the
feasibility of radio detection with a grid of antennas at
1500 m mutual distances, and measure horizontal show-
ers (✓ = 60� � 84�), which illuminate an area of several
km2 on the ground [20].
Based on these results, a full radio upgrade of the Pierre
Auger Observatory has been proposed [21], where each
WCD of the SD will be equipped with a radio antenna
mounted on its top surface, as shown in Fig.5.
The new detectors will operate together with the upgraded
SD, forming a unique setup to measure the properties of
cosmic rays above 1017.5 eV. For horizontal showers, they
will nicely complement the information on the particle
type we will get from the WCD+SSD, thereby increasing
the exposure for mass-sensitive investigations.

Figure 5. Sketch of the radio antenna mounted atop the
WCD+SSD.

3 Expected physics performances

As discussed above, the main aim of AugerPrime is that of
providing event-by-event composition-sensitive measure-
ments by increasing the ability to recognize and separate
the di↵erent components of air showers. The goodness of
the separation between two di↵erent primaries i and j can
be quantified by defining a merit factor

fMF =
|S i � S j|p

�2(S i) + �2(S j)
(1)

The most direct technique to evaluate the muon com-
ponent exploits the di↵erent responses of the WCD and

EPJ Web of Conferences 210, 06002 (2019) https://doi.org/10.1051/epjconf/201921006002
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✴ SSD are more sensitive to electrons/positrons 
✴ WCD are more sensitive to muons 
→ Enhanced discrimination power of primary particles

Auger Upgrade: mass/charge sensitivity up to highest energy

14

0 100 200 300 400 500 600 700
0

2

4

6

8

10

12

14

16

18

20

22

Cherenkov light in water 

Scintillator (3.8 m2)

Scintillator detector on top of each water tank Scintillation detector (SSD)

water-Cherenkov detector (WCD)

Both signals used to derive number of muons and electromagnetic particles



Eleonora Guido for the Pierre Auger Collaboration 
Multi-messenger studies at the Pierre Auger Observatory

ICRC2023 Satellite Workshop
22

Thank you for your attention



Eleonora Guido for the Pierre Auger Collaboration 
Multi-messenger studies at the Pierre Auger Observatory

ICRC2023 Satellite Workshop
1

Multi-messenger astronomy

Combining the information from any particle and radiation coming from astrophysical objects 
→ complementary insight on the most energetic events in the Universe

• Sources can be studied through different wavelengths of the 
electromagnetic spectrum 

• SN1987A (neutrinos from SN): onset of multi-messenger astronomy 
• Neutrino astronomy & observation of gravitational waves →  recent 

boost of multi-messenger studies:  

Cosmic rays

Gravitational waves

Neutrinos
✦ 2017: measurements of the electromagnetic spectrum emission in 

coincidence with the first neutron star merger observed by LIGO 
and Virgo 

✦ 2017: IceCube observed a high-energy neutrino (~290 TeV) in 
coincidence with a flaring gamma-ray blazar. 

✦ 2021: IceCube reported the association of a high-energy neutrino 
with a tidal disruption event 

✦ 2023: first map of neutrinos emissions in our Galaxy

Additional 
messengers

• Bionta et al., 1987 
• Hirata et al., 1987
• IceCube Coll. 2023

Electromagnetic 
wavelengths

•  Abbott et al., 2017a
• Aartsen et al., 2018a
• R. Stein et al., 2021 

https://www.frontiersin.org/articles/10.3389/fspas.2019.00024/full#B58
https://www.frontiersin.org/articles/10.3389/fspas.2019.00024/full#B80
https://www.science.org/doi/10.1126/science.adc9818
https://www.nature.com/articles/s41550-020-01295-8
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SD: water-cherenkov tanks (WCD) :

Electronics

Communication 
antennas

Solar panels

Plastic tank with 12 tons of 
ultra-pure water

3) How do we detect cosmic ray showers

The Pierre Auger Observatory combines two independent techniques to detect and
characterise cosmic ray showers: one is based on the surface detector, that collects
information on the charged particles reaching ground; the other is based on the fluorescence
detector - it detects light produced in the atmosphere due to the passing of the cascade
particles. While the surface detector is always in operation, this fluorescence detector
collects data only on dark, moonless nights. In this guide we will concentrate on the
surface detector, since the data made public by the Observatory were collected using the
surface detector.
The Auger surface detector consists of more than 1600 water tanks, sketched in figure 6,
placed at about 1.5 km from each other, and which will sample the charged particles of
the shower as they reach ground.

Figure 6: Water tank of the Pierre Auger Observatory.

