
Astroparticles 
Cosmic rays, Neutrinos and Gamma rays

Arman Esmaili

Pontifícia 
Universidade Católica 

do Rio de Janeiro 
(PUC-Rio), Brazil



Air Showers

Arman Esmaili                                                                 IDPASC @ Natal                                                                     22/July/2026           



Arman Esmaili                                                                 IDPASC @ Natal                                                                     22/July/2026           

Ruben Conceição

Air Shower Physics
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Ruben Conceição

The burden of hadronic interaction models…

5
Focusing on neutral  
particle detection

To describe the whole phase space of the interaction it is necessary to rely 
on phenomenological models that need to be tuned to available data

Slide from R. Conceição
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The Pierre Auger Observatory
• East of Andes


• Province of Mendoza,  
Argentina


• 2000: Engineering Array 


• 2004: start...


• 2008: … end of construction of     
          Auger


• 2023: Start of Phase II data 
taking


• 2024: completion of AugerPrime


• Data taking till > 2035


• ≥ 2035
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Local staff

Pierre Auger Collaboration

Argentina 
Australia 
Belgium 
Brasil 
Colombia* 
Czech Republic 
France 
Germany 
Italy 
Mexico 
Netherlands 
Poland 
Portugal 
Romania 
Slovenia 
Spain 
USA 

*associated

PoS(ICRC2025)1236; I. Alekotte
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 Layout SD-750 SD-433

UMD-750

23.5 km2

61 Stations
1.9 km2

19 Stations

UMD-433

2.3m

10.2m2

sensitive

area

9m

1.4m

● 15 radiation lenghts 
underground

● Highly segmented 
(64 strips)

● Direct access to 
muon component of 
showers (both 
density & timing)

Optimal for composition studies in 
the range 1016.5 – 1018.5 eVUMD

  

Darko Veberic Bormio 2018 12/40

Detectors

Infll: sub-array with 750m spacing, 24 km2 
E > 1017.5 eV

HEAT: high-elevation telescopes

AERA: radio detection

AERA

The Pierre Auger Observatory — Phase I
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Fluorescence detector (FD) 
• 4 sites

• E>1018 eV


• HEAT

• E>1017 eV 


Surface detector array (SD) 
• Water Cherenkov Tanks (WCD)

• Grid of 1500 m / 750 m / 433 m


• 3000 km2  / 24 km2 / 2 km2 


• 1660 stations / 61 / 19

• Thresholds:  

 1018.5 eV, 1017.5 eV, 6x1016 eV


• Grid of 750 m and 433 m 

• Incl. underground  

muon counters 
• E>1017.5 eV 

Radio array (AERA) 
• 153 stations

• 17 km2

LHC

WCD

  4

HEAT telescopes 
(in upward mode)

HEAT

FD

Slide from Markus Roth
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Fluorescence Detector (FD): 
• calorimetric measurement of energy
• ca.15% duty cycle

Surface Detector (SD):  
• data driven shape of Lateral Distribution 

function (LDF)
• optimal distance at 1000 m
• ca. 100% duty cycle

15% duty cycle

100% duty cycle

Event observed at 
the Observatory 

<latexit sha1_base64="KuRxMWBRLpwIEW49m+cDbO6Tmyc="></latexit>

S(1000)

<latexit sha1_base64="ABX6xwMPq0uDlQcW6Ot/jzhPzEQ="></latexit>

Erec = f(S(1000), ω)

ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

ONLINE ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

37th International 
Cosmic Ray Conference

12–23 July 2021

1. Heavy particles interact earlier than light  
—> Depth of the shower maximum (Xmax) is probe 
for cosmic-ray mass. 

2. MHz radio signals from: 
 
 
 
 
 
 
 
 
 

3. Radio emission footprint on the ground is sensitive 
to Xmax.  
 

4. Compare measured footprint to footprint from 
CORSIKA air shower simulation  
—> minimise for Xmax of measured shower.  

Introduction: Depth of the shower maximum (Xmax) as ‘mass composition’ 

3/11
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Bjarni Pont [Pierre Auger Collaboration] — July 2021 — ICRC2021 — CRI | Cosmic Ray Indirect
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Combination of SD spectra

 11

• Combination of data of 1500 m spacing

      0°<θ<60°     E> 2.5x1018 eV   

    60°<θ<80°      E> 4.0x1018 eV

    performed in common declination band  
    studying systematic effects 


• 19 years of data


• Exposure 104 900 ± 3000 km sr yr


• Instep feature significance  about 5.5𝜎 


• Is there a declination dependence? 

• Potential imprint of dipole anisotropy? 

7

Vertical e inclined spectra

85% sky in the field of view

Equatorial
coordinates

With energy thresholds in place,

we can produce separate spectra with vertical and inclined events. //

(transition tone — steady, emphasize “separate spectra” and

“vertical/inclined events”)

Auger’s latitude allows us to observe declinations from −90 to 25 

degrees using vertical events. //

(slight emphasis on “Auger’s latitude”, pause slightly before and after the 

declination range)

By adding inclined events, // we extend this reach to 45 degrees 

declination. //

(upbeat tone, stress the expansion in coverage)

We observe similar spectra between vertical and inclined events. //

(firm and even tone — emphasize “similar spectra” to convey 

consistency)

With the two data-sets, 85% of the sky is in the field of view.

