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fisica astro-particellare di altissima energia
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Ultra-High Energy Cosmic Rays
Charged nuclei and neutral particles with energies ≳ 1017 eV

• Identification of the sources and/or source regions 

• determination of the acceleration mechanism producing UHECRs

• study of the characteristics of the sources

• Multi-messenger studies (neutrinos, gamma-rays)

Investigation of the UHECR propagation 
• Measurements/limits on magnetic fields (GMF,EGMF)

• Photon background, photonuclear cross-sections

• matter distribution 

• Fundamental physics (LIV, Dark matter) 

• hadronic interactions at UHE

• study of the characteristics of the sources

the 

science 

case

The quest for the sources

Particle physics at UHE

• atmospheric physics - TGF, Elves 

• cosmo-geophysics

Multi-purpose applications

Confidential manuscript submitted to <Earth and Space Science>

strokes that lie below the horizon. Located on four di�erent sites, FD telescopes point in247

fixed directions. As the field of view (FoV) of the telescopes overlap, the 360� azimuthal248

coverage of the detector is spanned more than once. The same elve may be measured by249

multiple FD telescopes, each with an optical aperture of 2.2 m diameter and a time res-250

olution (�⌧ = 100 ns) unprecedented in the field of TLE observations. The combination251

enables detailed measurements of large numbers of single-peaked and multi-peaked elves.252

Figure 1. Top panel: a diagram of the FD telescope with its 3.6 m diameter mirror at the Pierre Auger

Observatory [Abraham et al., 2010] . The FD, optimized for the detection of cosmic rays up to 30 km, also

turns out to be sensitive to elve signatures that are 1000 km away. The axes of lowest pixels have an elevation

angle of 1.5� while the axes of highest pixels have elevation angles of 30�. Panel A: the time signature of a

cosmic-ray shower propagating from top to bottom. Panel B: the first 200µs of the propagation of an elve

across an FD telescope camera field of view, showing the one side of the elves expanding towards the detector.
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When an UHECR strikes the atmosphere, its kinetic energy is converted into an air259

shower of relativistic secondary particles, mostly electrons, positrons and muons. These260

secondary particles collide inelastically with molecules in the troposphere, exciting the261

–9–
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The quest for the sources
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Deflection in Galactic and extragalactic magnetic fields

Energy losses on (CMB, EBL) during propagation

Alves Batista et al. Open Questions in Cosmic-Ray Research at Ultrahigh Energies

winds such as Wolf-Rayet stars do not satisfy the confinement condition. For the other source classes in the
plot, the confinement condition is satisfied.
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Figure 11. Characteristic source luminosity versus source number density for steady sources, and effective
luminosity versus effective number density for transient sources assuming a characteristic time spread,
⌧ = 3 ⇥ 105 yr. The effective number density for bursting sources is only valid for the assumed value
of ⌧ , which corresponds to mean extragalactic-magnetic-field strength 1 nG. Stronger magnetic fields
would imply larger ⌧ and hence, larger effective number density. The black solid line gives the best-fit
UHECR energy production rate derived in [142], which corresponds to 5⇥1044 erg Mpc�3 yr�1. The grey
horizontal line gives the lower limit to the UHECR source number density estimated in [143]. For beamed
sources, the “apparent” number density and luminosity are shown meaning that no beaming corrections
have been applied to the luminosity or number density. The quoted characteristic luminosity and local burst
rate for HL and LL GRB rates are based on the X-ray luminosity functions of [144] and [145], respectively.
In the case of LL GRBs the hatched lines show that the true rate could be larger than the quoted uncertainty
of [145] and should be comparable to that of binary neutron star mergers. For binary neutron star mergers
we used the LIGO estimate [146]. The rate of magnetar flares quoted follows the estimate of [147]. For
blazars, the quoted values are based on the gamma-ray luminosity as estimated by [148]. For low-luminosity
AGN, we used the median values derived in [149] based on H↵ luminosities. For galaxy clusters, we
used the estimated rate at z = 0, based on the X-ray luminosity functions of [150, 151]. For starburst
galaxies, we used the infrared luminosity density derived in [152]. For FRI and FRII AGN, we used the
radio luminosity functions of [153]. For TDEs, the local burst rate was estimated in [154]. For hypernovae
we quote 10% of the kinetic energy estimate of [155] and the burst rate of [156]. F. Oikonomou for this
review.

Another condition that must be met by UHECR accelerators is that they must possess the required
energy budget to produce the observed UHECR diffuse flux. The energy production rate of UHECRs has
been estimated in [147, 157–159] under the assumption that UHECRs are extragalactic protons. Most
recently the energy production rate of UHECRs was estimated in [142], where a combined fit to the
all-particle spectrum and Xmax distributions at energy 5 ⇥ 1018 eV and beyond measured at the Pierre
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! source power such to reach the observed UHECRs intensities

!acceleration mechanism able to reach >1020 eV

BµGLpc >
EPeV

Z�

! Lpc >> rL   d


! ρrad and  ρmat low


! BμG            fast tacc 


                   small energy losses

! in the acceleration region



The Pierre Auger Observatory INAF, 26-05-2021 4

Complementarity of UHECRs and neutrinos

PTEP 2017, 12A105 M. Ahlers and F. Halzen

Fig. 9. Mollweide projection of the arrival direction of neutrinos and UHE CRs. The neutrino sample is
identical to the one shown in Fig. 6. We show events from Auger [123] above 54 EeV (×) and from Telescope
Array [124] above 57 EeV (+). The background shows the anisotropy of the combined UHE CR map derived
with the method described in the main text and smoothed with with θ50% = 20◦. We highlight the excess regions
found by Auger (sampling radius of 15◦; post-trial p-value of 1.4×10−2) and Telescope Array (sampling radius
of 20◦; post-trial p-value of 3.7 × 10−4).