The shower particles reaching ground are detected in the tanks due to the Cherenkov e↵ect:
when a charged particle travels at a speed above the speed of light in the medium (the
water inside the tank) - something that is not possible in vacuum (why?) - they will emit
Cherenkov radiation. This light will be detected by 3 photomultipliers (light detectors,
PMT). The photons are emitted while the particle crosses the tank (or until it is absorbed
by the water in the tank) and many of them quickly reach the photomultipliers, which
convert them, by photoelectric e↵ect, in a measurable electric current. The collected
electric signal is proportional to the number of charged particles crossing the tank, and

11

Plastic scintillator

• AugerPrime: additional plastic scintillator on each tank   
→improved information on the primary particles

• 3 PMT looking into the water collect the Cherenkov light produced by 
the particles (mainly electrons and muons)

1661 covering 3000 km2

Battery box

• ~100% duty cycle
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Figure 9. Angular correlation of Auger data modified according to Scenario 1 and 1p with the AGNs of the "70 Months Swift-BAT
catalog" (see text for details). The relative excesses of pairs of events as a function of their angular separation is shown for the complete
data set (left), the selection deprived of light elements (center) and the proton-enriched one (right panel).

Figure 10. Expected sensitivity on the flux of photons (left) and neutrinos (right) [26, 27]. For photons, full black lines show more
conservative estimates based only on the increase of statistics.

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
the expected sensitivities from AugerPrime (dashed lines).
This ideal case assumes complete rejection of the hadronic
background. In the photon case, the introduction of the
new triggers allows us to extend the measurement with SD
below 10 EeV.

3.5 Hadronic interactions and fundamental
physics studies

AugerPrime can shed light on whether the inconsistencies
between air shower simulations and experimental data are
due to fundamental shortcomings in our understanding of
hadronic multiparticle production.
Since the electromagnetic energy deposit in the atmo-
sphere is mainly due to the first high energy interactions,
while on the other hand muons at ground come as prod-
ucts of low energy interactions, an event-by-event correla-
tion between the depth of shower maximum and the muon
content in showers generated by ultra-high energy cosmic
rays can bring strong constraints on hadronic interaction
models [28]. As an example, the muon density as obtained
by di↵erent modifications of hadronic interaction models,
relative to that predicted by QGSJetII-03 for protons, is

shown in Fig.11 in correlation with the depth of shower
maximum, for various compositions.

A high resolution measurement of the muon number
such as the one expected from AugerPrime can prove to
be a very powerful observable also to look for exotic in-
teraction Scenarios. As an example, if Lorentz invariance
violation e↵ects exist, the absorption and energy losses of
UHECRs during propagation would be modified. Further-
more, strong changes in the development of shower pro-
duced by the interaction of UHECRs with nuclei in the
atmosphere may also be visible [29].

4 Conclusion
The quest for the sources of UHECRs will be pursued by
AugerPrime, the Pierre Auger Observatory upgrade, by
providing a high statistics sample of events with mass in-
formation.

Composition-wise anisotropy searches will allow us
to understand the origin of the flux suppression and ex-
plore the anisotropy dependencies on the particle rigidi-
ties. AugerPrime will be able to measure the presence of
even a small fraction of protons at the highest energies, as
such assessing the feasibility of future projects willing to
detect ultra high energy neutrinos.

A much improved measurement of the muon content in
air showers will help in the study of hadronic multiparticle

EPJ Web of Conferences 210, 06002 (2019) https://doi.org/10.1051/epjconf/201921006002
UHECR 2018
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The AugerPrime data set

The Pierre Auger Observatory is undergoing an upgrade called “AugerPrime" 
✴ Improved new electronics, addition small photomultiplier 
✴ Plastic scintillator on top of each SD station (Surface Scintillator Detectors) 
→ different sensitivity to the muonic/electromagnetic components

counting of muons; a channel for signal integration will be
used to extract the muon information close to the shower
core, in the saturation region.
These detectors will provide a direct measure of the muon
content of the extensive air showers, with the aim of study-
ing the primary composition and hadronic interactions in a
region of energy corresponding to the transition of cosmic
rays from a Galactic to an extra-galactic origin.
Furthermore, the underground modules will allow us to
cross-check and fine-tune the methods used to derive the
muon information from the upgraded SD.

Figure 4. Top: Two AMIGA modules during assembly. Bottom:
the Moon and Jupiter above one of the Fluorescence Detectors in
the Pierre Auger Observatory.

