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Some thoughts – energy spectrum
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Indication for changes in the elongation rate 12 / 14
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↭ Constant elongation rate compatible with
FD results
D10,SD = 24.1 ± 1 g/cm2,
D10,FD = 25.6 ± 2 g/cm2

↭ Evidence for structure beyond

↭ Constant elongation rate rejected with
4.4ω

↭ One break rejected with 3ω

↭ Two breaks rejected with 2ω

↭ Found kinks coincide with spectrum
features

Thomas Fitoussi - Mass Composition at Auger

UHECR2024 @ Malargüe, Argentina

𝜒2/ndf 18.40/(23-8)
prob 0.24 

-3.28±0.02 -2.62±0.03 - 4.61±0.41
-2.83±0.04

log Eankle

= 18.70±0.01
log Ecutoff

= 19.83±0.03

log Eshoulder

= 19.15±0.08

- Cutoff feature at 1019.83 eV
Nexp: 173.7
Nobs: 97
Chance probability: 1.610-10, ~6.3𝜎

- Shoulder feature at 1019.15 eV
Nexp: 2156.4
Nobs: 1921
Chance probability: 1.310-7, ~5.2𝜎

- We observe the softening feature in 
the northern hemisphere at 1019.15±0.08

eV with a 5.2𝜎 significance, while 
Auger sees it at 1019.15±0.03 eV (with 
+9% energy rescaling).

- TA and Auger agree well.

Spectral Features in 16-year TA SD Data

2024-11-20 1111

Data collection: 2008-05-11 through 2024-05-10

Consistency of data in overlap region of declination

Sharpness of transition between different segments

Interplay of spectrum and anisotropy (energy ranges)



Some thoughts – mass composition
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Thomas Fitoussi - Mass Composition at Auger

Consistency of data in energy range with expected isotropy 

Sharpness of transition between different regions

Tension between mean Xmax and fluctuations

Model uncertainty for mass composition interpretation

Muon discrepancy (low/high energy, muon energy spectrum)

!!"# measurement
• Observed "()* vs. shower energy

Nov. 20, 2024 UHECR2024
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TALE Hybrid <Xmax>

QGSJETII-04 proton, rec.

QGSJETII-04 helium, rec.

QGSJETII-04 nitrogen, rec.

QGSJETII-04 iron, rec.

Xmax Broken Line Fit
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TALE FD + new SD array hybrid measurement TALE FD + TALE SD array hybrid measurement



Some thoughts – anisotropy
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Consistency of data in common regions of sky 

Interpretation of dipole anisotropy

Information from highest energy events

Feasibility of single source scenario (source diversity)

UHECR De+ec�ons at 20 EV: model comparison

R = 20 EV

 Teresa Bister | slide 18

Bias between matter density and UHECR sources

Is there a bias between the 
UHECR source distribution 
and the (dark) matter distribution / LSS?

→ simple test: 
cut away densest / least dense regions of LSS

31

Ways forward
UHECR sources HE neutrino sources

[Talk by Keito Watanabe]

[Capel+ ApJ (2024); Kuhlmann+ RICAP (2024)]

[Saurenhaus+ (RICAP) 2024][Poster by Nadine Bourriche]

• Magnetic deflection ``multiplet’’:  

• Deflection angle (δreg and δrms) from the source direction ∝ 1/E
(single nuclear charge is assumed)

• regular component 

2024/11/18 7th International Symposium on UHECRs 4

Energy (EeV)

from Fig. 1
in (He+ 2016)

Magnetic 
deflection 
multiplet
A1: 17 deg.
A2: 1 deg.

19 UHECR 
events

Equatorial

• random component 

Energy-dependent structure,
magnetic deflection ``multiplet’’

source direction

Search for the magnetic deflection multiplet
→ a phenomenological way to consider 

both random and regular magnetic deflections



Some thoughts – multi-messenger observations
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Increasingly important – aim at discovery

Lowering of low-energy threshold

Development of new detection channels or instruments

Might be only possibility to break compositions uncertainty

Predictions based on openly available codes

10

Upper limits to diffuse flux & 
event rates in Auger SD
1 Jan 2004 – 31 Dec 2021

M. Niechciol for Auger
PoS(ICRC2023)1488

• Best sensitivity slightly below 1 EeV
• Auger limits constrain models assuming

pure proton primary cosmic beam

Invited review talk today by O. Deligny on constraints on BSM 
physics from EAS and from UHE gamma-ray and neutrino searches

Results

20

Nicolás Martín González 10

Upper limits to ultra-high-energy photons

► Most stringent limits across four 
decades in energy with 16 years of 
data

► Useful for constraining new 
physics, e.g., super-heavy dark 
matter models. (see R. Aloisio talk, this 
session & O. Deligny invited review, this 
evening) 

► Start closing the gap to the smaller 
air-shower experiments

► Predictions from cosmogenic 
models of cosmic-ray propagation are 
within reach above 1018 eV

► Note that these are diffuse limits. 
What about direction and follow-up 
searches?

Universe 8 (2022) 579
ICRC2023 1488



Ruben Conceição

Muon Production Depth

12

Pierre Auger Coll., Phys.Rev.D 90 (2014) 1, 012012

✧ Relation between geometry of the shower (shower front plane) and muons arrival time allow us to obtain the position of 
muons upon their creation - MPD 

✧ Sensitive to pion-air interaction properties!

