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Ioana C. Mariş, Katarina Simkova, Stijn Buitnik,
Ben Flaggs, Mateo Fernandez, Vincent Pelgrims

(Yigit Aldirmaz, Nicolas Gonzales)

IIHE Anual meeting
28th November 2024, Brussels



Most energetic particles in the Universe

Ultra-high-energy cosmic rays: Highest energy particles ever measured, above 1020 eV

Where do they come from?

How are they accelerated?

New fundamental physics?

... but also some of the most challenging to understand
Pierre Auger and Telescope Array collaborations advance in this quest in multiple direction
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Our activities

Phenomenology: magnetic fields modeling and UHECRs tracking

Data analysis: energy spectrum, mass composition, muon number

Combining everything: large scale anisotropies, point sources and photon searches
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From the source to Earth: modeling the coherent magnetic field

 New model of the large-scale 
coherent  Galactic magnetic field 

 Improved treatement of statistical 
errors – greater sensitivity to the 
data 

The coherent magnetic field of the Milky Way halo, 
Local Bubble and Fan Region

A.Korochkin, D.Semikoz, and P.Tinyakov
arXiv:2407.02148, accepted to A&A

 Fitted to rotation measures of 
extragalactic sources and skymaps of 
polarized radio emission (WMAP) 

 New important features: Fan Region, 
Local Bubble, larger pitch angle

collaboration with Peter Tinyakov and Alexander Korochin
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A more realistic Local Bubble

Theoretical model for the amplification and deformation of the
magnetic fields by any supernovae-driven bubble

Use the dust density data to model the shape

150 75 0 75 150
X /pc

75

0

75

150

Z
/p

c

0

1

2

3

4

5

6

B/
B 0

B0 = 60.0 , B0 = 00.0

400 200 0 200 400
X /pc

400

300

200

100

0

100

200

300

400

Y
/p

c

9

8

7

6

5

lo
g(

A v
)

400 200 0 200 400
X /pc

400

300

200

100

0

100

200

300

400

Z
/p

c

9

8

7

6

5

lo
g(

A v
)

400 200 0 200 400
Y /pc

400

300

200

100

0

100

200

300

400

Z
/p

c

9

8

7

6

5

lo
g(

A v
)

V.Pelgrims, M. Unger and I.Mariş, arxiv:2411.06277, submitted to A&A
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A more realistic Local Bubble
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V.Pelgrims, M. Unger and I.Mariş, arxiv:2411.06277,submitted to A&A
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On Earth: Air-shower measurements
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... over more than 4 decades in energy
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Auger (2021)

Accumulated statistics over 20-years of
continuous operation with 3000 km2

allow to observe the fine structures of
the energy spectrum

Auger coll., PRL 125 (2020) 121106,

Eur. Phys. J. C 81 (2021) 966

contributions from D. Mockler and I. Mariş

Measurements requirement: energy, arrival direction and mass
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Examples of the higest energy events

Auger: 72 EeV, 36 degrees
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More inclined air-showers

Auger: 165 EeV, 59 degrees
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Auger: 50 EeV, 77 degrees
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Katarína Šimková Moon's shadow in Auger data 2

Observing the Moon’s shadow with the highest-energetic particles

Cosmic rays get 
blocked by the Moon

IceCube
GRAPES-3

SD-433

SD-750
SD-1500

Auger surface detector

M. G. Aartsen et al. (IceCube Collaboration) PRD 89 (2014), ApJ 872 (2019)

D. Pattanaik et al. (GRAPES-3 Collaboration) PRD 106 (2022)

Angular resolution using the shadow of the Moon

First estimation based on data of the
effective angular resolution: better than
1 degree

K. Simkova (PhD, FWO funded),S. Buitnik,

V. Pelgrims, and I. Mariş, GAP 2024 043,

paper in preparation
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Angular resolution using the shadow of the Moon

Katarína Šimková Moon's shadow in Auger data 6

δ

And here is the Moon!

δ - the angular distance between the event 
and the Moon in local coordinates

Clear deficit close to the Moon’s center

Convergence of cumulative relative 
difference to zero → off-regions generation 
method correct

Maximum Li&Ma significance of 3.20 at 
0.85 degree 

Preliminary

T. P. Li and Y. Q. Ma Astrophys. J. 272 (1983)

First estimation based on data of the
effective angular resolution: better than
1 degree

K. Simkova (PhD, FWO funded),S. Buitnik,

V. Pelgrims, and I. Mariş, GAP 2024 043,

paper in preparation
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Muon deficit and particle physics

Orazio Zapparata (defended in 2023), GAP2023 048
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Extraction of the muon component based on deep neural networks, confirming the results from Auger

coll., Phys. Rev. D 109, 102001 (2024) with an independent technique

First hint of a distance to the shower axis dependency of the muon deficit

Mateo Fenandez

Muon number is a key ingredient for mass composition and photon-hadron separation
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Mass composition using deep learning
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FIG. 11: Energy evolution of (a) the average depth of shower maximum ⟨Xmax⟩ and (b) the fluctuations of the shower maximum σ(Xmax) as
determined using the FD reconstruction [62] (grey open squares) and the DNN Xmax predictions (black circles). Red (blue) lines indicate
expectations for a pure proton (iron) composition for various hadronic models.