2.6 The extended duty cycle of the Fluorescence
Detector

The Auger Fluorescence Detector (FD) is composed of 27
telescopes overlooking the SD area (Fig.4, bottom panel).
They are used to observe the longitudinal development of
air showers in the atmosphere, thus providing mass sen-
sitive observables and a model independent energy recon-
struction.
The FD duty cycle is currently limited to about 15 %, be-
ing operations limited to dark and moonless nights. The
current criteria for FD measurements require the Sun to
be more than 18� below the horizon, the Moon to be be-
low the horizon for more than 3 hours and the illuminated
fraction of the Moon to be below 70%.
A significant increase of about 50% in the duty cycle can
be obtained by extending the FD operations to times with
larger night sky background, relaxing the second and third
requirements. By reducing the supplied high voltage, the
PMT gains can indeed be reduced by a factor of 10.
Preliminary tests show that the PMTs operated at reduced

gain satisfy the criteria required for the FD performance
(such as linearity, stability and lifetime), avoiding too high
anode currents that could result in a deterioration of the
tubes.

2.7 The Radio Upgrade

An engineering array of radio detectors (AERA) has been
running in the Pierre Auger Observatory for a few years.
With the collected data, it was possible to demonstrate the
feasibility of radio detection with a grid of antennas at
1500 m mutual distances, and measure horizontal show-
ers (✓ = 60� � 84�), which illuminate an area of several
km2 on the ground [20].
Based on these results, a full radio upgrade of the Pierre
Auger Observatory has been proposed [21], where each
WCD of the SD will be equipped with a radio antenna
mounted on its top surface, as shown in Fig.5.
The new detectors will operate together with the upgraded
SD, forming a unique setup to measure the properties of
cosmic rays above 1017.5 eV. For horizontal showers, they
will nicely complement the information on the particle
type we will get from the WCD+SSD, thereby increasing
the exposure for mass-sensitive investigations.

Figure 5. Sketch of the radio antenna mounted atop the
WCD+SSD.

3 Expected physics performances

As discussed above, the main aim of AugerPrime is that of
providing event-by-event composition-sensitive measure-
ments by increasing the ability to recognize and separate
the di↵erent components of air showers. The goodness of
the separation between two di↵erent primaries i and j can
be quantified by defining a merit factor

fMF =
|S i � S j|p

�2(S i) + �2(S j)
(1)

The most direct technique to evaluate the muon com-
ponent exploits the di↵erent responses of the WCD and

EPJ Web of Conferences 210, 06002 (2019) https://doi.org/10.1051/epjconf/201921006002
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SSD

✴ SSD are more sensitive to electrons/positrons 
✴ WCD are more sensitive to muons 
→ Enhanced discrimination power of primary particles 

✴ Machine learning techniques are also particularly suitable to 
combine different data sets 

[The Pierre Auger Collaboration, AugerPrime: the Pierre 
Auger Observatory Upgrade, EPJ Web of Conferences, 2019]
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The Pierre Auger Observatory

FD: fluorescence telescopes • 24 in 4 sites overlooking the SD, covering an elevation up to 30°→ E>1018 eV  
• 3 additional telescopes covering the elevation range between 30° and 58° (HEAT) → E>1017 eV

• Each FD site covers 180° x 30° in azimuth and elevation 

• They collect the nitrogen fluorescence light produced in the atmosphere 

• ~15% duty cycle (FD operate only on clear moonless nights)

9
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The Pierre Auger Observatory

Fluorescence Detector (FD) 
Measuring the fluorescence light produced by the de-excitation 
of atmospheric nuclei 

Duty cycle: ~15%

Surface Detector (SD) 
Sampling the secondary particles reaching the ground 

Duty cycle: ~100%

Hybrid events = observed by both detectors 

10.1051/epjconf/20135304009
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(b) Energy deposit.

Figure 34: Example of a reconstructed shower profile.

Finally, the calorimetric energy of the shower is obtained by integrating equa-
tion (8) and the total energy is estimated by correcting for the ‘invisible energy’ carried
away by neutrinos and high energy muons [115]. An example of the measured light at
aperture and the reconstructed light contributions, and energy deposit profile is shown
in Figs. 34(a) and 34(b).

11. SD event reconstruction

The reconstruction of the energy and the arrival direction of the cosmic rays pro-
ducing air showers that have triggered the surface detector array is based on the sizes
and times of signals registered from individual SD stations. At the highest energies,
above 10 EeV, the footprint of the air shower on the ground extends over more than
25 km2. By sampling both the arrival times and the deposited signal in the detector
array, the shower geometry, i.e., the shower core, the arrival direction of the incident
cosmic ray, and the shower size can be determined.

