
A.Castellina ISVHECRI, July 8, 2024 1

Antonella Castellina

INAF, Osservatorio Astrofisico di Torino 
INFN, Sezione di Torino, Italy

Probing Astroparticle and Particle Physics 
at the  Pierre Auger Observatory: 
highlights and perspectives

1



A.Castellina ISVHECRI, July 8, 2024 2

      Pampa Amarilla
(Malargüe, Argentina

17 Countries
>400 members

✓ 1661 Water-Cherenkov stations     
✓ SD1500 : 1600, 1.5 km grid;    
✓ SD750: 61, 750 m grid 
✓ SD433: 19, 433 m grid

✓ 4 Fluorescence sites      
✓ 24 telescopes, 1-300 FoV    
✓ 3 High Elevation Telescopes, 30-600 FoV 

✓ Engineering arrays     
✓ AERA: 153 radio antennas  
✓ UMD: 24 underground muon detectors

The Pierre Auger Observatory

Geolocalization: (−69.0° longitude, −35.4°  latitude )

Total covered area 

3000 km2
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AugerPrime: exploiting the  richness of extensive air showers

More insight in the mass composition 
+ increased statistics 

Measure of the longitudinal development of the extensive 
air showers (EAS) while crossing the atmosphere 
➡Fluorescence telescopes  

Discrimination between the electromagnetic and muonic 
components of the EAS 
➡Water Cherenkov Stations  and Scintillators 
➡Larger dynamic range to measure high particle 

densities cloxer to the core

performing hybrid measurements and applying new analysis techniques

Phase 1 :  
data taking from 2004 to end of 2021  
✓Over 120, 000 km2 sr yr  for anisotropy studies 
✓Over 90, 000 km2 sr yr  for spectrum studies

Phase 2 - the AugerPrime upgrade 
Data taking from 2025 to >2035… 
✓+ 40, 000 km2 sr yr  
✓Multi-hybrid events : FD, SD, SSD, RD, UMD

…2022-2024  
transition period (commissioning) 
to AugerPrime

Measure of the radio emission of EAS 
➡Radio antennas 

Direct measure of the muonic component  
➡Underground detectors 
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FD energy resolution ~ 8% 
Systematic uncertainty 14% 

Hybrid technique

EFD = Ecal + Einv
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The UHECR energy spectrum

Auger Coll., Phys.Rev.D102 (2020) 062005 
Auger Coll., Phys.Rev.Lett. 125 (2020) 121106 
Auger Coll., Eur. Phys. J. C 81 (2021) 966 
V.Novotny, PoS(ICRC2021) 324 
A.Brichetto, PoS(ICRC2023) 398

Largest available exposure, >80,000 km2 sr yr, >920,000 events 
A measure completely independent of any assumptions on the primary mass 
It provides constraints on source properties, injected masses, interactions/escape
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The UHECR mass composition

E.Mayotte, PoS(ICRC2023) 365 and refs.therein

Measurement from the  

‣ longitudinal profile (FD, ~15% Duty Cycle) 

‣ temporal and lateral distributions (SD, ~100% DC) 

‣ radio footprint (RD, ~100% DC)

➡The <Xmax> gets lighter up to ~2 1018 eV and heavier above this energy  

➡The σ (Xmax)  at the highest energy — excludes a large fraction of protons (DNN and FD) 

                                                            — excludes the GZK as the dominant cause of the spectral cutoff 

➡The radio measurement provides an independent confirmation 

➡Interpretation in terms of A relies on LHC-tuned hadronic interaction models

hXmaxi = hXmaxip + fEhlnAi

�2(Xmax) = h�2
shi+ fE�

2(lnA)
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Changes in the elongation rate (SD+DNN)

Auger Coll., arXiv:2406.06315, arXiv:2406.06319, subm.PRD+PRL

Elongation rate in agreement with that found with FD 
Clear evidence of a structure in ER, best described with a three-break model: 
constant ER rejected at 4.4σ              incompatible with pure composition 