(slow slightly on “85% of the sky”, drop pitch slightly at the end for 

conclusion) 

Combined spectrum  
for δ in [-85°,45°] 
Equatorial coordinates

𝛾1=3.26±0.01

𝛾4=5.3±0.2

𝛾3=2.99±0.03

𝛾2=2.51±0.03

E12=5.1±0.1

E23=13±1
E34=48±2

PRL 135 (2025) 241002  
Editors’ Suggestion

Slide from Markus Roth
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Multimessenger searches: Neutrinos and photons

 17

ν: Limits constrain GZK & astrophysical neutrino models

γ search 
• No candidates found; best 

available limits across 4 decades  
of energy


• Closing gap to lower energies 
thanks to analysis using UMD data

ν search 
• 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

γ: Sensitivity reaches GZK predictions 
    Also used to constrain DM models

Search for Ultra-High-Energy Neutrinos at the Pierre Auger Observatory with EM triggers Srijan Sehgal

Figure 4: Comparison of the limits (1 Jan 2004-31 Dec 2013 with ToT+TH triggers and 1 Jan 2014-31 Dec
2021 with All triggers) to the current upper limits on the di!use flux of UHE neutrinos. IceCube
limits from [10] are scaled for a 𝐿→2

𝐿 flux assumption. The predicted fluxes from a few cosmogenic
and astrophysical 𝑀 models are also shown.

Thanks to the improved EM triggers and updated discriminant methods, this analysis achieves a138

1.5-fold improvement at the most sensitive declinations compared to the DGL analysis with only139

ToT and TH triggers. These results are contextualized within the broader zenith-angle neutrino140

search program at Auger, including comparisons with limits from the DGH and ES channels in141

Fig. 5. The inclusion of ToTd and MoPS triggers increases the neutrino detection e"ciency at142

Auger between declinations 𝑁 ↑ (↓ →85↔,↓ 40↔), with a certain portion of the sky corresponding143

to 𝑁 ⊋ →68↔ only visible in the DGL channel in comparison to other analyses.144

6. Summary and Outlook145

The Pierre Auger Observatory o!ers a large exposure to UHE neutrinos. The detector is contin-146

ually improved to extend and enhance its detection capabilities. The analysis presented here quanti-147

fies one of these improvements by incorporating the triggers — Time-over-Threshold-deconvolved148

(ToTd) and Multiplicity-of-Positive-Steps (MoPS) — which were introduced to improve detection149

e"ciency to small signals induced by the electromagnetic component of the shower. This analysis150

presents updated searches for UHE𝑀s in the DGL zenith angle range 𝑂 ↑ [60↔, 75↔], incorporating151

all triggers. A novel selection built on an earlier analysis was introduced to search for neutrino152

candidates in 7 years of data. For the di!use flux, the enhanced selection e"ciency enabled a153

↗ 25% more stringent 90% C.L. upper limit, when compared to the previous selection, taking into154

7

EPJ Web.Conf.283 (2023) 
PoS (ICRC2025) 1170

JCAP05(2025)061
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UMD + SD 433 m (2024)
HECO + SD 750 m (2022)
Hybrid (2024)
SD 1500 m (2019)

KASCADE(-Grande) (2017)
EAS-MSU (2017)
Telescope Array (2021)

Cosmogenic
 interactions in halopp

Galactic CR interactions
GZK proton
GZK proton II
GZK mixed

Dark matter
SHDM Ia
SHDM Ib
SHDM II

Figure 14. The upper limits to the integral photon flux above a threshold energy Eth
ω obtained in

this work at a 95% confidence level, as solid red markers, and limits obtained by the Pierre Auger
Collaboration at higher energies with a 95% confidence level [35, 71], as solid blue and black markers,
as well as limits reported by other experiments established at 90% confidence level, except those
obtained by Telescope Array at 95% confidence level (see text for a full list of references). The
light-colored bands represent predictions of cosmogenic fluxes: from interactions between UHE cosmic
rays and the interstellar galactic matter [19] (in gray), with background radiation fields [7, 8, 74] (in
violet, green, and orange, depending on the quoted primary composition), and with hot gas in the
galactic halo [76] (in blue). Dashed lines correspond to super-heavy dark matter predictions (see text
for details).

Di!use photon fluxes are expected from the interaction of UHE cosmic rays with back-
ground radiation fields [7, 8, 74] and with the interstellar Galactic matter [75], as discussed
in section 1. These are indicated by the shaded bands in figure 14. The upper limits de-
rived in this study are between two and three orders of magnitude above these cosmogenic
fluxes. However, the expected di!use gamma-ray flux from proton-proton interactions in
the galactic halo [76] is shown to be within the reach of the upper limits obtained in this
work. Moreover, predictions from various phenomena beyond the Standard Model may
emerge above these cosmogenic fluxes, e.g., those arising from the decay of super-heavy
dark matter particles [26]. In the above-mentioned figure, we show the predicted di!use
fluxes in several scenarios: assuming decay channels into hadrons, a mass MX = 1010 GeV
and a lifetime ωX = 3 → 1021 yr [77]; MX = 1012 GeV and ωX = 1023 yr [77]; and assuming
decay into leptons, a mass MX = 1010 GeV and a lifetime ωX = 3 → 1021 yr [27]. Further
sensitivity provided by the next 10 years of data taking will allow us to constrain the pa-
rameter space of the discussed models thanks to an expected improvement in the upper
limits by a factor larger than 20.