Auger [123] in the direction of CentaurusA (sampling radius of 15◦; post-trial p-value of 1.4×10−2),
respectively. These are indicated as dashed circles of different sizes.

Figure 9 also shows the same neutrino event candidates that were shown in Fig. 6. It is apparent
that there is no noticeable clustering of high-energy neutrino events in the direction of these hot
spots. Indeed, a dedicated analysis [125] by Telescope Array, Auger, and IceCube did not identify
significant cross-correlation of neutrino and UHE CR events (below 3.3 σ ). However, this does not
necessarily rule out the possibility that the events emerge from the same sources. Neutrino events
can be observed from all UHE CR sources up to the Hubble horizon c/H0 $ 4.4 Gpc. On the other
hand, UHE CRs above the energy shown in Fig. 9 have to emerge from local sources up to 200 Mpc.
Therefore, we can estimate that only a fraction of 200 Mpc/4.4 Gpc $ 5% of astrophysical neutrinos
should correlate with UHE CRs. The total number of neutrino events shown in Fig. 9 is only 45, so
maybe two events are expected to correlate with the anisotropy structure suggested by UHE CRs.

9. Conclusions
IceCube has discovered a flux of extragalactic cosmic neutrinos with an energy density that matches
that of extragalactic high-energy photons and ultra-high-energy cosmic rays. This may suggest that
neutrinos and high-energy cosmic rays share a common origin. They may originate in calorimetric
environments like starburst galaxies or galaxy clusters hosting the cosmic ray accelerators. Identi-
fication of the sources by observation of multiple neutrino events from these sources with IceCube
will be challenging. However, the possibility exists for revealing the sources by the comprehensive
IceCube multimessenger program.

15/20
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by KIT Library user
on 08 May 2018

PTEP 2017, 12A105 M. Ahlers and F. Halzen

Fig. 6. Mollweide projection in Galactic coordinates of the arrival direction of neutrino events. We show the
results of the six-year upgoing track analysis [6] with energy proxy MuEx > 50 (!). The red numbers show the
most probable neutrino energy (in TeV) assuming the best-fit astrophysical flux of the analysis [6]. The events
of the four-year high-energy starting event (HESE) analysis with deposited energy (green numbers) larger
than 60 TeV (tracks ⊗ and cascades ⊕) are also shown [5,24]. Cascade events (⊕) are indicated together with
their median angular uncertainty (thin circles). One event (*) appears in both event samples. The gray-shaded
region indicates the zenith angle range where Earth absorption of 100 TeV neutrinos is larger than 90%. The
star symbol (!) indicates the Galactic Center and the thin curved solid black line indicates the horizon.

energy suggests an excess of events in the 30–100 TeV energy range over and above a single power-
law fit. This conclusion is supported by a subsequent analysis that has lowered the threshold of the
starting-event analysis [19]. The astrophysical flux measured by IceCube is not featureless; either the
spectrum of cosmic accelerators cannot be described by a single power law or a second component
of cosmic neutrino sources emerges in the spectrum. The events are isolated neutrinos, and it is
therefore very difficult to accommodate them as a feature in the atmospheric background, of charm
origin or not [20]. The excess is already hinted at in the data shown in Fig. 1 and, in the context of
that discussion, the energy associated with the photons that accompany the neutrino “excess” is not
seen in the Fermi data [4]. This might indicate that the neutrinos originate in hidden sources [21] or
in sources with a very strong cosmological evolution resulting in a shift of the photons to sub-GeV
energies [22].

In Fig. 6 we show the arrival directions of the most energetic events of the six-year upgoing
νµ + ν̄µ analysis (!) and the four-year HESE analysis, separated into tracks (⊗) and cascades (⊕).
The median angular resolution of the cascade events is indicated by thin circles around the best-fit
position. The apparent anisotropy of the arrival directions is dominated by the effective area of the
analysis. The most energetic muons with energy Eµ > 200 TeV in the upgoing νµ + ν̄µ analysis
accumulate just below the horizon in the Northern Hemisphere due to Earth absorption. The HESE
events with deposited energy of Edep > 100 TeV also suffer from Earth absorption, but can also be
visible in the Southern Hemisphere. Various analyses of the IceCube event distribution could not
reveal a strong anisotropy from extended emission regions, which could indicate, e.g., a contribution
from Galactic sources along the Galactic plane [23,24]. In fact, no correlation of the arrival directions
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How to make progress

‣ Flux of particles

‣ Mass composition

‣ Arrival direction distribution

‣ Secondary particles and multi-messenger observations

‣ Air shower measurements


‣ Atmospheric phenomena and geophysics

Theory

Model predictions

Phenomenological studies 
Theory/models vs. data


Combination of different data sets

External input from 
astro and particle physics
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The Pierre Auger Observatory

3000 km2

     INAF

• co-spokesperson (A.Castellina, OA-To)