11.1. Event selection
To ensure good data quality for physics analysis there are two additional off-line

triggers. The physics trigger, T4, is needed to select real showers from the set of
stored T3 data (see Section 6.3) that also contain background signals from low energy
air showers. This trigger is mainly based on a coincidence between adjacent detector
stations within the propagation time of the shower front. In selected events, random
stations are identified by their time incompatibility with the estimated shower front.
The time cuts were determined such that 99 % of the stations containing a physical
signal from the shower are kept. An algorithm for the signal search in the time traces
is used to reject signals produced by random muons by searching for time-compatible
peaks.

To guarantee the selection of well-contained events, a fiducial cut (called the 6T5
trigger) is applied so that only events in which the station with the highest signal is
surrounded by all 6 operating neighbors (i.e., a working hexagon) are accepted. This
condition assures an accurate reconstruction of the impact point on the ground, and at
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Figure 38: Dependence of the signal size on distance from the shower core.

Figure 39: Angular resolution as a function of the zenith angle q for events with an energy above 3 EeV, and
for various station multiplicities. [40].

factor of about 10 %, while the contribution of the first two terms depends on energy
and varies from 20 % (at low energies) to 6 % (at the highest energies).

11.4. Shower arrival direction
Shower axis â is obtained from the virtual shower origin (of the geometrical recon-

struction) and the shower impact point on the ground (from the LDF reconstruction),

â =
~xsh �~xgr

|~xsh �~xgr|
. (11)

To estimate an angular resolution of the whole reconstruction procedure a single
station time variance is modeled [121] to take into account the size of the total signal
and the time evolution of the signal trace. As shown in Figure 39, the angular resolution
achieved for events with more than three stations is better than 1.6�, and better than 0.9�
for events with more than six stations [40].

11.5. Energy calibration
For a given energy, the value of S(1000) decreases with the zenith angle q due to the

attenuation of the shower particles and geometrical effects. Assuming an isotropic flux

63

Lateral distribution 
function

Xmax

Ecal = ∫
dE
dX

dX

Estimator S(ropt) = shower size at a 
distance ropt from the core

dE
dX

= (dE
dX )

max
⋅ ( X − X0

Xmax − X0 )
Xmax − X0

λ

⋅ exp( Xmax − X0

λ ) .

S(r) ∝ rβ(r + rM)β+γ → S(ropt)
Calorimetric energy

SD1500:  
SD750 (Infill): 

ropt = 1000 m

ropt = 450 m
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UHECRs propagation

Photo-pion production  

Pair production 

Photo-disintegration   

• Adiabatic energy losses (expansion of the Universe) −( 1
E

dE
dt )

ad
= H0 (1 + z)3Ωm + ΩΛ

N + γ → N + e+ + e−

N + γ → N + π0 / N + π±

(A, Z) + γ → (A − n, Z − n′ ) + nN

 Energy loss processes occurring for E > 1018 eV :

• Interactions of nuclei with background photons (EBL, CMB)

which we are mostly concerned in this paper, it is thus the second process which is impor-

tant, causing the so-called Greizen-Zatsepin-Kuzmin (GZK) e↵ect [7]. The GZK e↵ect leads

to a cuto↵ in the spectrum at energies higher than & 50 EeV; at higher energies it limits

the propagation distance for protons to several tens of Mpc.

In the case of nuclei, the dominant energy loss results from nuclear photodisintegration.

The nucleon binding energies are of order of a few MeV with relatively small variation. The

photodisintegration process becomes thus e�cient when the energy of a background photon

boosted in the nucleus rest frame is of the order of several MeV, the energy necessary to split

o↵ an individual nucleon, which is the most frequent outcome of the reaction. The relevant

parameter governing the reaction is thus the � relativistic factor of nuclei.

For light nuclei, the � factor is high enough at the energies of interest to induce photodis-

integrations on the CMB background, so that the attenuation of light nuclei is much faster

than that of protons, qualitatively, the faster the lighter nucleus. For heavy nuclei like iron,

the � factor remains below 1010 even at energies as high as 100 EeV. The photodissociation

occurs then on infrared background photons with energies about an order of magnitude

higher than the typical CMB photon energy. Since these photons are less abundant than the

CMB photons, the attenuation of heavy nuclei is relatively slow and is comparable to that

of protons. In any case, for both light and heavy nuclei, the result of a photodissociation is

most often a nucleon and a lighter nucleus with the same � factor, which in turn is subject

to further photodisintegration.

The resulting UHECR spectrum and composition have been studied in detail both for

protons [8] as well as for heavier nuclei [9], and specific benchmark scenarios can be obtained

by numerical simulations with any of several existing propagation public codes [10].
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Fig. 1: Energy loss lengths for protons (left) and iron nuclei (right) as a function of energy,

at redshift z = 0, obtained using the interaction rate tables from [11] and the extragalactic

background light (EBL) model from [12].