– 20 –

Phys. Rev. D 110 (2024)  
JCAP 05 (2025)

See presentation  

by Pierpaolo Savina

See presentation  

by Emanuele de Vito

Slide from Markus Roth
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SIGNATURES OF A PHOTON-INITIATED SHOWER

3

Separation exploiting the 
different nature of the 
interactions

Lower number of muons

Deeper depth at the 
shower maximum (Xmax)

Steeply falling spectrum requires large detector areas.
Ground based experiments measure secondary products generated by primary cosmic rays in atmosphere 

P. Savina (Pierre Auger Collaboration) | ISVHECRI 2026

Slide from P. Savina
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Ruben Conceição

Muons as a proxy for the shower “hadronicity” level

12

Using the number of muons as an effective discriminator between gamma- and hadron-induced showers

LHAASO-KM2A

E − [100 TeV; 10 PeV]

Pierre Auger Observatory - UMD

E − [50 PeV; 5 EeV]

CONEX -  - E = 1019 eV γ = 67∝

Slide from R. Conceição
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Dominant CR Background 

The discrimination is powerful but the 
expected number of photon events is 
very low
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A NEEDLE IN AN HAYSTACK

3P. Savina (Pierre Auger Collaboration) | ISVHECRI 2026

Slide from P. Savina
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UPPER LIMITS ON THE DIFFUSE UHE-PHOTON FLUX

10

No primary UHE-photon 
unambiguously identified so far

Most stringent limits on the 
diffuse flux of photons over a 
wide energy range come from 
Auger

Predictions of some theoretical 
models are within reach

Limits can constrain SHDM 
models [Phys. Rev. D (2024) 109, L081101] 

and Lorentz Invariance 
Violation [JCAP 01 (2022) 023]

P. Savina (Pierre Auger Collaboration) | ISVHECRI 2026

Slide from P. Savina
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Mass composition  
using Xmax from FD 

 19

Measurement from the

Longitudinal profile of the Fluorescence Detector  
with about 15% Duty Cycle 
compared to EPOS.LHC-R and Sibyll 2.3e

• ❬Xmax❭ gets lighter up to ~2x1018 eV and heavier above 

•σ(Xmax) shows a trend towards heavier  
(and less mixed) composition above ~2x1018 eV


•σ(Xmax) at highest energies 

•excludes large fraction of protons (DNN and FD)  
in agreement with IceCube IceCube PRL 135 (2025) 


•excludes the GZK as the dominant cause of spectral cutoff

14
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FIG. 15. Energy evolution of h-maxi and f(-max) compared to the predictions from air-shower simulations using the hadronic interaction
models EPOS LHC-R and S����� 2.3e for proton and iron primaries. Statistical uncertainties are displayed by vertical error bars, while
systematic uncertainties are indicated by horizontal caps above and below the markers.

FIG. 16. Energy evolution of hln �i and Var(ln �) estimated using air-shower simulations with the hadronic interaction models EPOS LHC-R
and S����� 2.3e. Statistical uncertainties are represented by vertical error bars, and systematic uncertainties are indicated by horizontal caps
above and below the markers.
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FIG. 15. Energy evolution of h-maxi and f(-max) compared to the predictions from air-shower simulations using the hadronic interaction
models EPOS LHC-R and S����� 2.3e for proton and iron primaries. Statistical uncertainties are displayed by vertical error bars, while
systematic uncertainties are indicated by horizontal caps above and below the markers.

FIG. 16. Energy evolution of hln �i and Var(ln �) estimated using air-shower simulations with the hadronic interaction models EPOS LHC-R
and S����� 2.3e. Statistical uncertainties are represented by vertical error bars, and systematic uncertainties are indicated by horizontal caps
above and below the markers.

arXiv:2605.12598 
paper submitted to PRD

Slide from Markus Roth
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<Xmax> comparison

<Xmax> and σ(Xmax) measured in four different ways

LHC-tuned interaction models used for interpretation 

Martina Boháčová for the Pierre Auger Observatory 37th Rencontres de Blois, May 14th, 2026

Radio measurement of Xmax with AERA

• 594 events after selection cuts 1017.5 eV < E < 1018.8 eV

• Resolution of about 15 g/cm2 can be reached (energy 

dependent)

• LHC-tuned interaction models used for interpretation 

(EPOS-LHC, Sybill 2.3d, QGSJet II.04)

 23
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PRL 132 (2024) 021001 
PoS (ICRC2025) 331

See presentation  

by Julian Rautenberg

⟨Xmax⟩ and σ(Xmax) measured in four different ways

• Longitudinal profile (FD, ~15% Duty Cycle)

• Temporal and lateral distributions (SD, ~100% DC)

• DNN

• Universality


• Radio footprint (RD, ~100% DC)

PoS(ICRC2025)331 E. Mayotte 
PoS(ICRC2025)284 S. Hahn

Slide from Markus Roth
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Mean muon number in inclined air showers 
hybrid data: WCD + FD

 24

For inclined showers (≳ 60°), 
the electromagnetic 
component is absorbed by 
the atmosphere

to guarantee a good energy reconstruction with the FD. In
addition, it is required that the entire shower profile and, in
particular, Xmax is within the field of view of our telescopes.
Since heavyprimaries penetrate the atmosphere less than light
ones, the acceptance with this selection would be mass
dependent. To avoid this bias, we constrain the field of view
to the region where all values of Xmax are accepted. Further
details are given in [5,14]. These selection criteria result in a
total number of events of 786. In addition, only events with
energy larger than 4 × 1018 eV, which ensures full trigger
efficiency of the SD [3], are used to extract the fluctuations
(281 events).
The number of muons is reconstructed by fitting a 2D