➡kinks  resembling the spectrum features 
➡in agreement with those predicted  by a simplified astrophysical model

7



A.Castellina ISVHECRI, July 8, 2024

➡No candidates found; best sensitivity slightly below 1018 eV 
➡Background very low, sensitivity limited by exposure 
➡Aperture comparable to that of IceCube if source direction 

is favourable
Auger Coll., JCAP 10 (2019) 022 
EPJ Web.Conf.283 (2023) 04003

8

Diffuse fluxes of neutrinos and photons

➡No candidates found; best available limits across 4 
decades of energy 

➡Closing the gap to lower energies

Auger Coll., JCAP 05 (2023) 021; arXiv:2406.07439 subm. to PRD;  
Auger Coll., ApJ 933 (2022) 125; PoS(ICRC2023) 444

8



A.Castellina ISVHECRI, July 8, 2024 9

Astrophysical interpretation (energy spectrum+mass composition) 

Ankle ~ 5 EeV: 
Interplay between the two popolations 

Instep ~ 10 EeV: 
interplay between He and CNO primary 
masses 

+ absence of cosmogenic 𝝂 and ɣ 
+ low cutoff 
Indication for a suppression mainly due 
to exhaustion of the sources

➡Best fit evolution of sources:  LE population m=3, HE population m=0 

➡Luminosity density ~ 6 x 1044  erg Mpc-3 yr-1   by continuously emitting sources to supply UHECR above the ankle

Basic scenario:   
—  2 populations of EG identical sources, uniformly distributed 
— power law injected energy spectrum + rigidity cutoff 
— propagation only (no in-source interactions considered) 1/ a hard HE component  with low rigidity cutoff  

2/ a soft LE component  with unconstrained rigidity cutoff 
3/ a (possible) additional component 

Best description of the observed energy spectrum and 
composition at Earth:

Auger Coll., JCAP05 (2023) 024

Similar conclusion from more refined 
models (in-source+propagation)
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Astrophysical interpretation - the magnetic horizon effect 

➡The spectrum is softer for larger Rcrit (Ecrit= Z Rcrit) 
➡The magnetic horizon plays a role if 

EG magnetic fields between Earth and the closest sources can affect the observed spectrum, reducing the low-rigidity particle flux

Auger Coll., arXiv:2404.03533

G(E) ⌘ J(E)

J(E)dS!0

<latexit sha1_base64="F3IevQhlYhGXrbK3RTcFZQWx6zE="></latexit>

Xs '
ds

10 Mpc

r
25 kpc

Lcoh

<latexit sha1_base64="IGGaMMbSlnAfAERrl+jpBAI3Res="></latexit>

Suppression factor

Normalized 
intersource distance

XsRcrit ' 5 to 10 EeV

<latexit sha1_base64="KCgSwj+HsP+fyl/kAjnG8HZissI=">AAACKHicbZDLSgNBEEV7fMb4irp00xgEV2FGEnQZFMFlFPOATBh6OpXYpOdhd40YhvkRP8GvcKsrd5KFG7/ETgyiibW6nFtFVV0/lkKjbY+shcWl5ZXV3Fp+fWNza7uws9vQUaI41HkkI9XymQYpQqijQAmtWAELfAlNf3A+9pv3oLSIwhscxtAJWD8UPcEZGuQVyi0v1dm1l3IlMKOuFgHc0Qp1qYvwgClGBlLH/gEX0Mi8QtEu2ZOi88KZiiKZVs0rfLjdiCcBhMgl07rt2DF2UqZQcAlZ3k00xIwPWB/aRoYsAN1JJ99l9DDRDCMag6JC0gmE3xMpC7QeBr7pDBje6llvDP/z2gn2TjupCOMEIeTjRSgkTBZpE4eJDWhXKEBk48uBipByphgiKEEZ5wYmJse8ycOZ/X5eNI5LTrlUuSoXq2fTZHJknxyQI+KQE1Ill6RG6oSTR/JMXsir9WS9We/W6Lt1wZrO7JE/ZX1+Ack2pfc=</latexit>

