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The Pierre Auger Observatory is a unique facility designed to study ultra-high energy cosmic rays,
with energies up to 10%° eV and beyond. The Observatory is located in Argentina and comprises
more than 1600 water Cherenkov detectors spread over an area of 3000 square kilometers over-
looked by Fluorescence detectors. The first phase of the Observatory’s data-taking began in 2004
and continued until the end of 2021. In this contribution, the results from the Phase I data analysis
of the Pierre Auger Observatory are presented. They include, among others, measurements of the
cosmic-ray energy spectrum, composition, and arrival direction anisotropy. The Phase I results
from the Pierre Auger Observatory provide major advances in the understanding of the ultra-high
energy cosmic ray phenomena and lay the foundation for second-phase studies with the upgraded
AugerPrime detector. The status of the AugerPrime upgrade and its performance will be also
discussed.
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1. Introduction

The study of ultra-high energy cosmic rays (UHECRs) above 10'7 eV opens a window of
opportunity in the understanding of their origin. More than 100 years after the discovery of cosmic
rays by Victor Hess, their sources are largely unknown. The main reason is that, regardless of
the angular resolution with which they are revealed, their direction of arrival does not appear to
be largely correlated with the positions of known sources. The application of the most intuitive
method of association to the source by direction, analogous to photons at different frequencies
of observation is in fact made very difficult by the presence of magnetic fields in our Galaxy
(of the order of 107® G) and in extragalactic space (of the order of 107° G). Although we are
yet to develop a comprehensive theory that can elucidate the production sites of UHECRs, the
mechanisms accelerating atomic nuclei to such extraordinary energies, and the precise composition
of these cosmic rays, significant progress has been made in recent years by exploiting data obtained
from the Pierre Auger Observatory. The most extensive dataset of UHECR events ever collected has
significantly advanced our comprehension of their characteristics, revealing a global perspective
that appears considerably more intricate than what was previously expected. A striking example
is the results on the primary composition of cosmic rays, which show that masses become heavier
above energy almost coincident with the ankle position, with mass groups replacing each other
so that the flow of all particles is dominated by only one specific mass group in each energy
range. This completely ruled out the paradigm according to which a proton-only composition at
the highest energies provided a unique explanation for the presence of both the ankle [1] and the
suppression [2, 3] in the spectrum and was based on the assumption that the mechanisms of extreme
acceleration operated on hydrogen nuclei being the most abundant. A key role in understanding
these results is attributed to models for hadronic interactions, which, based on the latest findings
from particle accelerators, must be extrapolated to extreme energies. In this region, UHECRs are the
only instruments available for physics, and measurements at the Pierre Auger Observatory show an
excess in the number of muons of between 20% and 30% compared to current interaction models.
To improve composition information, the Pierre Auger Observatory is currently undergoing an
upgrade, namely AugerPrime [4, 5], which will transition it from Phase I to Phase II of its life. This
contribution will highlight the status of the upgrade and the most recent results achieved using the
Phase I data of the Observatory and presented at this conference.

2. The Pierre Auger Observatory and the AugerPrime upgrade

In 1992 James Cronin and Alan Watson proposed the idea of building a surface detector of
giant dimensions and thus attempting to answer the fundamental questions about the origin of
UHECRs. The basic design of the Pierre Auger Observatory [6] is made of an array consisting
of about 1600 surface detectors (SD) arranged on a triangular grid and spaced 1500 m apart.
Additionally, two nested arrays of the same kind with 750 m and 433 m spacing were utilized
to lower the energy threshold down to 63 PeV. At a later stage, a 17 km? area was instrumented
with the Auger Engineering Radio Array (AERA). The fluorescence detector (FD) consists of 24
telescopes spanning 3-30 degrees elevation and grouped in 4 sites, overlooking the array to capture
the fluorescence light produced by showers in the atmosphere. Three newer telescopes of the same
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type are installed close to the denser arrays; they can be tilted to cover elevations up to 60 degrees
thus allowing us to measure showers at lower energies.