model of the lateral profile of the muon density at the
ground to the observed signals in the SD array. The free
parameters of the fit are the zenith and azimuth angles of
the shower, the impact point of the shower on the ground
(shower core position), and a normalization factor with
respect to a reference muon density profile in simulated
proton showers at 1019 eV [3]. There exists a residual pure
EM component in showers with low zenith angles and
stations very close to the shower core position (at 400m and
64° it is ∼6%), which has been subtracted using a para-
metrization [4]. The dimensionless normalization factor we
obtain from the fit is then transformed to the dimensionless
quantity Rμ, which is given by the integrated number of
muons at the ground divided by a reference given by the
average number of muons in simulated proton showers at
1019 eV and the given zenith angle. At 1019 eV and an
inclination of 60°, Rμ ¼ 1 corresponds to 2.148 × 107

muons. For more details, see [5]. In the following, we
refer to Rμ as the number of muons for short.
The calorimetric energy of the air showers Ecal is

reconstructed by integrating the longitudinal shower pro-
files observed with the FD [9,15]. The total energy of the
shower is then obtained by adding the average energy
carried away by muons and neutrinos, the so-called
invisible energy E ¼ Ecal þ Einv. At 1019 eV, Einv accounts
for 14% of the total energy in air showers [16–20].
In Fig. 1 the muon number Rμ is shown as a function of

the measured energy. Markers on the top of the frame
define the bins in energy for which we will extract the
fluctuations, with the number of events in each bin shown
above. The bins are chosen such that the number of events
in each is similar. Based on models of air shower develop-
ment and given the gradual change of the composition in
this energy range (single logarithmic dependence on
energy) [8,21–23], the number of muons is related to the
primary energy by a single power law

hRμiðEÞ ¼ a½E=ð1019 eVÞ&b; ð1Þ

which can be fitted following a procedure described in the
text below. The best-fit parameters are given at the begin-
ning of the next section. The scattering in the data has three
sources: experimental uncertainties in the energy sE and in

the muon number sμ from event reconstruction (both
represented by the error bars), and the physical fluctuations
in the muon number denoted as σ. Given Eq. (1), the
variance of the muon number is σ2 þ b2hsEi2 þ hsμi2.
In this Letter, we adopt a method based on maximizing

the likelihood of a probability distribution function (PDF).
The PDF incorporates the various contributions to the
fluctuations, treating each energy bin independently while
also accounting for the effect of the migration of events
between bins [5,24]. The model assumes that measure-
ments of E and Rμ follow Gaussian distributions centered at
the true value, with widths given by the detector resolution
sE and sμ, which are the uncertainties obtained in each
individual event reconstruction [3,25]. Physical fluctua-
tions are also assumed to follow a Gaussian distribution of
width σ. Simulations have shown this is an acceptable
approximation given the event number in each bin.
The total PDF is obtained through the convolution of the

detector response and the physical fluctuations with the
probability distribution of the hybrid events measured at
the Pierre Auger Observatory. The log-likelihood function
is then given by

lnLða; b; σ̂1;…; σ̂6Þ ¼
X

i

ln
!X6

k¼0

Z
Ek

Ek−1

dEhðEÞCðEÞ

× exp
"
−
1

2

ðEi − EÞ2

s2E

#

× exp
"
−
1

2

ðRμ;i − hRμiðEÞÞ2

s2μ þ ðσ̂k · hRμiðEÞÞ2

#$
:

ð2Þ

FIG. 1. Number of muons as a function of the measured energy.
The black line is the fitted hRμi ¼ a½E=ð1019 eVÞ&b. Markers on
the top of the frame define the bins in which the fluctuations are
evaluated.Thenumbers give the events in eachbin.The effect of the
uncertainty of the absolute energy scale is indicated by σsysðEÞ. The
best-fit values for parameters a; b and the deviance per degree of
freedom (n.d.f.) in the fit are shown on the lower right.

PHYSICAL REVIEW LETTERS 126, 152002 (2021)

152002-5

Rµ: Integrated number of 
muons at the ground, 
normalized by reference value 
for proton RµMC (E=1019 eV) 
given by simulations
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FIG. 3. Measured average number of muons as a function of the energy and the predictions from three interaction models for
proton (red) and iron (blue) showers.

FIG. 4. Left panel: Average number of muons measured as a function of the energy together with the predictions from three
interaction models given the composition measured with Xmax. The line is the best fit of the form hRµi[E] = a(E/(1019 eV))b.
Right panel: Relative fluctuations in the number of muons measured as a function of the energy together with the predictions
from three interaction models given the composition measured with Xmax.

B. Detailed comparison between interaction models and measurement

In Fig. 3 the average number of muons in each bin of energy is shown. The model predictions for proton and iron

primaries are shown as well.

In Fig. 4 the measurement of the average number of muons (left panel) and the relative fluctuations (right panel)

are shown as a function of the energy. The predictions from interaction models given the measured composition

are shown for each model individually. In Figs. 5 and 6 the measurement of the average number of muons and the

relative fluctuations are compared with the predictions from the interaction models separately. All models, given the

measured composition, reproduce the fluctuation measurement. In case of the average number of muons none of the

models yields enough muons to describe the data.

In Fig. 7 the measurement of hXmaxi and hlnRµi at 10
19

eV are compared. Both quantities scale linearly with

hln Ai, meaning the predictions for di↵erent primary compositions fall on a line.

PRD 2015 
PRL 2021

Mean relative muon number 
not consistent with the

predictions of high-energy 
hadronic interaction models

Muon puzzle

See presentation  

by Kevin Cheminant 

Slide from Markus Roth
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Figure 2: Fraction of events with energies greater than 1018.5 eV containing measurements with the di!erent
components of the AugerPrime upgrade during the transition period.