The resulting energy loss lengths strongly depend on the energy of the particles. Examples

for protons and iron nuclei are shown in Fig. 1, where contributions from the extragalactic

background light and the CMB are separated. The cross sections for pair production can

be analytically computed via the Bethe-Heitler formula, while those for pion photoproduc-

tion have been precisely measured in accelerator-based experiments and can be accurately

modeled [13]. In contrast, the cross sections for photo-disintegration of nuclei, especially for

exclusive channels in which charged fragments are ejected, have only been measured in a few

4/29

 Consider the propagation effects → infer source properties from the measured fluxes
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Photons from point-like sources Photon search

✴ Goal: Identifying the first UHE photon point sources (or constraining their characteristics) 

✴ Photons are attenuated by the interactions with background radiation 
→  sources within few Mpc (including Centaurus A) 

✴ Atmospheric Cherenkov telescopes (e.g. HESS) observed gamma-ray sources in the TeV 
region 
→ the continuation of such spectra to EeV energy could be observed by Auger

6

Table 1. Combined Unweighted probabilities P and Weighted Probabilities Pw for the 12 Target Sets.
Note. In addition, information on the most significant target from each target set is given. The number of observed (Obs)
and expected (Exp) events and the corresponding exposure are shown. The numbers in brackets in the observed number of
events column indicate the number of events needed for a 3σ observation unpenalized and penalized (∗). Upper limits (UL) are
computed at 95% confidence level. The last two columns indicate the p-value unpenalized (p) and penalized (p∗). Due to the
discrete distribution of p-values arising in isotropic simulations, P can differ from p in the sets that contain only a single target.

Class No. Pw P R.A. Decl. Obs Exp Exposure Flux UL E-flux UL p p∗

[◦] [◦] [km2 yr] [km−2 yr−1] [eV cm−2 s−1]

msec PSRs 67 0.57 0.14 286.4 4.0 5 (7,9∗) 1.433 236.1 0.043 0.077 0.010 0.476

γ-ray PSRs 75 0.97 0.98 312.8 -8.5 6 (8,10∗) 1.857 248.1 0.045 0.080 0.007 0.431

LMXB 87 0.13 0.74 258.1 -40.8 6 (8,11∗) 2.144 233.9 0.046 0.083 0.014 0.718

HMXB 48 0.33 0.84 285.9 -3.2 4 (7,9∗) 1.460 235.2 0.036 0.066 0.040 0.856

H.E.S.S. PWN 17 0.92 0.90 266.8 -28.2 4 (8,10∗) 2.045 211.4 0.038 0.068 0.104 0.845

H.E.S.S. other 16 0.12 0.52 258.3 -39.8 5 (8,10∗) 2.103 233.3 0.040 0.072 0.042 0.493

H.E.S.S. UNID 20 0.79 0.45 257.1 -41.1 6 (8,10∗) 2.142 239.2 0.045 0.081 0.014 0.251

Microquasars 13 0.29 0.48 267.0 -28.1 5 (8,10∗) 2.044 211.4 0.045 0.080 0.037 0.391

Magnetars 16 0.30 0.89 257.2 -40.1 4 (8,10∗) 2.122 253.8 0.031 0.056 0.115 0.858

Gal. Center 1 0.59 0.59 266.4 -29.0 2 (8,8∗) 2.048 218.9 0.024 0.044 0.471 0.471

LMC 3 0.52 0.62 84.4 -69.2 2 (8,9∗) 2.015 180.3 0.030 0.053 0.463 0.845

Cen A 1 0.31 0.31 201.4 -43.0 3 (8,8∗) 1.948 214.1 0.031 0.056 0.221 0.221

netic field were 〈B〉 > 1 nG, since in this case the elec-
trons would be largely deflected.
Since there is a close connection between hadronic pro-

duction processes for photons and neutrons, any candi-
date source of neutrons is also a candidate source of pho-
tons. As a consequence this analysis adopts the Galac-
tic point source target sets defined in Aab et al. (2014d)
but adds the new H.E.S.S. unidentified sources reported
in Deil et al. (2015). The Galactic source classes are
millisecond pulsars (msec PSRs), γ-ray pulsars (γ-ray
PSRs), low-mass and high-massX-ray binaries (LMXBs
and HMXBs), H.E.S.S. Pulsar Wind Nebulae (PWNe),
other H.E.S.S. identified and unidentified sources, micro-
quasars, magnetars, and the Galactic center. To retain
independent target sets a candidate source that appears
in two or more sets is kept only in the most exclusive
set. Because the maximum observable distance of EeV
photons is greater than that for EeV neutrons, two addi-
tional extragalactic target sets are included in this anal-
ysis. One set consists of three powerful gamma-ray emit-
ters in the Large Magellanic Cloud (LMC) at a distance
of ∼ 50 kpc (Abramowski et al. 2015). The core region
of Centaurus A (Cen A) is, by itself, the second extra-
galactic target set. The 12 source classes collectively
include 364 individual candidate source directions.