• task leader for AugerPrime (Auger upgrade) surface detectors

• task leader for the maintenance of the Auger surface detectors

• analysis task leader for the Spectrum task

~400 members 

from 17 Countries, 89 institutions


Italy:

38 members from 


• 2 INAF (OA-To and IASF-Pa)

• 8 INFN (TO, MI, AQ/GSSI, Roma2, NA, LE, CT, PA)

• 8 Universities
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The Pierre Auger Observatory

• Main experiments: Auger Observatory (Southern Hemisphere) and Telescope Array (Northern hemisphere) 

• Hybrid detectors (Surface Stations + Fluorescence Telescopes): 100% duty cycle for SD, ~15% for FD

• Together, full sky coverage, but exposures 1:8 - 1:6

• Area 1:7  (3000 km2 for Auger, 680 km2 for TA)

• Multi-messenger studies : only Auger can detect neutrinos (horizontal showers)
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The energy spectrum

light composition (p + <10% heavier)

soft injection spectrum (slope ~ 2)

copious production of cosmogenic ν

mixed composition

hard injection spectrum (𝛄 ~ 1)

production of cosmogenic ν 
and 𝛄 is suppressed

Suppression region
Transition region

“Ankle” confirmed

onset of the extragalactic UHECRs

Secondo Galactic component?
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New feature

He+N ?

[Auger, Phys.Rev.D 102, 062005 (2020) (Editor's Suggestion) ]
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The mass composition

hXmaxi = hXmaxip + fEhlnAi �2(Xmax) = h�2
shi+ fE�

2(lnA)

Field of 
view

Telescope

Shower size

(1)

(2)

(p-He-N-Fe)-fit of Xmax Distributions(p-He-N-Fe)-fit of Xmax Distributions
FD data: (compatible with TA distributions, see WG report, V. de Souza et al., CRI167, Tuesday, 14:45)

lg(E/eV) = 17.2 . . . 18.1 lg(E/eV) = 17.8 . . . > 19.5
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FIG. 5: Xmax distribution of the fits for energy bin E = 10
17.8�17.9

eV. Results using Sibyll 2.1

are shown in the top row, QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row.

The left column displays results where protons and iron nuclei were used, the central column also

includes nitrogen nuclei, and the right column includes helium nuclei in addition.

data lie between those for protons and iron nuclei but the distributions are too narrow to

accommodate a mixture of the two. Thus we conclude that either the model predictions are

wrong or else other nuclei with shorter propagation length form a significant component of

the UHECR flux that reaches the upper atmosphere.

Adding intermediate components greatly improves the fits for all hadronic interaction

models. EPOS-LHC in particular are satisfactory over most of the energy range. It is

interesting to note that including intermediate components also brings the models into re-
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FIG. 6: Xmax distribution of the fits for energy bin E = 10
19.0�19.1

eV. See caption to Fig. 5.

markable agreement in their predictions of the protons and iron nuclei contributions despite

large di�erences in the remaining composition. This can be seen in the right column of

Fig. 5. All three models give acceptable fit qualities with consistent fractions of protons,

but with distinctly di�erent predictions for the remaining composition; results of EPOS-LHC

simulations favor a mixture dominated by nitrogen nuclei, while QGSJET II-4 simulation

favor helium nuclei, whereas Sibyll 2.1 modeling leads to a mixture of the two.

A substantial change in the proton fractions is observed across the entire energy range,

which rises to over 60% around the ankle region (⇠ 1018.2 eV) and subsequently dropping

to near-zero just above 1019 eV with a possible resurgence at higher energies. If the ankle

feature is interpreted as a transition from Galactic to extragalactic cosmic rays [14], the

18

 0

 5

 10

 15

 20

 500  600  700  800  900  1000

N

 

Sibyll 2.1

log(E/eV) > 19.5

p = 0.001

 

 

 

 

 

 500  600  700  800  900  1000

 

 

Sibyll 2.1

log(E/eV) > 19.5

p = 0.504

 

 

 

 

 

 500  600  700  800  900  1000

 

 

Sibyll 2.1

log(E/eV) > 19.5

p = 0.592

Fe
N

He
p

Auger

 0

 5

 10

 15

 20

 500  600  700  800  900  1000

N

 

QGSJET II-04

log(E/eV) > 19.5

p = 0.009

 

 

 

 

 

 500  600  700  800  900  1000

 

 

QGSJET II-04

log(E/eV) > 19.5

p = 0.249

 

 

 

 

 

 500  600  700  800  900  1000

 

 

QGSJET II-04

log(E/eV) > 19.5

p = 0.308

 0

 5

 10

 15

 20

 500  600  700  800  900  1000

N

Xmax  [g/cm2]

EPOS-LHC

log(E/eV) > 19.5

p = 0.057

 

 

 

 

 

 500  600  700  800  900  1000

 

Xmax  [g/cm2]

EPOS-LHC

log(E/eV) > 19.5

p = 0.712

 

 

 

 

 

 500  600  700  800  900  1000

 

Xmax  [g/cm2]

EPOS-LHC

log(E/eV) > 19.5

p = 0.695

FIG. 7: Xmax distribution of the fits for energy bin E > 10
19.5

eV. See caption to Fig. 5.

proton fraction in this energy range is surprisingly large as the upper limits on the large-scale

anisotropy [15] suggests that protons with energies below 1018.5 eV are most likely produced

by extragalactic sources. In order to accommodate a proton-dominated scenario for energies

above 1018 eV [16], the hadronic interaction models would need to be modified considerably.