2.1 AugerPrime

In 2015, the Pierre Auger Collaboration decided to start a significant enhancement phase
referred to as AugerPrime [7]. Due to the limited duty cycle of the FD and the statistics of
UHECRSs at suppression energies, we upgraded the SD with new detectors to study the composition
of UHECRs with 100% duty cycle. The AugerPrime upgrade involves the addition, on top of
each existing water Cherenkov detector (WCD) of the Observatory, of a scintillator-based surface
detector (SSD) [8] each covering an area of about 2 m? and enclosed in an aluminum box. The
light, produced in the scintillator bars, is collected and propagated along the WLS fibers and read
out by the same PMT in the central part of the module. Furthermore, a radio detector (RD) [9] will
be added. It consists of a dual-polarized antenna, one of the antenna rings is aligned parallel to the
orientation of the Earth’s magnetic field, while the second is perpendicular to it. The antenna is a
Short Aperiodic Loaded Loop Antenna with a diameter of 122 cm to be tailored at the frequency
range of 30-80 MHz. This modified configuration aims to enhance the capability to distinguish
between the muonic and electromagnetic components of the shower on an event-by-event basis
leveraging the distinct responses of these detectors. Additionally, the SSD and RD will provide
complementary information too: the SSD is optimized for detecting more vertical showers, while
the RD is fine-tuned for showers at higher zenith angles. As part of the AugerPrime project, a small
1-inch Hamamatsu R8619 photomultiplier (sSPMT) [5] has been installed alongside the existing three
large PMTs (LPMTs) at each surface station, to largely reduce the occurrence of saturated signals
in the stations closest to the shower axis. A photo of the SPMT is shown in the lower right panel
of figure 1. Furthermore, underground muon detectors (UMDs) [10] are being strategically placed
in the denser areas, where the 433 m and 750 m arrays are located, to directly measure the muon
component of the cosmic ray showers to understand the significant discrepancy between models
and data appearing in the average muon scale [11]. UMDs are plastic scintillator strips buried 2.3 m
deep to ensure that the electromagnetic component of showers is largely absorbed while vertical
muons with energy above 1 GeV can reach the buried detectors. The upgraded station configuration
is depicted on the left panel of figure 1, showcasing the installation of SSD and RD on top of the
station. Furthermore, there has been an upgrade to the electronics of the surface detector [12] to
facilitate the integration and operation of the new detectors. The former electronics, referred to
as the Unified Board (UB), has been replaced by a newly developed board called the Upgraded
Unified Board (UUB). The UUB features a new analog-to-digital converter (ADC) with 120 MHz
sampling (instead of the UB’s 40 MHz) and 12 bit accuracy which can receive and manage the
signals from the various components of the upgraded detector. The backward compatibility with the
data recorded in Phase I is obtained by filtering and downsampling the traces to emulate the current
triggers in addition to any new ones. Furthermore, the data acquisition software, both at the level of
the individual detector stations and the central data acquisition system, was also updated [13]. The
changes were necessary to handle the new multi-hybrid data from AugerPrime and to cope with
surface detection stations with different hardware configurations operating simultaneously in the
array during the transition phase. In July 2023, the installation phase of SSDs, sPMTs, and UUBs on
the entire array was completed. After the due commissioning period, full efficiency data taking, i.e.



Highlights from the Pierre Auger Observatory Francesco Salamida

Figure 1: Left: a surface station equipped with all the AugerPrime detectors. The image shows the SSD
positioned on top of the WCD, accompanied by the radio detector on top of the SSD. Right: in the upper
panel there is a picture of the UUB and in the lower one a picture of the sPMT.

Phase II, is expected to start in 2024 and is foreseen to add 10 more years of data. The installation
of the UMD detectors and radio antennas on the array stations remains to be completed. According
to our timetable, the installation activities are scheduled to be completed around mid-2024.