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

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

D10 =
d⟨Xmax⟩

dlog10(E)
= D̂10

(
1− d⟨lnA⟩

dln(E)

)
,

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

(
(26±2) gcm−2

)
[62]. However, the re-

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

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

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

A. Discussion of breaks in the elongation rate

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

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

First measurement of the fluctuations of Xmax up to 100 EeV using the surface detector, provides
strong constrains on the source properties and expected UHE neutrinos fluxes

Auger coll., accepted to PRL and PRD, contribution from IM
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Mass composition and energy spectrum

Combined fit of Xmax and energy spectrum

CR Energy Spectrum and Mass Composition

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

JCAP05(2023)024

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

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

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

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

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

9This is just an approximation, as the “true” model is not necessarily a linear interpolation between
Epos-LHC and Sibyll 2.3d.

– 19 –

,QIHUUHG 0DVV &RPSRVLWLRQ

0�0

0�5

1�0 Fe

QGSJETII 04 EPOS-LHC SIBYLL 2.3

0�0

0�5

1�0 N

0�0

0�5

1�0 He

re
la
tiv

e
ab
un

da
nc
e

0�0

0�5

1�0 p

17�5 18�0 18�5 19�0 19�5
lg(E/eV)

1

10�1

10�2

10�3

p-
va
lu
e

Preliminary

3LHUUH $XJHU &ROO� 35' �� ������ ������ DQG ,&5&��

8/24

p

He

CNO

Si Fe

CR mass fractions from longitudinal shower development:  
Xmax, σ(Xmax), PRD 2014

17.5 18.0 18.5 19.0 19.5
log(E/eV)

Combined fit of E, Xmax, σ(Xmax) ; JCAP 05 (2023)
note, nearly mono elemental compositions1

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

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

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

Assuming steady extra-galactic sources: very hard nuclear spectra escaping sources, not very good
news for the cosmogenic neutrino predictions
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Ultra-high-energy photons
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 interactions in halopp
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Separation power better than 10−5, limits obtained
with a very small equivalent time of 6 months of
data taking

Proof of principle: First application of the data from underground muon detectors to a physics analysis
N. Gonzalez and I.Mariş, Auger coll. to be submitted to JCAP
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AugerPrime fully deployed and Auger Phase 2 starts

Celebration of the 10-years extension of the data-taking for the Observatory
FNRS signs the International Agreement

The Pierre Auger Observatory is the world-wide largest cosmic ray detector covering an 
area of 3000 km². It is operated by a collaboration of more than 400 scientists from 17 
countries. The aim of the observatory is the study of the highest energy particles of the 
Universe – ultra-high energy cosmic rays. About 15 full-array-size-equivalent years of 
exposure have been accumulated up to the end of 2021 with the Auger Observatory in 
the old configuration, referred to as Phase I. 
Data from Phase I of the Auger Observatory have revolutionized our understanding of 
high energy phenomena linked to the most violent processes in the Universe. Scientific 
breakthroughs have been achieved in several fields. The new perspectives opened by 
these results called for an upgrade of the observatory, with the main aim of collecting new 
information about the primary mass of the highest energy cosmic rays on a shower-by-
shower basis. The full-efficiency data taking with the upgraded array will start in 2025 and 
will add data for 10 more years. 
The celebration of the extension of the International Agreement will take place in 
Malargüe (province of Mendoza, Argentina), at the site of the Pierre Auger Observatory: 

CELEBRATION OF THE EXTENSION OF THE
INTERNATIONAL AGREEMENT OF THE
PIERRE AUGER OBSERVATORY

The Pierre Auger Observatory, Av. San Martin Norte 304, Malargüe - Mendoza (Argentina), www.auger.org

28 Aug., 2024

November 16 afternoon: 
• Scientific presentations on ultra-high energy cosmic rays, the 

results of the Pierre Auger Observatory from Phase I and first 
data from the upgraded observatory. 

• Ceremony to sign the extension of the International Agreement 
for the data taking of the Pierre Auger Observatory up to 2035 
and meeting with national and international VIPs and supporters 
of the project. 

November 17: 
• Guided tour to the site of the observatory. 

On behalf of the Pierre Auger Collaboration, we have the great pleasure of 
inviting you to participate in the celebration marking the signature of the 
International Agreement for the prolongation of the data taking of the Pierre 
Auger Observatory. 

Dear members of the Finance Board,

18



AugerPrime fully deployed and Auger Phase 2 starts

Celebration of the 10-years extension of the data-taking for the Observatory
FNRS signs the International Agreement

18



Outreach and responsibilities

Presentations at I love science festival, Masterclass
(togetehr with IceCube), Printemps des Sciences

A.Caliktor, D.Deraed, M.Vandererven, M. Weil,

Y.Allard, I. C. Maris ,̧ P.Dewulf, and O.Zapparrata,

“Design of an outreach dispaly of the Pierre Auger

Observatory”, GAP2024 28

Responsibilities: chair of the publication
committee, task leader of “Auger as test
environment”

Laurent Favart: elected chair of the Finance Board
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Future projects: Probing Extreme PeVatron Sources (PEPS)

Idea: build a 10 km2 denser array in the same area as the underground muon detectors using double
liner water-Cherenkov detectors (Phase I of 2 km2 in the next years) in a cost effective and green way
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Reaching energies down to ≈1 PeV: Tens of events expected for similar sources as the ones observed
by LLHASO with a very good coverage of the southern sky and of the galactic center.

Complementary to the current and future experiments
supported by Auger Collaboration (not an Auger project)
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PEPS: Technology based on water-Cherenkov detectors
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Ben Flaggs

Expected deployment in less than one year
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When and how?

PEPS start

2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

Preparatory work: new prototypes

Design finalization

PEPS Deployment

Trigger and data aquisition

Simulations and reconstruction

Data analysis and scientific results

PEPS-10

AugerPrime commissioning

SWGO deployment

Auger integration

In 2025: extend to a full double liner hexagon with 3 more detectors
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Not only science...
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