Implying strong EGMF 𝒪(10-200) nG in the Local Supercluster
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Large scale anisotropy: Auger results

➡Observation of dipolar anisotropy for E≳8 1018 eV   
Significance 6.9σ above 8 EeV, 5.7σ at E=8-16 EeV 

➡Dipole direction ~1130 away from the Galactic Center: 
    Extragalactic origin of UHECR above 8 EeV

Extremely large exposure  (ϑ<800) :123,000 km2 sr yr

Auger Coll., Science 357 (2017) 1266 
Auger Coll., Astrophys. J. 868 (2018) 4 
G.Golup, PoS(ICRC2023) 252, subm.ApJ

Change from Galactic to 
extragalactic origin
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The observed anisotropy and its 
evolution with energy is well 
described as a signature of the local 
large scale distribution of matter 

Not consistent with pure protons >8 
EeV: require mixed composition 
(unless dipole not due to LSS)

Complex interplay of 
- Mass composition 
- Source distributions 
- Magnetic fields deflections

Large scale anisotropy: interpretation

C.Ding et al., ApJ 913 (2021) L13

Assuming equally luminous sources from 
2MASS, two different source densities + 
model for HE component from our best fit 
of composition 
 — consistency with data 
 — some tension with small quadrupole 
amplitudes Auger Coll., subm.ApJ
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The UHE sky from Auger

G.Golup, PoS(ICRC2023) 252 
Auger Coll., ApJ 935 (2022) 170 

➡All models capture an overdensity in Centaurus region 
(CenA, NGC4945, M83) 

➡The SBG model points to a milder excess close to NGC253

1/ all sky search for overdensities: scan in energy and in top-hat radius

Centaurus region: 4.0σ significance at Ethr=38 EeV at ψ=270

2/ catalog-based search

➡(165000+15000) km2 sr yr would allow us to reach 5σ
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Astrophysical interpretation  
(energy spectrum+mass composition+arrival directions) 

Auger Coll., JCAP 01 (2024) 022

• Data well described by a model with  f ~ 20% from SBGs  and δ~200 at 40 EeV, N-dominated hard injection spectrum 

• Significance of SBG model ~4.5σ, contribution of Centaurus A dominant (~80%) 

•ɣ-AGN sources disfavoured (not possible when considering only energy and mass composition)
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Differences between Northern and Sourthern sky?
Using vertical+inclined events we have partial coverage of the Northern sky

G.Golup, PoS(ICRC2023) 252 
Auger Coll., subm.ApJ

➡confirmation of the Centaurus region as most significant excess (4.0σ post-trial), extended to lower energies (20 EeV) 
➡no hints for excesses in the TA “spots” with data of comparable size    —> at variance with the claim of TA that the declination 

dependence of the UHECR energy spectrum is due to the presence of excesses in particular regions of the Northern sky 
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Testing the predictions of hadronic models

Phys. Lett. B 762 (2016) 288

[inclined events]PRD 91 (2015) 032003+059901

PRL 126 (2021) 152002

Eur.Phys.J. C80 (2020) 751

PRD 90 (2014) 012012

PRL 117 (2016) 192001

PRD 90 (2014) 122005+122006

[direct measurement]

Observable Δ models Δ (p-Fe)
<Xmax> ~30 g cm-2 ~100 g cm-2

σ(Xmax) ~5 g cm-2 ~40 g cm-2

S(1000) ~3 VEM ~6 VEM
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The muon puzzle
Vertical events (<650)

No energy rescaling needed 
More muons in data 
         muon rescaling between 1.2 and 1.8 

Direct muon measurement in vertical showers (<450)

Consistently more muons in data 
The discrepancy starts already at 2 1017 eV

UMD

Auger Coll., Eur.Phys.J. C80 (2020) 751

Auger Coll., PRL117 (2016) 192001
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Inclined events (>650)