2.2 AugerPrime performances and first data

While implementing the new electronic systems, there was no interruption of the data acquisi-
tion. We also performed updates to the central data acquisition software (CDAS) and data analysis
pipelines for AugerPrime. We continuously monitored and analyzed the collected data to evaluate
the ongoing performance of the detection stations. The parameters tracked during the deployment
include the RMS of the ADC signal baseline as an indicator of electronic noise, the VEM charge,
the MIP charge [4], and the g factor of each PMT which quantifies the stability of this gain factor
over time. In particular, figure 2 (left panel) shows the evolution of the daily mean baseline RMS
expressed in ADC counts for a subsample of detectors (on the vertical axis) in the array during three
months of data taking. The uniformity in time indicates the stability of the detector’s operations
within the expected seasonal fluctuations. Darker vertical lines point out periods of bad weather
conditions (e.g. lightning) and are currently the object of ongoing studies to rule out time intervals
unsuitable for physics analysis. The potential of the enhanced detector was already evident as soon
as the first events were acquired. As already described, the small PMT extends the dynamic range
of the WCD signals, allowing the recovery of any saturated stations as shown in figure 2 (right
panel). In addition, the event in the figure shows how the SSD design allows for a complementary
measurement to the upgraded WCD for signals close to the shower core. Although the installation
phase of the UMD and RD [9] is still in progress, we carry out a monitoring of the performance of
the detectors already deployed. In particular, we can see in figure 3 how the relative fluctuations
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Figure 2: Left: map of daily mean values of the baseline RMS. Inhomogeneities resulting in darker vertical

lines correspond to noise due to lightning storms in the array.
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AugerPrime detectors and detected with the WCDs (black dots) and SSDs (red squares). In the station
nearest to the shower core the LPMTs are saturated, thus the SPMT signal is used (green cross). The SSD
signals and SSD LDF are multiplied by a factor of 5 to be shown on the same plot.
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Figure 3: Left: seasonal fluctuations of the UMD gain and its impact on acquisition parameters. The stability

of the acquisition is within ~ 1 %. Right:

detectors.

one of the earlier multi-hybrid events collected by AugerPrime

for the signals acquired by the UMD SiPMs are at the +1 % level and, as expected, correlated with
temperature variations. We can even better understand the high potential of the new data from the

enhanced observatory by looking at figure 3 (right panel), where a multi-hybrid event with simulta-
neous signal in the WCD, SSD, UMD, and RD is shown. The simultaneous analysis of the signals
from the different detectors will make it possible in the near future to obtain an estimate of the

primary mass on an event-by-event basis by separating the muon and electromagnetic components.

2.3 Novel detectors and analysis methods

The Pierre Auger Observatory continually demonstrates its vitality through enhancements in
both data analysis methods and instrument upgrades. This commitment ensures that the Observatory
remains at the forefront of UHECR physics enhancing its precision and promising the potential for
groundbreaking discoveries in the field. In particular, a novel technique for the absolute calibration
of the fluorescence telescopes has been developed [14] (i.e. XY scanner). A scan (with ~1700

positions) of the complete aperture of a telescope is performed by a uniformly emitting, absolutely

Muon Density (m=?)
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calibrated light source mounted on a rail system. A dedicated setup with a NIST-calibrated
photodiode is used to calibrate the light source. This new method currently has a 6% uncertainty,
which is expected to be reduced to 4% by improving the configuration for calibrating the light
source. A preliminary comparison between the results of the XY scanner and those obtained by
another independent method based on night sky background (NSB) measurements shows good
agreement [18]. Another striking example is the use of the stereo energy balance technique based
on air shower events observed simultaneously from at least two FD sites, where it is expected that
along the segment of the shower track common to the views from both sites, the reconstructed energy
deposit is consistent. The method allowed us to improve the systematic uncertainty on the estimation
of the vertical aerosol optical depth (VAOD), which results in an updated systematic uncertainty,

0% eV, equal to 2% - 4% on energy and 2 g cm~2 - 4g cm™?

in the energy range 3 x 10'% — 1
on Xpax. Other developments include 1) new analysis techniques based on deep neural networks
(DNN) for the primary mass identification with the SD and the SSD [20], SD energy estimation [22],
and muon number reconstruction with the SD [21]; ii) the development of a new method that, by
requiring a coincidence between the WCD and the SSD, will ensure a high-precision calibration
of the water-based Cherenkov detectors for at least another 15 years of operation, irrespective of
the further ageing of its components; iii) improvement of the fit of the longitudinal profile of FD
events [15], to cope with deeper Xy« events; iv) cloud height reconstruction and study of the

horizontal homogeneity of the atmosphere using elastic lidars [17];

3. Physics results

The Phase I data of the Pierre Auger Observatory is exceptionally compelling and constitutes
the world’s largest database of events at extreme energies. In the following, we will provide an
update on the most significant results presented at this conference by the Pierre Auger Collaboration.