The sensitivity of the antennas lies in the frequency range of 30 to 80 MHz in which its response113

is virtually uniform with low dispersion. The 12-bit, 250 MHz electronics have an amplification of114

a total of 36 dB and include a band-pass filter in the 30 to 80 MHz range. An FPGA coordinates115

data exchange with the station electronics discussed below.116

Calibration of the radio antennas has its basis in a thorough understanding of the full signal117

chain through laboratory measurements and simulations. The directional response of the full chain118

is validated through measurements with a radio calibration source mounted on a drone, and the119

radio emission from the Milky Way serves as an absolute calibration source which has thus far been120

used to validate the absolute gain of the signal chain. Additional information on the calibration and121

performance of the RD can be found in [10, 11].122

3.3 Electronics upgrade and extension of dynamic range123

To match the dynamic range of the SSD, a 1-inch diameter Hamamatsu R8619 PMT – referred124

to as the small PMT (SPMT) – is installed in each WCD. Whereas the WCD PMTs saturated at125

approximately 1000 vertical equivalent muons (VEMs) during Phase I of observatory operation,126

the dynamic range of the detectors is extended to approximately 20 000 VEM with the SPMT.127

Individual muons are indistinguishable in the SPMT as they produce only about one photo-128

electron per muon. Local, low energy showers are used for calibration with the rate of calibration129

events at approximately 200 per hour. The di!erences between the signal spectra measured by the130

large and SPMTs in the WCDs is minimized for these showers to obtain a calibration for the SPMT.131

Details on this procedure and performance of the SPMTs may be found in [10, 12, 13].132

To accommodate the additional channels of the upgraded surface detectors and provide signal133

traces with enhanced temporal and signal resolution, the Unified Board (UB) electronics of Phase134

I were replaced with Upgraded Unified Board (UUB) electronics. For the UUB, the anode channel135

inputs for each of the the large WCD PMTs are split and amplified such that the gain of the high-gain136

channel is 32 times the low-gain channel. The anode channel of the SSD is also split with a ratio137

of 128 between the two gains. The signals are filtered and digitized with a sampling frequency138

of 120 MHz, which is three times that of the UB electronics. The resolution on the magnitude139
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Figure 3: Lateral distributions of signals from the Water-Cherenkov Detectors, Scintillator Surface Detectors,
and Underground Muon Detector for a sample Phase II event.

of signals is also improved with the 12-bit UUB electronics, which improve upon the 10-bit UB.140

The updated GPS receivers also boast an improved timing resolution of 5 ns. To accommodate the141

increased power consumption particularly due to the RD, new solar panels are also installed at each142

surface detector station. An extensive description of the UUB electronics and their performance is143

given in [13, 14].144

3.4 Underground Muon Detector145

A single position of the UMD consists of three scintillator modules each with an active area146

of 10.24 m2 resulting in a total active area of 30.72 m2. A single module consists of 64 extruded147

polystyrene scintillator bars each measuring 4 m in length and 4 cm in width with a thickness of148

1 cm. Wavelength-shifting fibers are embedded in each bar and route photons to a central array of149

64 silicon photomultipliers. The internal components of each module are enclosed in a water-tight,150

polyvinyl chloride casing and buried at a depth of 2.3 m with a narrow access shaft for access to the151

electronics. The overburden corresponds to 540 g/cm2 resulting in an energy threshold for muons152

at the ground to reach the buried detectors of approximately 1 GeV. The output of the SiPMs is153

processed with two read-out schemas. An acquisition mode aimed at low muon densities applies a154

threshold to SiPM signals and generates 64 independent binary traces, i.e., one for each of the 64155

scintillator bars. The interpretation of these binary traces results in a muon count. Details on the156

calibration of this acquisition mode using dark counts are given in [15]. For higher muon densities,157

an additional acquisition mode sums the 64 traces and acts as a measurement of integrated charge158

[16]. More detailed information on the status and performance of the UMD is given in [10, 17].159

4. Coming online160

The large scale deployment of the SSD modules began at the end of 2018 and was completed at161

the end of 2021. The PMTs for the SSDs and the SPMTs were deployed thereafter together with the162

UUB electronics, the large scale deployment of which started with a pre-production batch in 2020163
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The sensitivity of the antennas lies in the frequency range of 30 to 80 MHz in which its response113

is virtually uniform with low dispersion. The 12-bit, 250 MHz electronics have an amplification of114

a total of 36 dB and include a band-pass filter in the 30 to 80 MHz range. An FPGA coordinates115

data exchange with the station electronics discussed below.116

Calibration of the radio antennas has its basis in a thorough understanding of the full signal117

chain through laboratory measurements and simulations. The directional response of the full chain118

is validated through measurements with a radio calibration source mounted on a drone, and the119

radio emission from the Milky Way serves as an absolute calibration source which has thus far been120

used to validate the absolute gain of the signal chain. Additional information on the calibration and121

performance of the RD can be found in [10, 11].122

3.3 Electronics upgrade and extension of dynamic range123

To match the dynamic range of the SSD, a 1-inch diameter Hamamatsu R8619 PMT – referred124

to as the small PMT (SPMT) – is installed in each WCD. Whereas the WCD PMTs saturated at125

approximately 1000 vertical equivalent muons (VEMs) during Phase I of observatory operation,126

the dynamic range of the detectors is extended to approximately 20 000 VEM with the SPMT.127

Individual muons are indistinguishable in the SPMT as they produce only about one photo-128

electron per muon. Local, low energy showers are used for calibration with the rate of calibration129

events at approximately 200 per hour. The di!erences between the signal spectra measured by the130

large and SPMTs in the WCDs is minimized for these showers to obtain a calibration for the SPMT.131