Auger Coll., PRD91 (2015) 032003+059901 
Auger Coll., PRL 126 (2021) 152002

The muon deficit in simulations is confirmed

The muon puzzle

Most likely scenario: accumulation of 
small deviations along the generations

On the contrary, post-LHC models describe well 
the fluctuations of energy partition in  the first 
interaction up to UHE 
(~70% of which are due to the first interaction)
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Auger Coll., Phys.Rev.D109 (2024) 102001

Testing the predictions of hadronic models
Global fit of the observed [Xmax,S1000] distributions with templates 
of free mass composition and different hadronic interaction models

Best description of data if models modified such that : 

Xmax deeper by 20-50 g cm-2 

Shad increased by 15-25%

Combined fit of the [Xmax,S1000] 
distributions without any adjustments

Combined fit of the [Xmax,S1000] 
distributions with angular dependent 
muon rescaling  Rhad(ϑ)  

largest improvement  

Combined fit of the [Xmax,S1000] 
distributions with angular dependent 
muon rescaling  Rhad(ϑ) and shift of Xmax  

further improvement -> heavier 
composition
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AugerPrime: 2025      2035…..

μ

WCD/SSD/RD can collect multi-hybrid events with a 100% duty cycle 

Separation of shower components can be obtained  
• by WCD/SSD for events up to ~600  

• by WCD/RD for inclined events >600  
• by WCD/SSD/UMD extending the mass sensitivity to the lower energies and 

improving the photons/hadrons  discrimination 

• With UUB we will enhance the sensitivity of triggers to electromagnetic signals
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https://opendata.auger.org/


DOI:10.5281/zenodo.4487612

The Auger Public Data Release
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Backup
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Auger data - Phase I

The largest worldwide exposure: 
➡  ~100,000 km2 sr yr  for the measure of the spectrum by SD 
➡ ~ 5,000 km2 sr yr  for the measure of the spectrum by FD 
➡ ~135,000 km2 sr yr  for the search of anisotropies

T
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Differences between Northern and Sourthern sky?

S.Ogio, PoS(ICRC2023) 400 
K.Fujisue, TeVPA2023

Compatibility of spectra from Auger and TA up to 1019.5 eV 
within few % when TA uses  
— the same fluorescence yield (previously off by ~ -14%)  
— the invisible energy (data-driven) correction of Auger 
     (previously off by ~ +7%)

Difference at higher energy : 
— no declination dependence found in Auger 
— TA claim of a declination dependence (3.5σ):  
       log10Ebreak=19.64+0.04    for lower δ 
       log10Ebreak=19.84+0.02    for higher δ
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Auger-TA comparison : the mass composition

 Auger best fit composition as input to the TA simulations; the resulting distributions are compared to the TA Xmax results

A.Yushkov,  Joint Auger+TA WG 
PoS(ICRC2023) 249 

TA data consistent with proton and also with Auger-mix at least up to 1019.5 eV 
Auger data on the contrary are incompatible with pure composition (4.4σ exclusion of constant ER)

No direct comparison of Xmax distributions is possible:  Auger measurement unbiased, TA one folded with detector effects
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The UHECR mass composition

The fractions of elements can be derived from 
model dependent fits of the Xmax distributions  

‣ Provide model dependent information on the 
mass evolution

→in line with Emax ~a few EeV x (Z or A)
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The UHECR mass composition

‣ Impressive agreement between FD and SD derived measurements 

‣ QGSJetII-04 not suitable to describe the data

f(E), a, b depend on hadronic interactions
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powerful Machine Learning techniques need to be cross-checked 
by means of multi-hybrid measurements!