3.1 Extension of the flux measurements down to 6 x 10'¢ eV

In more than 20 years of operation, the Pierre Auger Observatory has produced results of
considerable scientific relevance, including, among others, the measurement of the UHE cosmic
ray flux in unprecedented detail [25-27]. The enormous exposure accumulated by the Pierre
Auger Observatory (e.g. about 80000 km with the SD only) allows the measurement of the energy
spectrum of cosmic rays with the 1500 m and the 750 m spacing arrays at energies above 10'7 eV.
In addition, the measurements made with the Fluorescence detector in the hybrid mode allow
an almost independent measurement in the region above 10'® eV and with the Cherenkov mode
low to about 10'® eV. We have verified with extraordinary accuracy the presence of the cut-off
at (4.7 £ 0.3 + 0.6) x 10'° eV, the ankle feature at (4.9 + 0.1 + 0.8) x 10'8eV and the presence
of the second knee and, for the first time, a new structure called the instep has been identified at
1.4 x 10'? V. In addition, it has been possible to independently measure the position of the second
knee at (2.3 +0.5+0.35) x 10'7 eV in agreement within 5% with the previous measurements of the
750 m array using the 433 m spacing array [29]. The cosmic ray spectrum reconstructed with the
433 m array is shown in figure 4 (right panel). The data were fitted with a broken power law model
with smooth transitions. The position of the second knee is indicated by the dashed line and the
error bars and upper limits correspond to the statistical uncertainty given by the Feldman-Cousins
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Figure 4: Left: unfolded cosmic ray spectrum measured with the SD433 together with those from the 750 m
array [27] and the 1500 m [26] measurements. The data are fitted with a broken power law model with
soft transitions and the position of the second knee is indicated with a dashed vertical line. The error bars
and upper limits are also shown. Right: SD433 spectrum scaled by E 3. Auger combined spectrum [28]
and the measurements of other experiments around the second knee (references in [27]). Colors represent
experiments that have established their energy scale through calorimetric measurements.

intervals with a 90% confidence level. The other SD-based measures are also shown for comparison.
Our measurement is also consistent within the uncertainties with the results previously reported
by Auger where the spectrum around the second knee was obtained by extrapolating the 750 m
spectrum below 10'7 eV using the Cherenkov dominated FD events [28]. Figure 4 (right panel)
shows the SD433 spectrum along with the measurements of other experiments and the previous
Auger report and also demonstrates the primary role of the Pierre Auger Observatory in the energy
region where the transition between Galactic and Extragalactic cosmic rays is expected to occur.

3.2 Mass composition

The depth of the cosmic ray maximum in the atmosphere provides, to the best of current knowl-
edge, the most reliable mass-sensitive observable for the study of UHECRSs’ primary composition.
The mean of X« is in fact directly related to the logarithmic mass of the primary particle, while
the o (Xmax)is a combination of the intrinsic shower-to-shower fluctuations and the dispersion of
masses in the primary beam. The general trend of mass as a function of energy can thus be extracted
by observing the evolution of the first two moments of X,x. Following Auger’s first results [30—
32] based on the analysis of the events detected by the FD and SD, alternative analyses have been
developed to estimate the depth of the shower maximum by additionally exploiting the SD detector
alone, the AERA radio array, and HEAT. In particular, FD observations allow the most accurate
reconstruction of Xp,x, but are only possible on dark nights and in good weather. However, the
SD array has a duty cycle close to 100%, allowing UHECRs to be measured with a higher statistic.
Unfortunately, X,.x cannot be observed directly with SD, but is nevertheless incorporated into the
time structure of the particle footprint, which makes its reconstruction difficult. Possibilities are the
use of observables, such as the signal rise time, to obtain accurate conclusions on the average vari-
ation of the composition with energy [33, 34]. On the other hand, recent advances in deep learning
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Figure 5: The first (left panel) and second (right panel) moments of X,,x distributions measured with the
FD, the SD, AERA, and HEAT using Phase I data.

and associated techniques based on deep neural networks open up new possibilities for improving
reconstructions in astroparticle physics [35]. In particular, to reconstruct the depth of the shower
maximum, the time structure of the signals measured at each SD station is exploited with deep
neural networks. Both arrival times and measured signal traces are used as input for the algorithm
comprising convolutional neural networks (CNN) and long short memory networks (LSTM) [36].
After the algorithm is cross-calibrated with the fluorescence detector observations, it is used on
the SD dataset allowing for increased statistics and extended energy range compared to FD-only
measurements. The most up-to-date summary [37] of the latest X,.x measurements performed with
FD [38], SD [39], AERA [40] and HEAT [41] is shown in figure 5 together with the expectations
for pure proton and iron primaries and for different hadronic interaction models.