The transition to heavier cosmic rays with increasing energy is reminiscent of a Peters

cycle [17], where the maximum acceleration energy of a species is proportional to its charge

Z. However further analysis that takes into account the energy spectrum and propagation

of UHECRs through the universe would be required to confirm this. Composition-sensitive

data above 1019.5 eV will be needed to allow a reliable interpretation of the observed changes

of composition in terms of astrophysical models (see e.g. Refs. [18, 19]).
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accommodate a mixture of the two. Thus we conclude that either the model predictions are
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interesting to note that including intermediate components also brings the models into re-
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FIG. 6: Xmax distribution of the fits for energy bin E = 10
19.0�19.1

eV. See caption to Fig. 5.

markable agreement in their predictions of the protons and iron nuclei contributions despite

large di�erences in the remaining composition. This can be seen in the right column of

Fig. 5. All three models give acceptable fit qualities with consistent fractions of protons,

but with distinctly di�erent predictions for the remaining composition; results of EPOS-LHC

simulations favor a mixture dominated by nitrogen nuclei, while QGSJET II-4 simulation

favor helium nuclei, whereas Sibyll 2.1 modeling leads to a mixture of the two.

A substantial change in the proton fractions is observed across the entire energy range,

which rises to over 60% around the ankle region (⇠ 1018.2 eV) and subsequently dropping

to near-zero just above 1019 eV with a possible resurgence at higher energies. If the ankle

feature is interpreted as a transition from Galactic to extragalactic cosmic rays [14], the
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FIG. 7: Xmax distribution of the fits for energy bin E > 10
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proton fraction in this energy range is surprisingly large as the upper limits on the large-scale

anisotropy [15] suggests that protons with energies below 1018.5 eV are most likely produced

by extragalactic sources. In order to accommodate a proton-dominated scenario for energies

above 1018 eV [16], the hadronic interaction models would need to be modified considerably.

The transition to heavier cosmic rays with increasing energy is reminiscent of a Peters

cycle [17], where the maximum acceleration energy of a species is proportional to its charge

Z. However further analysis that takes into account the energy spectrum and propagation

of UHECRs through the universe would be required to confirm this. Composition-sensitive

data above 1019.5 eV will be needed to allow a reliable interpretation of the observed changes

of composition in terms of astrophysical models (see e.g. Refs. [18, 19]).
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➡Rate of change of primary mass not constant with energy (as expected from constant composition)

➡IF hadronic interaction models reliable, then the primary composition gets lighter up to ~ 2 1018 eV, 

and then evolves to intermediate masses
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Figure 4: The contributions of different components to the
average signal as a function of zenith angle, for stations at 1
km from the shower core, in simulated 10 EeV proton air
showers illustrated for QGSJET-II-04. The signal size is
measured in units of vertical equivalent muons (VEM), the
calibrated unit of SD signal size [18].

where a is the energy scaling of the muonic signal; it has the
value 0.89 in both the EPOS and QGSJET-II simulations,
independent of composition [19].

Finally, the variance of S(1000) with respect to Sresc must
be estimated for each event. Contributions to the variance
are of two types: the intrinsic shower-to-shower variance in
the ground signal for a given LP, sshwr, and the variance due
to limitations in reconstructing and simulating the shower,
srec and ssim. The total variance for event i and primary
type j, is s2

i, j = s2
rec,i +s2

sim,i, j +s2
shwr,i, j.

sshwr is the variance in the ground signals of showers
with matching LPs. This arises due to shower-to-shower
fluctuations in the shower development which result in
varying amounts of energy being transferred to the EM and
hadronic shower components, even for showers with fixed
Xmax and energy. sshwr is irreducible, as it is independent
from the detector resolution and statistics of the simulated
showers. It is determined by calculating the variance in the
ground signals of the simulated events from their respective
means, for each primary type and HEG; it is typically
⇡ 16% of Sresc for proton initiated showers and 5% for iron
initiated showers.

srec contains i) the uncertainty in the reconstruction of
S(1000), ii) the uncertainty in Sresc due to the uncertainty
in the calorimetric energy measurement, and iii) the uncer-
tainty in Sresc due to the uncertainty in Xmax; srec is typi-
cally 12% of Sresc. ssim contains the uncertainty in Sresc due
to the uncertainty in Sµ and SEM from the S(1000)�wµ fit
and to the limited statistics from having only three simu-
lated events; ssim is typically 10% of Sresc for proton initi-
ated showers and 4% for iron initated showers.

The resultant model of si, j is checked using the 59 events,
of the 411, which are observed with two FD eyes whose
individual reconstructions pass all required selection cuts
for this analysis. The variance in the Sresc of each eye is
compared to the model for the ensemble of events. All
the contributions to si, j are present in this comparison
except for sshwr and the uncertainty in the reconstructed
S(1000). The variance of Sresc in multi-eye events is well
represented by the estimated uncertainties using the model.
In addition, the maximum-likelihood fit is also performed
where sshwr is a free parameter rather than taken from the
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Figure 5: The best-fit values of RE and Rµ for QGSJET-II-
04 and EPOS-LHC, for mixed and pure proton composi-
tions. The ellipses show the one-sigma statistical uncertain-
ties. The grey boxes show the estimated systematic uncer-
tainties as described in the text; these will be refined in a
forthcoming journal paper.

models; no significant difference is found between the value
of sshwr from the models, and that recovered when it is a fit
parameter.