Multi-hybrid events and Machine Learning
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Auger Coll., Phys.Lett. B762 (2016) 288 
A.Yushkov, PoS(ICRC2019) 482

log(E/eV)=18.5-19.0 

rG = (�0.069± 0.017)

Data compatible with 0.85 ≲σ(lnA)≲1.60
same for all models

Heavy or light?  An independent measurement
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The highest energy event
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The highest energy hybrid event

SD rec

Hybrid rec
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Hadron-induced shower 
43 EeV, 760, <A/P>=1.35

Simulated ES  
E𝜏=1 EeV, 910, <A/P>=1.97

Inclined event in radio
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Large scale anisotropy: Auger+TA full sky

35

• scatter plots of arrival directions immediately 
interpretable   

• equal sensitivity anywhere in the sky 
• upper limits uniform over the sky 
• no need for methods to re-weight individual exposures

Confirm the presence of a dipole pointing away from the GC
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L.Caccianiga, PoS(ICRC2023) 521 
Auger, ApJ 935 (2022) 170 

The UHE sky from Auger+TA
2004-2022 Auger, 2008-2022 TA: 3340 events for  

Exposure 135,000 km2 sr yr for Auger, 17,500 km2 sr yr for TA

ETA
Auger �40.2 EeV

32 EeV

<latexit sha1_base64="vBiGS+IP2KEXscrTkmoSRFfDC78=">AAACIHicbVDLSgNBEJz1GeMr6tHLYBA8SNiNET0mSsBjhLwgL2YnnThk9uFMrxCW/ISf4Fd41ZM38ajgv7i7BtHEOhVV3XRX2b4UGk3z3VhYXFpeWU2tpdc3Nre2Mzu7de0FikONe9JTTZtpkMKFGgqU0PQVMMeW0LBHl7HfuAOlhedWcexDx2FDVwwEZxhJvcxxuRtWS5NeWAqGoCa0PYRb2g0LZi5P27QM9cg6+aGZrJkzE9B5Yk1JlkxR6WU+232PBw64yCXTumWZPnZCplBwCZN0O9DgMz5iQ2hF1GUO6E6YpJrQw0Az9KgPigpJExF+b4TM0Xrs2NGkw/BGz3qx+J/XCnBw3gmF6wcILo8PoZCQHNJciaguoH2hAJHFnwMVLuVMMURQgjLOIzGI+ktHfViz6edJPZ+zCrnT60K2eDFtJkX2yQE5IhY5I0VyRSqkRji5J4/kiTwbD8aL8Wq8fY8uGNOdPfIHxscXN0mhUg==</latexit>

Spots found  

— in the southern hemisphere (Centaurus region and M253)  

— in the northern hemisphere (Ursa Major region and M31/Triangulum/Perseus-Pisces region ) 
36
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Auger Coll., ApJ.Lett.762 (2013) L13

In the transition region

A Galactic origin of protons above EeV energies 
is disfavoured by Auger results  

protons excluded by 
➡bounds on the dipolar component 
➡isotropy below 8 1018 eV

heavy nuclei excluded by 
➡measured light composition

Anisotropy expectations from stationary galactic sources distributed in 
the disk and isotropically emitting UHECR
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Effects suppressed for low energy and short travel distances : UHECRs !!!

Auger Coll., JCAP01 (2022) 023 
C.Trimarelli (Auger Coll.), UHECR2022

38

Search for Lorenz invariance violation

Modification of CR interactions during propagation:  
➡EM : pp cross section modified —> increased mean 

free path —> less interactions —> more photons 
expected 
➡hadronic sector: number of interactions reduced —

> if LIV lighter nuclear species needed at source to 
reproduce the composition

Air shower physics  
•for η(n)<0, decay of π0 can become forbidden if 

•EM component decreasing, hadronic one increasing
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Constraints to neutrino models

➡Constraints on models assuming proton composition: independent  confirmation of result from composition analysis 
➡Exclusion of a significant part of the (z,m) parameter space from non observation of neutrinos

evolution ∝ (1+z)m
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LVC, ANTARES, IceCube, Auger, ApJL 850 (2023) L35

Follow-up of GW170817 in neutrinos

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

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

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

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

Auger coll., PRD 109 (2024) L081101; 
Auger coll., PRL 130 (2023) 061001;  
Auger coll., PRD 107 (2023) 042002

Search for SHDM
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Multi-hybrid events : intermediate scale anisotropy

- 5σ significance at reach for Centaurus A around 2027 
- 5σ significance at reach for Starburst Galaxies around 2029 

Composition information can improve this prediction 
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