The agreement between different methods for the (X,x) is within the systematic uncertainties
despite the different X« scale due to the non-synchronous update of reconstruction methods. The
discrepancy between the FD and SD results, visible in o (Xnax) instead, could arise from either
remaining model-related dependencies in the SD result or potential statistical effects in the FD one.
Nevertheless, it’s crucial to highlight how employing SD enables us to expand X.x measurements
over an additional half a decade in energy. In general, Auger results indicate a UHECRs flux above
10'7 eV composed of ionized atomic nuclei, with the average mass decreasing to the lightest point
around 3x 10'8 eV, and then increasing significantly. For much of the energy range, UHECRs appear
to have a mixed composition, however, above a few EeV, they become increasingly more pure. To
better understand this, the observed distributions of Xp,x can be fit [43] with model templates of
different primary mass groups and estimate how much each group contributes to the overall flux.
The results of this process (see left panel of figure 6) shows that iron is almost entirely absent
from the flux between 10'3# eV and 10'°# eV; protons are a minor component above the ankle and
become rare at the highest energies; a substantial mixing of different mass groups is evident at all
energy levels except the most elevated ones. In particular, the results obtained with SD are of special
interest. Indeed, besides showing for the first time the possibility of reconstructing X« event-
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Figure 6: Left: fits of the fractional mass composition of the UHECR flux derived from HEAT and FD
Xmax data. Fractions are extracted fitting parameterizations of the Xy,,x distributions for p, He, CNO, and
Fe generated using different hadronic interaction models. Right: average shower maximum as determined
using the DNN as a function of energy. Both statistical and systematic errors are indicated.

by-event with DNN methods, they confirm that the evolution of (X,.x) cannot be described by a
constant elongation rate. Using a more complex model, a distinctive pattern emerges indicating the
presence of three breakpoints in the elongation rate, as illustrated in the left panel of figure 6. In this
model, the elongation rate increases from 12 + 5 g cm~2/decade of energy to 39 + 9 g cm~2/decade
at an energy of (6.5 = 0.6) x10'8 eV. At (11 + 1.6) x10'8 eV, the elongation rate further increases
to 16 +3 g cm~2/decade before reaching 42 +9 g cm~?/decade above (31 + 5) x10'8 eV. Using
this three-break model, the assumption of a constant elongation rate is statistically rejected with
a significance greater than 40. The trends depend very weakly on hadronic interaction models,
thus providing strong constraints on possible acceleration and propagation scenarios once the mass
information is used in combination with the UHECR flux [42].

3.3 Hadronic interactions

Interpreting experimental observations in terms of the primary composition is susceptible to
significant systematic uncertainties, primarily arising from the limited understanding of hadronic
interactions at extremely high energies. In our efforts to mitigate this uncertainty, we conducted
measurements of the attenuation length of air showers induced by protons, which are the primary
contributors to the tail end of the X,ax distribution and gives the possibility to study the proton-air
cross section [43]. Furthermore, the measurement of the muonic component at ground level proves
to be highly sensitive to the intricate details of hadronic interactions throughout various stages of
the cascade. In this respect, data collected by the Auger Observatory show that the number of
muons predicted by the models does not agree with measurements showing an excess of muons.
This feature, known as muon puzzle, has been previously reported by different measurements [11].
The left panel of figure 7 shows the logarithmic muons number obtained through combined FD
and SD measurements for energies higher than 3 x 10'® €V [44]. The blue and red lines indicate
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Figure 7: Left: logarithmic muons’ number obtained through combined FD and SD measurements for
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content as a function of RD energy estimator. Expectations from different hadronic interaction models are
shown with dashed lines. Measured data are shown in black, while a profile of the data is in orange.