4. ANALYSIS METHOD

To reduce the contamination of hadronic background
events, only air showers similar to the photon expec-
tation are selected using the multivariate method of

Boosted Decision Trees (Breiman et al. 1984; Schapire
1990) trained with Monte Carlo simulations of show-
ers produced by photon and proton primaries. For a
fixed primary energy, photon induced air showers have,
on average, a delayed shower development and fewer
muons (mostly electromagnetic component) compared
to hadron-induced showers. As in the previous photon
search paper, five different mass-sensitive observables
are used: the depth of shower maximum Xmax (from
FD, being sensitive to delayed shower development), re-
duced χ2 and normalized energy of the Greisen fit to
the longitudinal profile (from FD, being sensitive to the
electromagnetic component), Sb-parameter (Ros et al.
2011) (from SD, being sensitive to the slope of the lateral
distribution of the shower, and hence to the muonic con-
tent), and the ratio of the early arriving to the late arriv-
ing integrated signal in the detector with the strongest
signal (from SD, being sensitive to the muonic compo-
nent and to the delayed shower development).
The optimized cut in the multivariate output distri-

bution for a specific candidate source direction i de-
pends on the expected number of isotropic background
events bi. This number is calculated by applying the
scrambling technique (Cassiday et al. 1990), and natu-
rally takes into account detector efficiencies and aper-
ture features by assigning arrival times and arrival di-
rections, binned for each telescope, randomly from mea-
sured events. This procedure is repeated 5000 times and
the mean number of arrival directions within a target is
then used as the expected isotropic background count.

• Sources grouped in 12 target sets to have more significant signals (364 individual 
source candidates) 

• Selected events: hybrid events,  ,  
• 5 mass-sensitive observables used to train a BDT 

• A combined p-value  is associated to each target 
→ no evidence of EeV photon (statistical significance always lower than 3 ) 
→  upper limits are set →  constraints on the extrapolation of TeV spectra to EeV 
energies (e.g. Ecut < 2 EeV for the Galactic center)

θ < 60o 1017.3 eV < E < 1018.5 eV

P
σ
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Photon search

No photon has been unambiguously detected so far but upper limits have been set above 2 x 1017 eV

The diffuse photon flux

Event ID E� [EeV] Zenith [�] Xmax [g/cm2] Sb [VEM] Nstat l [�] b [�]
3218344 1.40± 0.18 34.9± 0.9 851± 31 2.04± 0.77 2 218.21± 1.29 -25.67± 0.36
6691838 1.26± 0.05 53.9± 0.3 886± 9 4.94± 1.21 2 100.45± 0.57 -46.25± 0.25
12459240 1.60± 0.14 49.4± 0.4 840± 21 9.57± 2.56 3 324.94± 0.37 -24.70± 0.60

Table 2. List of the events selected as photon candidates with the main quantities used for photon-
induced air-showers identification and with their arrival directions in galactic coordinates (l,b).
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Figure 5. Hybrid exposure for primary photons
in the time interval 1 January 2005 - 31 December
2013, assuming a power-law spectrum with � = 2.
Systematic uncertainties due to the ontime and
the trigger efficiency are shown as a gray band.

Detector systematic uncertainties

Source Syst. uncert. UL0.95 change
(E� > 1 EeV)

Energy scale ± 14% (+18, -38)%
Xmax scale ± 10 g/cm2 (+18, -38)%
Sb ± 5% (-19, +18)%
Exposure ± 6.4% (-6.4, +6.4)%

Table 3. Relative changes of the upper limits on
the photon flux for different sources of systematic
uncertainties related to the detector. Only the first
energy bin (E� > 1 EeV) is reported as the mostly
affected one.

Mpc because of UHE photons interaction on the extragalactic background radiation [28]. The
smallest angular distances between the candidates and any of the objects in the catalogue
is found to be around 10�. One candidate (ID 6691838) was also selected in a previous
analysis [19]. Its longitudinal profile is shown in Fig. 4 (left). In Fig. 4 (right), the values
of Xmax and Sb for this event are compared to the measured ones in dedicated simulations
having the same geometry and energy of this event. In the data sample of simulated protons,
three out of 3000 showers pass the photon selections and are misclassified, in agreement with
the expected average background contamination.