Details on this procedure and performance of the SPMTs may be found in [10, 12, 13].132

To accommodate the additional channels of the upgraded surface detectors and provide signal133

traces with enhanced temporal and signal resolution, the Unified Board (UB) electronics of Phase134

I were replaced with Upgraded Unified Board (UUB) electronics. For the UUB, the anode channel135

inputs for each of the the large WCD PMTs are split and amplified such that the gain of the high-gain136

channel is 32 times the low-gain channel. The anode channel of the SSD is also split with a ratio137

of 128 between the two gains. The signals are filtered and digitized with a sampling frequency138

of 120 MHz, which is three times that of the UB electronics. The resolution on the magnitude139
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of signals is also improved with the 12-bit UUB electronics, which improve upon the 10-bit UB.140

The updated GPS receivers also boast an improved timing resolution of 5 ns. To accommodate the141

increased power consumption particularly due to the RD, new solar panels are also installed at each142

surface detector station. An extensive description of the UUB electronics and their performance is143

given in [13, 14].144

3.4 Underground Muon Detector145

A single position of the UMD consists of three scintillator modules each with an active area146

of 10.24 m2 resulting in a total active area of 30.72 m2. A single module consists of 64 extruded147

polystyrene scintillator bars each measuring 4 m in length and 4 cm in width with a thickness of148

1 cm. Wavelength-shifting fibers are embedded in each bar and route photons to a central array of149

64 silicon photomultipliers. The internal components of each module are enclosed in a water-tight,150

polyvinyl chloride casing and buried at a depth of 2.3 m with a narrow access shaft for access to the151

electronics. The overburden corresponds to 540 g/cm2 resulting in an energy threshold for muons152

at the ground to reach the buried detectors of approximately 1 GeV. The output of the SiPMs is153

processed with two read-out schemas. An acquisition mode aimed at low muon densities applies a154

threshold to SiPM signals and generates 64 independent binary traces, i.e., one for each of the 64155

scintillator bars. The interpretation of these binary traces results in a muon count. Details on the156

calibration of this acquisition mode using dark counts are given in [15]. For higher muon densities,157

an additional acquisition mode sums the 64 traces and acts as a measurement of integrated charge158

[16]. More detailed information on the status and performance of the UMD is given in [10, 17].159

4. Coming online160

The large scale deployment of the SSD modules began at the end of 2018 and was completed at161

the end of 2021. The PMTs for the SSDs and the SPMTs were deployed thereafter together with the162

UUB electronics, the large scale deployment of which started with a pre-production batch in 2020163

6

AugerPrime (7/2025) 
   1479 scintillators installed

   1529 with new electronics (incl. rim)

   1584 radio antennas

Status 2025-07-07

PoS(ICRC2025)385 D. Schmidt

Slide from Markus Roth

PAO



Cosmic Rays

Arman Esmaili                                                                 IDPASC @ Natal                                                                     22/July/2026           

A consistent composition picture across observables
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↭ →Xmax↑ and ω(Xmax) measured with independent techniques are consistent
across the entire energy range.
↭ The inferred composition becomes progressively heavier above the ankle.
↭ The absolute mass scale (→lnA↑ and V (lnA)) depends on the hadronic
interaction model, while the overall evolution remains robust.
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Independent observables support the same qualitative evolution; hadronic models shift the absolute mass scale.

O. Tkachenko (FZU) Recent Auger composition results ISVHECRI 2026 13 / 15
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2026/7/06 ISVHECRI 2026・Lecce 5

Surface Detectors (SD)
507 SDs

3m2 plastic scintillator
1.2 km spacing
~700 km2

Fluorescence Detectors (FD)
3 FD stations

Totally 38 telescopes

14 telescopes

Middle Drum (MD)

Long Ridge (LR)

12 telescopes

Black Rock Mesa (BR)

Hybrid (FD/SD) observation started in 200812 telescopes

Long Ridge (LR)

Telescope Array (TA) Detector Utah, USA
39.3oN, 112.9oW
~1400 m a.s.l.
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Energy Range Measured by the TA detector systems

<1 events/(100km2yr) (E > 1020eV)

From ∼10¹⁵ eV to beyond 10²⁰ eV 
More than five orders of magnitude

1015 1017

5x1016 5x1018

1018 >1020

2026/7/06 ISVHECRI 2026・Lecce 17
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ISVHECRI 2026・Lecce

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)
– Softening observed at 1019.15±0.08 eV 
– Significance: a 5.2𝜎
– Auger observed it at 1019.15±0.03 eV 
(with +9% energy rescaling)

– TA agrees with Auger

Spectral Features from 16 years of TA SD Data

19

Data collection: 2008-05-11 through 2024-05-10
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Comparison with TA and Auger Spectra

ISVHECRI 2026・Lecce

9%

Y. Tsunesada+(Auger+TA Spectrum WG)
PoS(ICRC2021)337

TA vs. Auger ( ±4.5% rescaled)

2026/7/06 20

Energy systematic uncertainty: 
TA:       21%
Auger: 14%

TA vs. Auger (original scales)

TA

Auger

TA

Auger
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Exposure vs. Declination

Auger
TA

ISVHECRI 2026・Lecce

• Common sky selection
• Auger:-15.7º< δ <24.8º
• TA:       -5º < δ <24.8º

• TA exposure is very small and rapidly drops off
• Mask TA excess regions from TA

• Exclude all events within a priori established TA excess 
regions, where Auger exposure rapidly drops off