the expected values for protons and irons showers simulated using the hadronic interaction models
Epos-LHC [46] and QGSjetll-04 [47]. At the highest energies, we observe a higher average
number of muons than predicted by the hadronic interaction models. The orange dots indicate
the expected muon values corresponding to the converted Auger Xy,x measurements assuming a
hadronic interaction model. At all energies, the observed muon number is significantly higher than
expected from Xp,ax measurements. A plot of the same type is shown in the right panel of figure 7.
Here the number of muons obtained using showers simultaneously measured by the RD and SD [48]
is shown as a function of the RD energy estimator VS,,q. The muon number is compatible with the
iron simulations in a region where Auger mass measurements report a mixed composition of proton
and nitrogen. On the other hand, the relative fluctuations in the number of muons measured by using
the inclined FD hybrid events (62° < 6 < 80°) of the Pierre Auger Observatory are in agreement
with the model [45]. This excludes the first interaction as the main cause of this discrepancy and
points towards a small effect accumulating over many generations or a very particular modification
of the first interaction that changes the number of muons without changing the fluctuations [56].

3.4 Arrival Directions

A key element in understanding the origin of UHECRS is the search for anisotropies in their
arrival directions. In particular, considering that magnetic deflections are proportional to the rigidity
of cosmic rays E/Z and the horizon available to them decreases with increasing energy, through the
study of anisotropies one can hope to backtrace the sources. Using the events measured by the SD
detector during Phase I of the Observatory in the period January 2004 - December 2022, different
analyses were carried out to search for anisotropies in the sky selecting events with energy above
3.2 x 10'” eV with zenith angles lower than 80 degrees and corresponding to a total exposure of
135000 km? sr yr and 85% of the entire sky coverage [49]. The most significant results can be
summarized as follows: i) the presence of an overdensity at the Centaurus region, having a post-trial
p-value of 3.0x 107> corresponding to 407; ii) a likelihood test for correlation with starburst galaxies
(SBG) catalog exhibiting a post-trial p-value of 6.6 x 107> (3.80). The angular window for the best

10
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in Galactic coordinates. The supergalactic plane is shown with a gray line. Right: test statistic of the
starburst model and excess in the Centaurus region above the best energy threshold as a function of exposure
accumulated by the Pierre Auger Observatory.

fit in the likelihood analysis is compatible with the one found for the Centaurus region, around 25°.
This is due to the fact that also the likelihood analysis is driven by the overdensity in the Centaurus
region, with two prominent SBG galaxies, NGC4945 and M83, lying relatively close to Cen A,
within the excess region. The diminished statistical significance for the SBG case with respect to
[50], instead, is driven by the presence of NGC253 close to the Galactic South Pole and the decrease
of its flux from ®ngeasz = (12.8 + 1.2) x 1073 km—2yr~'sr™! (for energies above 4 x 10'%eV and
a top-hat window of 25°), as reported in [50], to ®ngeass = (12.2 + 1.2) x 107 3km~2yr~lsr!,
within its statistical uncertainty. The test statistics of the SBG model, together with the excess in
the Centaurus region, as a function of the exposure accumulated over time by the Observatory is

shown in the right panel of figure 8.

Regarding the analyses performed for large angular scales, the significance of the dipolar
modulation in R.A. for the cumulative energy range above 8 x 10! eV is now 6.9¢" and that between
(8-16)x10'8eV is 5.7, an increase over that shown in previous publications [52—-54]. The direction
of this dipole points 113° away from the Galactic Center, suggesting an extragalactic origin of
cosmic rays above the selected energy threshold. In the left panel of figure 9, the evolution of the
dipole direction as a function of energy on a sky map in Galactic coordinates is shown. In the right
panel of figure 9, we see the growth of the dipole amplitude as the energy increases. This is maybe
due to the interplay between the higher rigidity particles that are less deflected by magnetic fields
and and nearby non-homogeneously located sources making a larger contribution to the flux.