6 Results

Since the number of selected photon candidates is compatible with the background expecta-
tion, upper limits (UL) on the integral photon flux at 95% confidence level (C.L.) are derived
as:

�0.95
UL (E� > E0) =

N0.95
� (E� > E0)

E�(E� > E0|E��
� )

(6.1)

where N0.95
� is the Feldman-Cousins upper limit at 95% CL on the number of photon

candidates assuming zero background events and E� is the integrated exposure above the
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Upper limit on the integral flux at 95% C.L.
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Figure 1: Search for photons with energies above 1019 eV: distributions of the observables !LDF (left) and
� (center); distribution of the Fisher discriminant and results of the application to data (right); for details,
see [2].
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Figure 2: Current upper limits on the integral photon flux determined from data collected by the Pierre Auger
Observatory (red, blue and gray circles); shown are also upper limits published by other experiments as well
as the expected photon fluxes under different theoretical assumptions and scenarios; for details, see [3].

SD-only analysis is based on two observables, !LDF and � (see Fig. 1). The two observables relate
the measured total signals in the individual SD stations and the measured risetimes of the signals
to a data benchmark, describing the average of all of the SD data (assumed to be overwhelmingly
constituted by primary nuclei). The use of the average behavior of all SD data in the two quantities
removes the need for assumptions on the composition of the background, which is not known in
detail at the highest energies. The two observables are combined in a Fisher discriminant analysis,
with the burnt sample—about 2 % of the full data sample which are not used in the final analysis—
representing the background and photon simulations the signal (see also Fig. 1). The analysis
is applied to SD data collected between 1 January 2004 and 30 June 2020. Overall, 16 events
from the data sample pass the photon candidate cut, which is consistent with the expectation from
background. No primary photon could therefore be unambiguously identified. The resulting upper
limits on the integral photon flux are shown in Fig. 2, together with upper limits determined from
other experiments as well as the expected photon fluxes under different theoretical assumptions and
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Follow-up of gravitational wave events

✴ Goal: search for UHE photons and neutrinos from the sources of 
gravitational waves (GW) 

✴ Two time windows: =1000 s starting 500 s before the GW event 
  =24 h starting 500 s after the GW event 
Δ
Δ

• The ±500 s window:  upper limit on the duration of the prompt phase of GRBs, when typically PeV neutrinos are thought to be 
produced in interactions of accelerated cosmic rays and the gamma rays within the GRB itself. 

• The 1-day window after the GW event: conservative upper limit on the duration of GRB afterglows, where ultrahigh-energy 
neutrinos are thought to be produced in interactions of UHECRs with the lower-energy photons of the GRB afterglow. 
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The neutrino diffuse flux Neutrino search

[The Pierre Auger Collaboration, JCAP10(2019)022]

The exposure of the SD of Auger needs to be calculated for the period 
of data taking:
• Monte Carlo simulations of neutrino-induced showers. 
• The same selection and identification criteria applied to the data were 

also applied to the results of these simulations 
• The identification efficiencies for each channel were obtained as the 

fraction of simulated events that trigger the Observatory and pass the 
selection procedure and identification cuts 

• An integration over the whole parameter space, detection area, and 
time gives the exposure 
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The neutrino diffuse flux Neutrino search

[The Pierre Auger Collaboration, JCAP10(2019)022]

Assuming a differential flux , the upper limit to k 
at 90% C.L. is given by:

ϕ = k ⋅ E−2
ν

JCAP10(2019)022

Figure 5. Exposure of the SD of the Pierre Auger Observatory (1 January 2004–31 August 2018) to
UHE neutrinos as a function of neutrino energy for each neutrino flavor and for the sum of all flavors
assuming a flavor mixture of ⌫e : ⌫µ : ⌫⌧ = 1 : 1 : 1. Also shown are the exposures to upward-going
Earth-skimming ⌫⌧ only and to the Downward-Going neutrinos of all flavors including CC and NC
interactions.