L. Cazon et al. Astropart. Phys. 23, 2005 

L. Cazon, RC et al., Astropart.Phys. 35 (2012) 821-827  S. Ostapchenko,  M. Bleicher, Phys.Rev.D 93 (2016) 5, 051501

J. Espadanal, L. Cazon, RC, Astropart.Phys. 86 (2017) 32-40z − 1
2

r2

c (t∝⟨tγ⟩)
∝ c (t∝⟨tγ⟩) + ≃ ∝ ⟨zπ⟩

T. Pierog, KIT - 11/21UHECR – Nov. 2024

Introduction  X
max 

and μGlobal approach Muon puzzle

 X
max

 and N
μ 

Global changes

Motivated by PAO, now EPOS shifted by +15 g/cm2 (~Sibyll)

in full agreement with accelerator data

Increase of the number of muons by about 10%

LDF not tested yet but different muon energy spectrum

Some thoughts – hadronic physics & searches 
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Re-consider uncertainties of model predictions

Use of accelerator data for tuning, proton-oxygen run of LHC

Connection of air shower observables with interaction characteristics

Combined cross section and composition analysis

Dedicated muon studies (theory and observation/experiment)

Consideration of more exotic scenarios (LIV, BSM, etc)

( dependence

22
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Figure 3: Ratio of inclusive photon production cross-sections predicted by hadronic in-
teraction models to the experimental result. The bars and hatched areas around one
correspond to the normalized statistical and systematic uncertainties of the data, respec-
tively.
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Figure 4: Comparison of the measured cross-section with the results of LHCf at
p
s = 7

and 13 TeV [5, 6]. The two left panels show the comparison with the LHCf result at
p
s =

7 TeV and the pseudorapidity region of ⌘ > 10.94 (left) and 8.81 < ⌘ < 8.99 (middle).
The right panel shows a comparison between

p
s = 13 TeV and ⌘ > 10.94. The bars and

hatched areas correspond to statistical uncertainties and quadratic summation of statistics
and systematic uncertainties, respectively.
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UA7
630GeV

LHCf
2.76TeV

LHCf
7TeV

RHICf
510GeV

LHCf
7TeV

RHICf Collaboration, arXiv:2203.15416

LHCf Collaboration, PRD 94, 032007 (2016)

Forward !S

Forward photon

• Very weak dependence on the collision energy
• Smooth extrapolation to the UHECR energy range is expected (?)Ruben Conceição

Universality of the muonic sector

10

L. Cazon, RC, F. Riehn, JCAP 03 (2023) 022

The muon distributions in air shower can be characterized using few key distributions

Most of these distributions are universal with the exception of the muon energy spectrum for  
New  EPOS LHC-R addresses the muon puzzle predicting an increase of  muons - T. Pierog

Eγ > 1 GeV
1 − 10 GeV



Some thoughts – source model building 
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Model development of central importance

Multitude of constraints available

More critical consideration of models

Single / many source classes contributing

Open-source tools for predictions
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5

Neutrinos: Stacking limits 
FO PoS ICRC2021 (2022) 030 (see for list of references) 

2.6σ

6

Energetic transients in star-forming galaxies
Magnetar/
Pulsar

TDEStarburst 
galaxy
superwinds

AGN/Blazar/Ra
dio galaxy

Galaxy 
cluster

Long GRB BNS (Kilonova)

The candidate sources of UHECRs - Hillas condition

Transrelativistic 
SN/Hypernova Short GRB

Supermassive black holes Merger shocks

[LoveLace 1966; Waxmann 1995; Blandford 2000]

e.g. [Waxman 1995, Vietri
1995, BTZ+ 2024 ]

e.g. [Murase+ 2006 2008,
Wang+ 2007, Chakraborty 2009]

e.g. [Farrar&Gruzinov 2009; 
Farrar&Piran 2014; BTZ+ 2017]

e.g. [Blasi+ 2000, Arons 2003, 
Murase+ 2009, Fang+ 2012]

e.g. [Jokipii & Morfill 1985, 
Anchordoqui+ 2001, Bertone+ 
2002]

e.g. [Gintzburg & Syrovatskii
1964, Takahara 1990,  Rachen & 
Biermann 1993, Murase+ 2012]

e.g. [Takami+ 2013, Kimura+ 
2018, Rodrigues+ 2019]

e.g. [Norman+ 1995, Kang+ 
1996; Inoue+ 2007, Murase+ 
2008]Neutrino sources

Conclusions
Transient rate = 50 - 30,000 Gpc-3 yr-1 

The only stellar-sized transients that satisfy both Hillas’ and 
our criteria are long gamma-ray bursts

Local Sheet Brms = 0.5 - 20 nG 

Whether LOFAR could already probe such a field 
or whether SKAO could reveal it remains TBD 

 15

Marafico, Biteau, Condorelli, Deligny, Bregeon, ApJ 972, 1 2024 
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153 participants 
20 countries 
Argentina

Belgium

Brazil

China

Czechia

France

Germany

Italy

Japan

Mexico

Netherlands

Norway

Peru

Poland

Portugal

Russia

Slovenia

Spain

Taiwan

United States8 review talks, 53 contributed talks, 59 poster contributions, 2 poster prizes

UHECR 2024, Malargüe, Argentina
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