The promising inclusion of mass-composition estimators on an event-by-event basis with
AugerPrime and the improved mass estimators with Phase I data, e.g. using DNN methods will
allow more insight into the arrival direction results in the near future. At the moment, there are
already some studies in the context of the Observatory that try to provide answers in this direction.
In particular, hybrid events detected by the FD and with a signal in at least one SD detector can be
used to separate heavy and light UHECRSs using X;,,,x and, despite the limited FD statistics, to study
whether they are distributed differently in the sky. An Anderson-Darling test has been used for
comparing the cumulative Xy, distributions above 5 x 10'8¢V from the Galactic Plane region and
those from the region outside. Already in 2021, an indication of a difference was reported [55] and
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Figure 9: Left: map with the directions of the 3D dipole for different energy bins, in Galactic coordinates.
The contours of equal probability per unit solid angle, marginalized over the dipole amplitude, which contains
the 68% CL range, are also shown. The dots represent the location of the galaxies in the 2MRS catalog
within 100 Mpc. Right: the evolution of the dipole amplitude with energy.

we are continuing to monitor the evolution of this indication which at the moment has a significance
of about 2.50 [37].

Another innovative analysis, taking into account mass-composition information from the FD,
has been developed following the approach in [42]. We simultaneously fit the energy spectrum,
the distributions of shower maxima, and the arrival directions [51]. The astrophysical model
used incorporates uniformly distributed background sources and allows for the adjustment of the
contribution of nearby candidate sources. We have also taken into account propagation effects and
a rigidity-dependent magnetic field blurring, which results in an increasing level of anisotropy as
energy increases. Comparing different models with the reference one with only a homogeneous
background, the best result in terms of test statistics was obtained for that incorporating the starburst
galaxies, with a significance of 4.50" (compared to 4.0c0 in [54]). The best fit was obtained with
a much harder spectral index (y ~ —1) than expected from diffusive shocks acceleration, a signal
fraction of about 20% at 4 x 10'° eV and a magnetic field blurring of about 20° for a particle
rigidity of 10 EV. The corresponding fitted spectrum and X,,x moments distributions are illustrated
in the left panel of figure 10. The thick lines indicate the best fit, while the thin lines are drawn
from the posterior distribution demonstrating the uncertainty. Our measurements are indicated with
markers. The grey area refers to the energy bins that are not fully included in the fit as described
in [51]. The right panel of figure 10 displays the modeled arrival directions for three different
energy bins, providing a clear illustration of the important role of the Centaurus region in the fit
of blurring and signal fraction. Additionally, other notable observations can be made: as energy
grows, the degree of anisotropy becomes more pronounced, because of the increased impact of
nearby catalogue sources due to propagation effects. A model in which the arrival directions are
correlated with y-AGNs was also tested; we can conclude that it does not fit well with the modeling
of arrival directions as a function of energy. This is mainly due to the strong contribution of the
distant blazar Markarian 421. Therefore, a scenario in which the UHECRs intensity scales with the
v-ray flux for a y-AGN source model is disfavored.
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Figure 10: Left: Fitted spectrum (upper row) and Xp,.x moments (lower row) at Earth for the SBG model
with m = 3.4. The thick lines indicate the best fit, while the thin lines are drawn from the posterior distribution
demonstrating the uncertainty. The measurements from the Pierre Auger Observatory are indicated with
markers. Right: Modeled arrival directions for three different energy bins. The stars denote the directions of
the source candidates with the size scaling with their relative flux contribution.