The results of the fit for RE and Rµ are shown in Fig.
5 and Table 1 for each HEG. The ellipses show the one-
sigma statistical uncertainty region in the RE �Rµ plane.
The systematic uncertainties in the event reconstruction
of Xmax, EFD and S(1000) are propagated through the
analysis by shifting the reconstructed central values by their
one-sigma systematic uncertainties; this is shown by the
grey rectangles.1 As a benchmark, the results for a purely
protonic composition are given as well2.

The signal deficit is smallest (the best-fit Rµ is the closest
to unity) in the mixed composition case with EPOS. As
shown in Fig. 6, the primary difference between the ground
signals predicted by the two models is the size of the muonic
signal, which is ⇡15(20)% larger for EPOS-LHC than
QGSJET-II-04, in the pure proton (mixed composition)
cases respectively. EPOS benefits more than QGSJET-II
when using a mixed composition because the mean primary
mass determined from the Xmax data is larger in EPOS than
in QGSJET-II [20].

4 Discussion and Summary

In this work, we have used hybrid showers of the Pierre
Auger Observatory to quantify the disparity between state-
of-the-art hadronic interaction modeling and observed at-
mospheric air showers of UHECRs. The most important ad-
vance with respect to earlier versions of this analysis[21], in
addition to now having a much larger hybrid dataset and im-
proved shower reconstruction, is the extension of the anal-

1. The values of ssim, srec and sshwr and the treatment of system-
atic errors used here will be refined with higher statistics Monte
Carlo simulations and using the updated Auger energy and Xmax
uncertainties, for the journal version of this analysis.

2. Respecting the observed Xmax distribution is essential for evalu-
ating shower modeling discrepancies, since atmospheric attenu-
ation depends on the distance-to-ground. This is automatic in
the present analysis, but the simulated LPs – which are selected
to match hybrid events – is a biased subset of all simulated
events for a pure proton composition since with these HEGs
pure proton does not give the observed Xmax distribution.

The probability of hybrid events hðEÞ (product of the
energy spectrum of cosmic rays and the efficiency of
detection) can be obtained from the data, as explained in
and [10,24,26]. The rhs of Eq. (2) depends on the
parameters a and b via Eq. (1). To obtain the energy
dependence of the fluctuations, we parametrize σ by six
independent values such that σðEÞ ¼ σ̂k · hRμiðEÞ, where
the constants σ̂k are the relative fluctuations in the kth
energy bin with limits ½Ek−1; Ek%, where k runs from one to
six. In Eq. (2), k ¼ 0 corresponds to the contributions from
the interval ½0; Ethr%, where the SD is not fully efficient. The
fluctuations here are assumed to take the value of the first
fitted bin σ̂0 ≡ σ̂1.
The sum over the index i in Eq. (2) (the usual sum over

the log-likelihoods of events) includes only events above
the energy threshold of 4 × 1018 eV. The function CðEÞ is
the normalization factor from the double Gaussian. The
result of the fit for the parameters a and b are shown in
Fig. 1. The fluctuations are shown in Fig. 2. The distri-
bution of the number of muons and the PDF in the
individual energy bins can be found in the Supplemental
Material [17].
The dominant systematic uncertainties of σ come from

the uncertainties in the resolutions sE and sμ. For sμ we
estimate the uncertainty using simulations and data. In
simulations, the uncertainty was estimated by the spread in
a sample of simulated showers, where each shower is
reconstructed multiple times, each time changing only the
impact point at the ground. For data, we reconstruct the
same event multiple times, leaving out the signals from one
of the detector stations. The average relative resolution

hsμ=Rμi and its systematic uncertainty is thus ð10& 3Þ%
at 1019 eV.
We verified the values of sE by studying the difference in

the energy reconstruction of events measured independently
by two or more FD stations. The width of the distribution of
these energy differences is found to be compatible with sE.
We therefore take the statistical 1-σ uncertainties of this
cross check as a conservative upper limit of the systematic
uncertainty of sE [27]. The average relative energy reso-
lution hsE=Ei is about ð8.4& 2.9Þ% at 1019 eV. We have
further confirmed that there are no significant contributions
to the fluctuations from differences between the individual
FD stations, neither related to the longtime performance
evolution of the SD and FD detectors.
Any residual electromagnetic component in the signal

would affect the lower zenith angles more. We therefore
split the event sample at the median zenith angle (66°) and
compare the resulting fluctuations. We find no significant
difference between the more and the less inclined sample.
In another test, we do find a small modulation of hRμi

with the azimuth angle (<1%), which we correct for. This
modulation is related to the approximations used in the
reconstruction, which deal with the azimuthal asymmetry
of the muon densities at the ground due to the Earth’s
magnetic field [3]. Finally, we have run an end-to-end
validation of the whole analysis method described in this
Letter on samples of simulated proton, helium, oxygen, and
iron showers.
Because of the almost linear relation between Rμ and E,

the systematic uncertainty on σ due to the uncertainty of the
absolute energy scale of 14% [25] practically cancels out in
the relative fluctuations. The systematic uncertainty in the
absolute scale of Rμ of 11% [5] drops out for the same
reason. The systematic effects for the bin around 1019 eV
are summarized in Table I. Over all energies, the systematic
uncertainties are below 8%.
Results and discussion.—The best-fit value for the

average relative number of muons at 1019 eV (parameter a)
is hRμið1019eVÞ¼1.86&0.02ðstatÞþ0.36

−0.31ðsystÞ. For the
slope (parameter b) we find dhlnRμi=d lnE ¼ 0.99&
0.02ðstatÞ þ0.03

−0.03ðsystÞ. These values are consistent with
the values previously reported [5,17].