→ TA and Auger spectra agree (1.8 𝝈)
2026/7/06 22

40.12/26 → 3.8e-2
→ 1.8𝝈

TA

Auger

Equatorial coordinates (RA, Dec)

Validate the Methodology Using the Common Sky

Slide from H. Sagawa
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TAx4 Hybrid Xmax

ISVHECRI 2026・Lecce

Z. Gerber, PoS(ICRC2025)269

• TA×4 hybrid data (4 years) 
→ compared with MC primaries (QGSJET-II-03)

• Elongation rate
→ Data ≈ MC protons

• σ(Xmax) : the width of the Xmax distribution
→ less model-dependent, but needs large statistics

TAx4 Preliminary

TAx4 Preliminary

2026/7/06 36

Elongation rate Width of Xmax distribution
σ(Xmax) 

TAx4 data

proton

iron

iron

TAx4 data
proton

Here, TAx4 means the additional array for the current TAx4

Slide from H. Sagawa
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Flavoring at IceCube
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good angular 
resolution ( < 1o ) 

moderate energy 
resolution (σE ~ E)

poor angular resolution 
( < 10o - 20o ) 

good energy resolution 
(σE ~ 0.15 x E)
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High-Energy	Neutrino	Flux

Conventional	
	Atmospheric	νμ

Atmospheric	νe

Prompt
IceCube	EHE	90%	CL	UL

KM3-230213A

IceCube	MESE

Cosmogenic
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Evidence	for	Spectral	Break

‣ Combined analysis of Medium Energy Starting Events (MESE) and Combined 
Track and Cascade data show departure from single power law (SPL) at 4σ  

‣ Spectral break at ~ 30 TeV

IceCube PRL 2026 IceCube PRD 2026

30 TeV
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Extragalactic Multimessenger Connection

see also
Murase, Ahlers & Lacki (2013)
Fang, Gallagher & Halzen (2022)

26 PRL

pp scenarios (e.g., star-forming galaxies) are excluded if g-ray transparent
tension w. g-ray data (>~3s) even for the minimal pg scenario if g-ray transparent
→ majority of ~30 TeV ns: hidden (i.e., g-ray opaque) cosmic-ray accelerators

10-100 TeV n IceCube data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1

K=p±/p0
pp: K~2
pg: K~1

At sources

Slide from K. Murase
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Extragalactic Multimessenger Connection
10-100 TeV n IceCube data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1

IceCube 26 PRD

Capanema, Esmaili & KM (2020) 
Capanema, Esmaili & Serpico (2021)

Fermi-LAT g-ray limit 
(w. IGRB modeling)

pp scenarios (e.g., star-forming galaxies) are excluded if g-ray transparent
tension w. g-ray data (>~3s) even for the minimal pg scenario if g-ray transparent
→ majority of ~30 TeV ns: hidden (i.e., g-ray opaque) cosmic-ray accelerators

Slide from K. Murase
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Cosmic	Neutrinos	Flavor	Composition
‣ Neutrino oscillation modifies the flavor composition of neutrinos after their production.

7

the ωe→ωω degeneracy. The CI’s with the MESE dataset490

is shown in Tab. III.491

TABLE III. Bayesian CIs for fe,S with normal and inverted or-
dering (without Super Kamiokande [53]), constructed as high-
est probability density intervals of the posterior distributions.

68% CI 95% CI 99% CI

Normal Ordering (0.06, 0.53) (0, 0.82) (0, 0.95)

Inverted Ordering (0.05, 0.52) (0, 0.82) (0, 0.95)

FIG. 2. Posterior distribution of flavor composition
at source: Assuming fω,S = 0 and global best-fit mix-
ing parameters (normal ordering) with their ω2 distributions
from [52], and the likelihood profile obtained with the Lmax

fit to the MESE dataset. The same with the likelihood profile
from the IceCube (2015) analysis in [29], which reported more
constraining rejection of neutron decay with the Lmax fit.