3.5 Multimessenger Astrophysics

In the context of multimessenger astronomy, the Pierre Auger Observatory offers the unique
possibility to aim at the detection of high-energy photons and neutrinos above 10!7eV. Because
they are not subject to magnetic fields, they propagate in a straight line through the interstellar
medium and can originate directly from the sources (i.e. astrophysical) or during their journey
towards us (i.e. cosmogenic). Both, if measured, can provide valuable information about the
sources and the mechanisms of acceleration. Photons are effective at tracing the local Universe on
scales up to megaparsecs (Mpc), as their interactions with the cosmic background fields limit their
range. On the other hand, neutrinos could easily traverse the entire Universe without interacting.
Furthermore, both photons and neutrinos can serve as valuable tools for investigating fundamental
physics, offering insights into areas such as super-heavy dark matter [57], potential violations of
Lorentz invariance [58], GW follow-up, and in general physics beyond the standard model [59, 60].
The analyses for the identification of primary photons are based on the fact that the development
of photon-induced showers in the atmosphere is dominated by electromagnetic interactions, which
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produce events with a deeper X ,.x and a smaller muon component than those induced by protons and
nuclei. Using the Phase I measurements from the 1500 m array over a data-taking period of about
16 years (01/01/2004-30/06/2020), it was possible to search for events compatible with photons of
energies above 10'° eV. The analysis is based on a Fisher discriminant using the variables Ly pr
and A linking the total measured signals at individual SD stations and the measured rise times of the
signals with respect to a data reference, which describe the average of all SD data [61, 62]. Despite
having found 16 events that fulfill the criteria to be considered potential photon candidates, this
number is consistent with the expected background. Consequently, an upper limit has been placed
on the cumulative flux of primary photons. This limit, along with upper limits derived from other
experiments and photon fluxes predicted based on various hypotheses and theoretical scenarios, is
shown in the left panel of the figure 11. In particular, the upper limits established by the Pierre
Auger Observatory are the most stringent to date, covering a wide energy range from 5 x 10¢ eV
to the highest energies. Additionally, the figure displays the limits obtained by the Pierre Auger
Observatory at lower energies using the FD measurements (E> 2 x 10!” eV) and preliminary results
from an extension to even lower energies, above 5 x 10'6 eV, using the dense the data measured
simultaneously by the 433 m SD array and the UMD [63]. These current limits have significantly
constrained certain "exotic" top-down models and predictions from some cosmogenic models.
Searches for UHE neutrinos have been performed by exploiting those inclined showers characterized
by a prominent electromagnetic component. In fact, for protons and nuclei at large zenith angles,
the atmosphere fully absorbs the electromagnetic component, resulting in only muons reaching
the ground. On the contrary, neutrinos, having a smaller interaction cross-section, can also initiate
showers near the ground, allowing the electromagnetic component to be detected even for significant
inclined events. Using the data from the 1500 m SD array collected between 1 January 2004 and
31 December 2021, upper limits on the diffuse flux of UHE neutrinos have been obtained [64].
Figure 11 (right) displays the upper limits alongside those determined by IceCube and ANITA
experiments, as well as the expected neutrino fluxes based on various theoretical assumptions and
scenarios. Using the expected number of cosmogenic neutrinos from simulations [65], it is possible
to constrain different UHECR models by considering the combinations of spectral parameters and
mass composition at their sources, as well as parameters related to the source distribution [66].
Notably, some cosmogenic models characterized by a composition consisting of pure protons and
exhibiting a strong source evolution with redshift have been constrained, and some of them were
even ruled out, due to the absence of neutrino observations so far.

4. Prospects

UHECRSs remain enigmatic despite more than 60 years having passed since the first detection
by Linsley and their origin remains largely unknown. The Pierre Auger Observatory has made
significant progress, collecting extensive data, though the cosmic ray source remains elusive.
The enhanced Pierre Auger Observatory will enter a new era of data analysis by exploiting the
multi-hybrid measurements it will offer. The different analyses, here presented, will harness the
capabilities of both the existing and newly integrated detector components, along with the upgraded
station electronics and broader dynamic range. The simultaneous analysis of the signals from the
different detectors will make it possible in the near future to obtain an estimate of the primary mass on
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Figure 11: Left: upper limits on the integral photon flux determined from data collected by the Pierre Auger
Observatory (red, blue, and gray circles). Right: upper limits on the diffuse flux of neutrinos, both integral
(straight solid line) as well as differential (curved solid line).

an event-by-event basis by separating the muon and electromagnetic components. Machine learning
(ML) techniques have already demonstrated their potential by extracting valuable information on
Xmax from WCD data alone, and by combining the Phase I data set with the AugerPrime data
statistics for mass composition studies will more than double by the end of Phase II. In addition, the
promising inclusion of mass-composition estimators on an event-by-event basis with AugerPrime
and the improved mass estimators with Phase I data will allow more insight into the arrival direction
results in the near future. The Observatory in the coming years will also offer the possibility of
expanding the scope of its investigations in the field of cosmo-geophysics [67, 68] and with the
Auger Open Data Portal will offer a good overview of the detectors and the achievements of the
Collaboration, as well as a direct invitation to the general public to use the released data [69, 70].
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