FIG. 2. Measured relative fluctuations in the number of muons
as a function of the energy and the predictions from three
interaction models for proton (red) and iron (blue) showers.
The gray band represents the expectations from the measured
mass composition interpreted with the interaction models.
The statistical uncertainty in the measurement is represented
by the error bars. The total systematic uncertainty is indicated by
the square brackets.

TABLE I. Contributions to the systematic uncertainty in the
relative fluctuations around 1019 eV (1018.97–1019.15 eV). The
central value is σ=hRμi ¼ 0.102& 0.029ðstatÞ & 0.007ðsystÞ.

Source of uncertainty Uncertainty (%)

E absolute scale hEi <0.1
E resolution sE 4.6
Rμ absolute scale hRμi 0.5
Rμ resolution sμ 5.2
Rμ azimuthal modulation hRμiðϕÞ 0.5

Total systematics 7.0
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Figure 3: The σp−air-measurement compared to previous data and model predictions. For references see [2]
and [15].

For the present measurement the data is split in two energy intervals. The data is consistent
with a rising cross section with energy, however, the statistical precision is not yet sufficient to
make a statement on the functional form.
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Arrival directions follow mass 
distribution of near-by galaxies: 
extragalactic origin of sources

[Auger, Science 357 (2017) 1266]

Large scale anisotropy
3-D Dipole above 8 1018 eV at (α,δ) = (980,-250) : 


Amplitude increasing with energy

5.2σ significance            OBSERVATION

(6.6+1.2
�0.8)%

12

3

Figure 1. Left above: The density field of the local universe derived from CosmicFlow-2 (Hoffman et al. 2018) in Super-
galactic coordinates; a 3D interactive view is available at [https://sketchfab.com/3d-models/quasi-linear-construction-of-the-density-field-
91448f58ed5b4a30b5dc270a34fb4352] Left below: The intensity map of the flux illuminating the Galaxy � 8 EeV, for sources following
the CosmicFlow-2 density field using the Eq. 1, “d90”, treatment; the pattern is virtually identical for the sharp-horizon treatment, but with
maximum relative flux =1.47 instead of 1.67 as in “d90”. The direction of the dipole component is not far from the CMB dipole. Right panels:
The colored lines are the percentage contribution to the observed UHECR flux coming from the indicated distance bins, as a function of energy,
for the parameters of the best-fitting d90 (above) and sharp-horizon SH* (below) models detailed in Table 1. The dots represent the average
over the energy bin indicated at the top. The actual calculation uses 1 Mpc bins in distance and 0.1 bins in log10(E).

discussed in Table 1; the meaning should be clear in context.)
Even if the source spectrum were known, Eq. 1 is not an ex-
act description because the energy loss rate evolves during
evolution as the composition and energy change. Moreover
the d90(A, E) values available in the literature are integrated
above a threshold rather than applying to a bin of energy.
A future more accurate treatment needs to take this into ac-
count as well as taking the source spectrum as an unknown
to be self-consistently fit.

We explore the possible spreading of the source images
and reduction in horizon due to diffusion in the EGMF, us-
ing the sharp-horizon treatment. We adopt the simplest hy-
pothesis that the universe is filled with homogeneous and
isotropic turbulent magnetic fields. While the turbulence
level of the EGMF is still unknown, upper limits obtained by
various measurements or arguments exist (Durrer & Neronov
2013). We adopt a Kolmogorov spectrum and – to fully

cover the possible parameter space – we consider rms ran-
dom field strength 0.08  BEG  10 nG and coherence
length 0.08  �EG  0.5 Mpc. The diffusion coefficient,
DEG, and indeed all magnetic deflections, depends on rigid-
ity, E/Z; in the relevant rigidity domain, DEG is proportional
to
⇣
E/ZBEG�0.5

EG

⌘2
(Globus et al. 2008). The intensity profile

of a single source depends on the diffusion coefficient and on
the distance to the source; it is calculated by a method fol-
lowing the diffusion of light in scattering media, that allows
to take into account the transition between quasi-linear and
diffusive regimes, as detailed in Appendix A.