4 Limits to di↵use fluxes

The total exposure Etot folded with a single-flavor flux of UHE neutrinos per unit energy,
area A, solid angle ⌦ and time, �(E⌫) = d6N⌫/(dE⌫ d⌦ dA dt) and integrated in energy
gives the expected number of events for that flux:

Nevt =

Z

E⌫

Etot(E⌫) �(E⌫) dE⌫ . (4.1)

Assuming a di↵erential neutrino flux � = k · E�2
⌫ , an upper limit to the value of k at 90%

C.L. is obtained as

k90 =
2.39R

E⌫
E�2

⌫ Etot(E⌫) dE⌫
, (4.2)

where 2.39 is the Feldman-Cousins factor [58] for non-observation of events in the absence of
expected background accounting for systematic uncertainties [33, 59]. The integrated limit
represents the value of the normalization of a E�2

⌫ di↵erential neutrino flux needed to predict
⇠ 2.39 expected events.

Several sources of systematic uncertainty have been considered in the calculation of
the exposure and limit. The uncertainty due to simulations includes the e↵ects of using
several neutrino interaction generators, shower simulations, hadronic interaction models and
thinning level. These would modify the event rate for a �(E⌫) / E�2

⌫ flux in eq. (4.1) between
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Feldman-Cousins 
factor in absence 

of background

Exposure

JCAP10(2019)022

Flavor Relative contribution
⌫e 0.10
⌫µ 0.04
⌫⌧ 0.86
Channel Relative contribution
Earth-skimming ⌫⌧ 0.79
Downward-going ⌫e + ⌫µ + ⌫⌧ 0.21

Table 1. Top of table: relative contribution of the three neutrino flavors to the event rate in Auger
due to a neutrino flux �⌫ / E�2

⌫ . Bottom: relative contribution to the rate in the Earth-skimming
(ES) and Downward-going (DG) channels.

�3% and 4% with respect to the reference calculation of the exposure shown in figure 5. The
uncertainty due to di↵erent models of ⌫⌧ cross-section and ⌧ energy-loss a↵ects mainly the
ES channel with a corresponding range of variation of the event rate between �28% and 34%.
The topography around the Observatory is not accounted for explicitly in the calculation of
the exposure and is instead taken as a systematic uncertainty that would increase the event
rate by an estimated ⇠ 20% [48, 49]. The total uncertainty, obtained by adding these bands
in quadrature, ranges from �28% to 39%, and is incorporated in the value of the limit itself
through a semi-Bayesian extension [59] of the Feldman-Cousins approach [58].

The single-flavor 90% C.L. integrated limit is:

k90 < 4.4 ⇥ 10�9GeV cm�2 s�1 sr�1, (4.3)

or equivalently 1.4EeV km�2 yr�1 sr�1. It mostly applies in the energy interval 1017 eV–
2.5 ⇥ 1019 eV for which ⇠ 90% of the total event rate is expected in the case of a E�2

⌫

spectral flux. The relative contributions to the expected rate of events for a E�2
⌫ flux due to

the three neutrino flavors and to the ES and DG channels are displayed in table 1. For such
a spectral shape ⌧ neutrinos contribute to ⇠ 86% of the total event rate, and in particular
ES neutrinos dominate the rate of ⌫⌧ events over the downward-going ⌫⌧ . The contribution
of ⌫e and ⌫µ together is smaller than 15% in this case.

The denominator of eq. (4.2) can also be integrated in bins of neutrino energy of width
�E⌫ , and a limit k̂90 can be obtained in each energy bin. This is displayed in figure 6 for
logarithmic energy intervals � log10E⌫ = 0.5. The di↵erential limit is an e↵ective way of
characterizing the energy dependence of the sensitivity of a neutrino experiment. For the
case of Auger it can be seen that the best sensitivity is achieved for energies around 1EeV.

5 Constraints on the origin of UHECR

With the upper limit obtained with the Observatory, we can constrain several classes of
models of neutrino production in interactions of UHECR with the Cosmic-Microwave Back-
ground and Extragalactic-Background Light (EBL), often referred to as cosmogenic neutrino
models. The expected event rate in the Auger Observatory due to cosmogenic neutrinos
depends strongly on the redshift evolution of the UHECR sources, on the nature of the pri-
maries, namely whether they are protons or heavier nuclei, on the maximal redshift at which
UHECR are accelerated, zmax, and on the maximum energy acquired in the acceleration
process, Emax. Commonly, cosmogenic neutrino models assume that the observed UHECR
flux-suppression [7–9] is based solely on the GZK e↵ect, i.e. on energy losses of protons or
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The integrated upper limit is:
value of the normalization 
of a differential flux needed 

to predict ∼ 2.39 events 

The total exposure folded with a single-flavor flux of UHE neutrinos per unit energy, area A, solid angle Ω and time, φ(Eν) and 
integrated in energy gives the expected number of events for that flux 

Differential upper limits to the normalization of the 
diffuse flux: integrating the denominator in bins of 
width 0.5 in log (Eν) . 
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