For a given assumed EGMF, composition and energy, and
adopting either the sharp-horizon or d90 attenuation, we cal-
culate the weight of a 1-Mpc-thick shell of matter at dis-
tance z in the total observed CR flux at the given (A, E). The
final illumination map for that (A, E) and attenuation model
is then the weighted sum of the surface mass density in each
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Likelihood test for anisotropy with astrophysical catalogs

Highest TS = 29.5 found for starburst galaxies with Eth=38 EeV
Catalog Eth 𝛉 faniso TS Post-trial

Starburst 38 EeV 15ି4ା5° 11ି4ା5% 29.5 4.5 𝜎

𝛄-AGNs 39 EeV 14ି4ା6° 6ିଷା4% 17.8 3.1 𝜎

Swift-Bat 38 EeV 15ି4ା6° 8ିଷା4% 22.2 3.7 𝜎

2MRS 40 EeV 15ି4ା଻° 19ି଻ା1଴% 22.0 3.7 𝜎

All the most significant excesses happen at similar Eth and angular scale

Note: 15°smeareadFisher-Von Misses distribution  ∼1.59×15°=24±8°top-hat

8

(Auger Astrophys. J.2018, ICRC 2019)

Medium scale anisotropy

  

SBGs and AGNs in our vicinity

Active galaxies or AGN

e.g. Cen A, close to an Auger hotspot

AGNs from the 2FHL Catalog 
(Fermi-LAT, > 50 GeV)

within 250 Mpc

Ackermann+ 16

more distant (90% of Bux < 100 Mpc)

Star-forming or starburst galaxies

e.g. M82, close to the TA hotspot

'Starbursts' from Fermi-LAT search list 
(HCN survey) within 250 Mpc

with radio Bux > 0.3 Jy

Gao & Salomon 05

nearby (90% of Bux < 10 Mpc)

Assumption: UHECR 2ux ∝ non-thermal photon 2ux

Note: inspired from Pierre Auger Collaboration 2011
but di�ers from most past UHECR studies:

doesn't assume that sources are 'standard' candles
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~ 3.1 σ~ 4.5 σ

Significance increasing with time !

Likelihood test for anisotropy with astrophysical catalogs

Highest TS = 29.5 found for starburst galaxies with Eth=38 EeV
Catalog Eth 𝛉 faniso TS Post-trial

Starburst 38 EeV 15ି4ା5° 11ି4ା5% 29.5 4.5 𝜎

𝛄-AGNs 39 EeV 14ି4ା6° 6ିଷା4% 17.8 3.1 𝜎

Swift-Bat 38 EeV 15ି4ା6° 8ିଷା4% 22.2 3.7 𝜎

2MRS 40 EeV 15ି4ା଻° 19ି଻ା1଴% 22.0 3.7 𝜎

All the most significant excesses happen at similar Eth and angular scale

Note: 15°smeareadFisher-Von Misses distribution  ∼1.59×15°=24±8°top-hat
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TS = 2Log [L( , fanis)/L(fanis = 0)]
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Multi-messengers
ɣ

𝛎

Limits 
reaching GZK 

predictions 
for protons

[Auger, JCAP 04 (2017) 009; ICRC2019]   [Auger, Phys. Rev. D 91 (2015) 092008; ICRC2019]



The Pierre Auger Observatory INAF, 26-05-2021 15

Multi-messengers - transient events

Karl-Heinz Kampert 24 Finance Board, Buenos Aires, Nov. 20, 2017

 OBSERVATORY 

 

Gift of Nature

Auger in predefined ±500 s window as 
sensitive as IceCube !

Joint paper of LIGO, IceCube, Antares & Auger accepted by ApJL

Clear demonstration of the power of Auger

GW170817
TXS 0506+056 follow-up

NASA/JPL-Caltech/GSFC

TXS 0506+056

[ApJL (2017), special issue (70 collaborations)] [Auger, Astrophysical Journal, 902:10, 2020 ]
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Each of the 1660 surface detectors are being equipped with


๏Surface Scintillator Detector (SSD) to measure the mass composition in 
combination with the Water Cherenkov Detectors (WCD).


๏Surface Detector  Electronics (SDEU) to improve the performance of the WCD


๏small PMT to increase the dynamic range of the WCD.


๏Radio Detector (RD) to measure the radio emission of showers in atmosphere 
(30-80 MHz) 


๏ Underground Muon Detector (UMD) to have a direct muon measurement and 
cross-check the SSD-WCD combined analysis (infill area)

[A. Castellina, UHECR2018, EPJ Web of Conf. 210 (2019) 06002]

AugerPrime upgrade (2022-2025)

1. Extend energy range of mass-sensitive measurements (lower and higher end)

2. New measurements / observables that fully exploit event-by-event charge/mass estimates

3. Multi-hybrid events to verify our understanding (reconstruction, hadronic interactions)

4. Reduction of systematic uncertainties at single event level (fluctuations)

5. Improve our triggers for neutrinos, exotic events, atmospheric phenomena

6. Learning for our Phase I data set: re-analysis of full data set with new knowledge (DNN, …)

Science case
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2019 2020 2021 2022 2023 2024 2025

SSD production

SSD deployment

SPMT production

SPMT deployment

UUB production

UUB deployment

RD production

RD deployment

UMD production

UMD deployment

DATA TAKING

Auger

Prime

(Auger 
phase II)

Auger 

phase I

➡Deployment started in 2002 —> data taking from 2004

➡Completion of Observatory in 2008

➡Analysis of Phase 1 data : completion foreseen mid 2022

Auger Phase 1
➡Deployment started in 2019 

➡Completion end 2022

➡Analysis of Phase 2 data : 2023-2025

➡Back to reanalysis of Phase 1+2

Auger Phase 2 = AugerPrime

end 2023: scientific review by international panel (required by Finance Board)

       2025: end of International agreement


2025-2030: extension of international agreement upon positive outcome of review
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L’Osservatorio Pierre Auger è completamente finanziato in Italia da INFN attraverso fondi di 

Progetto di CSN-II [costruzione, maintenance, calcolo, common Funds per INFN e Università


INAF copre i Common Funds per i dipendenti

➡Ingresso di ricercatori TI  per avere adeguati profili interni in grado di  garantire CON 
CONTINUITA’ gestione ed analisi dei dati di Auger Fase 1, di AugerPrime e del backtracking


➡Arruolamento di giovani post-Doc con contratti TD o AdR


➡Investimento in  formazione: finanziamento di dottorati  rivolti a studi multimessenger 

Criticità
l'Osservatorio e' in fase di deployment dell'Upgrade, che in particolare include la messa in opera di 
nuova elettronica, l’inclusione di nuovi rivelatori a scintillazione e il primo utilizzo nella fisica 
astroparticellare di ultra-high energy di un apparato radio (1660 antenne operanti nella regione di 
frequenza 20-80 MHz, installare su ognuna delle stazioni del rivelatore di superficie). 

Essendo conclusa l’attività di progettazione e produzione dei nuovi rivelatori di AugerPrime (upgrade 
di Auger) non servono figure come ingegneri o progettisti. 

Ritardo da Covid-19


Occorrono giovani ricercatori con  profilo astrofisico con

➡esperienza nel campo dei rivelatori (in particolare fotomoltiplicatori e antenne radio) 

➡esperienza nell'analisi statistica dei dati 

➡esperienza in tecniche di analisi tipo Deep Neural Network
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The future of UHECRs

AugerPrime

Coinvolgimento di parte dei membri della Collaborazione Auger in progetti e R&D

APPEC: European Astroparticle  Physics Strategy 2017-2026

Snowmass process 2021-2026 

What matters most


- Statistics (exposure) and energy resolution

- Event-by-event composition sensitivity 

- Full sky coverage with one technique and calibration

- Calorimetric and hybrid measurements

- Neutrino and photon aperture
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Backup
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Atmospheric phenomena

Cosmo-Geo Physics (Roberto)

Elves  R.Mussa, KD Merenda
- Paper: resubmitted 
- Reconstruction algorithm: not yet fnished 
- Double elves: charge asymmetry?
- Multiple elves vs cloud height (TGF?)
- Super extended readout : more anomalies 
- A short paper on super elves ?

Scalers  M.Schimassek
- daily variations similar to what is being observed on neutron
monitors

SD Rings  R.Colalillo
- Large E-feld effects on showers : MC studies
- Still lacking a new trigger strategy not to keep losing such events
- More E-feld measurements at ground (Penha Rodriguez, Colombia) 

[9 of 9]

Confidential manuscript submitted to <Earth and Space Science>

strokes that lie below the horizon. Located on four di�erent sites, FD telescopes point in247

fixed directions. As the field of view (FoV) of the telescopes overlap, the 360� azimuthal248

coverage of the detector is spanned more than once. The same elve may be measured by249

multiple FD telescopes, each with an optical aperture of 2.2 m diameter and a time res-250

olution (�⌧ = 100 ns) unprecedented in the field of TLE observations. The combination251

enables detailed measurements of large numbers of single-peaked and multi-peaked elves.252

Figure 1. Top panel: a diagram of the FD telescope with its 3.6 m diameter mirror at the Pierre Auger

Observatory [Abraham et al., 2010] . The FD, optimized for the detection of cosmic rays up to 30 km, also

turns out to be sensitive to elve signatures that are 1000 km away. The axes of lowest pixels have an elevation

angle of 1.5� while the axes of highest pixels have elevation angles of 30�. Panel A: the time signature of a

cosmic-ray shower propagating from top to bottom. Panel B: the first 200µs of the propagation of an elve

across an FD telescope camera field of view, showing the one side of the elves expanding towards the detector.

253

254

255

256

257

258

When an UHECR strikes the atmosphere, its kinetic energy is converted into an air259

shower of relativistic secondary particles, mostly electrons, positrons and muons. These260

secondary particles collide inelastically with molecules in the troposphere, exciting the261

–9–

[Auger, Earth Space Sci. 7 (2020) e2019EA000582 ]
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Lorentz Invariance Violation 

GZK photons propagated following the two 
scenarios (A=global and B=local minima)


➡ A: no limits on LIV can be imposed


➡ B: 
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Dark matter Magnetic monopoles


[@A.Aab et al (Auger Coll.) PRD94 (2016) 082002][Auger, Snowmass21 CF1-CF7_203, 2021]
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Search for sources of UHE Photons

Blind search

• no significant excess

• upper limits compatible with different hypotheses


- EG sources at > 5 Mpc

- transient or beamed Galactic sources

- sources inefficient in photon production


Targeted search

• no significant excess

• constrains on the allowed parameter space for 

the allows the extrapolation of the HESS flux

• upper limit on cut-off at ~ 2 EeV


Auger Coll., ApJ 789 (2014) 160

[Auger Coll., ApJ 837 (2017) L25]
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Discrimination of astrophysical scenarios with AugerPrime

Considering two different benchmark scenarios


 1- maximum rigidity model

 2- photodisintegration model


we can


foresee the possibility to tag a fraction as 
small as 10% of protons at the highest 
energies with significance σ  (scenario 1)

evaluate the discrimination power for the two scenarios 
with the measure of Xmax, or of muons
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Multimessengers - collaborations