Discussion and Conclusion: We report a measure-492

ment of the flavor ratio of cosmic neutrinos with the Ice-493

Cube detector. The best-fit measurement of the flavor494

ratio at Earth (star) lies within the theoretically expected495

region (dash-dotted curve) in Fig. 1. Any outcome of the496

measurement which is not positioned within this region497

is inconsistent with the standard theory of oscillations,498

since all possible initial flavor compositions, considering499

mixtures of the benchmark cases at astrophysical sources,500

end up here. The rest of the diagram cannot be reached501

within the standard 3-flavor scenario [3]. However, we502

note that certain regions allowing for new physics are con-503

sistent with the 68% and 95% CL contours. The improve-504

ments in the flavor measurement reported here, com-505

pared to previous measurements originate from the in-506

clusion of TeV-scale cascades and tracks with the MESE507

sample, which form a larger fraction of the data than PeV508

events, in combination with the additional identification509

of double cascade events. Our previous analysis that in-510

cluded all three morphologies [24] utilized only the high-511

est energy events, and therefore probed a di!erent scale512

of propagation length per unit energy on average. The513

much larger event number from including lower-energy514

events, along with the improved identification using the515

DNN, enhances the sensitivity of the present measure-516

ment. Using cascade/track classification alone leaves the517

fe–fω degeneracy unresolved, as in [29]. Including the518

double-cascade selection, despite the low statistics, yields519

superior constraints along the fe → fω axis. The results520

presented here provide constraints crucial for identify-521

ing the neutrino production mechanism at astrophysical522

sources. The Bayesian posterior analysis shown in Fig. 2523

provides a strong rejection of the neutron decay scenario,524

placing it outside the 99% CI. It is also possible that the525

astrophysical flavor ratio varies with energy, owing to dif-526

ferent neutrino production mechanisms at di!erent ener-527

gies. A test of this would require an energy-dependent528

flavor measurement, which is currently challenging be-529

cause of the low statistics of double-cascade events. The530

impact of a muon-damped composition at high energies531

is estimated to be minimal on the measurement reported532

here (see App. C). Future measurements that include en-533

hanced identification of ωω events as in [27] or identifica-534

tion of ωω tracks based on their energy deposition, which535

di!ers from muon tracks [19] can potentially improve the536

statistics of ωω events. The former was developed contem-537

poraneously with this work and not used here, and the538

latter is still under development for the MESE sample.539

The combined sample of exclusive ε neutrino candidates540

from this and other recent IceCube analyses [24, 27] is the541

world’s largest. Only one candidate is common between542

these analyses [24, 27]. Given the low overall selection ef-543

ficiencies for ωω , the two strategies are expected to yield544

largely disjoint event samples. With the measurement re-545

ported here, we have entered the regime of precision tests546

for flavor composition at astrophysical sources and neu-547

trino oscillations over cosmic distance and energy scales.548
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physical flux model to be a broken power law (BPL)[49],416

remaining consistent with the best-fit model from [30],417

which uses the MESE sample. An accurate modeling418

of the spectral shape is essential for the flavor measure-419

ment to avoid bias in interpretation, as shown in App. B420

where we additionally perform a cross-check assuming a421

single power law (SPL) as the astrophysical flux model.422

Two parameters that account for the fractional contribu-423

tion of ωe and ωω to the overall flux normalization (with424

fe + fµ + fω = 1) are the main physics parameters we425

measure here. We assume that the same flavor ratio holds426

across all measured energies and leverage the identifiable427

high energy double-cascade events within the sample to428

constrain the ωω fraction.429

Results: We report the best fit for the flavor composi-430

tion of the astrophysical neutrino flux, when performing431

the Lmax fit under the assumption of the BPL model.432

Tab. II compares the observed data to model predictions433

(see App. A for more details). We classify 9 events as434

TABLE II. Event counts in data compared to MC predictions
of the best-fit for BPL and SPL models. The predictions and
observed counts are compatible within expectations Poisson
from fluctuations.

Cascades
(E > 1 TeV)

Tracks
(E > 1 TeV)

Double Cascades
(E > 30 TeV)

Data 4960 4919 9

BPL 4953.6± 154.6 4876.2± 136.1 7.0± 0.9

SPL 4999.2± 160.4 4825.4± 141.7 9.1± 1.0
435
436437

double cascades out of a total of 9888 events, consistent438

with expectations from MC.439

As shown in Fig. 1, the 68% confidence level (CL) con-440

tour closes for this fit, which is achieved for the first441

time with TeV–PeV astrophysical neutrinos. The best442

fit ((0.30 : 0.37 : 0.33)→) is consistent with expectations443

of flavor ratios at Earth after the neutrinos undergo444

standard oscillations. A dominant neutron-decay pro-445

duction mechanism is rejected with 95.3% CL and the446

fractions fω,→ = 0 and fe,→ = 0 are rejected with 91.9%447

CL and 98.7% CL, from Wilks’ theorem–derived con-448

fidence regions of the Lmax fit. The validity of Wilk’449

s
!!!!!
Wilks’

!
theorem was tested using MC pseudoexperi-450

ments, as in [24]. The 95% CL contour does not close451

along the ωω axis. This can be attributed to the steep452

high-energy spectral index of the BPL model, for which453

the best-fit spectral parameters are ε0 = 2.72+0.95
↑0.92 →454

10↑18/GeV/cm2/s/sr, ϑ1 = 1.76+0.36
↑0.26, ϑ2 = 2.81+0.076

↑0.12455

and log10(Ebreak/GeV) = 4.5+0.12
↑0.09. These fit results are456

consistent with those reported in [30]. A steep ϑ2 results457

in a low number of ωω events with identifiable double cas-458

cade morphologies (which is mostly comprised of events459

of the highest energies) as shown in Tab. II.460

This measurement is further used to constrain the fla-461

vor composition at source. Given the global measure-462

ments of neutrino-oscillation parameters and the flavor463

composition at Earth reported here, we derive a poste-464

rior distribution of the composition at source as in [51].465

We assess the probability distribution of fe,S as shown in466

FIG. 1. Ternary diagram of the results of the flavor-
composition fit: The axes show the fraction of ωe, ωµ and
ωω at Earth. 68% and 95% CL contours assuming the test
statistic follows Wilks’ theorem [50] are shown as solid and
dashed lines, respectively. Expected flavor composition at
Earth, after standard oscillations, for benchmark production
mechanisms (pion decay: circle, muon damping: square, neu-
tron decay: triangle) are shown. The dash-dot line from [3]
covers the 99.7% credible region of all possible flavor compo-
sitions at source after propagation, where the three bench-
mark scenarios and variations of their relative contributions
are considered assuming standard oscillations and a unitary
mixing matrix. The dotted line shows the 68% CL contour
from IceCube’s last measurement [24].

Fig. 2, with the assumption that no ωω are produced at467

the sources, as expected from the benchmark scenarios,468

while ensuring that the flavor ratios add up to 1. The os-469

cillation parameters are obtained from NuFit 6.0 [52, 53].470

We observe a distribution that peaks towards the pion471

decay scenario and rejects the neutron decay scenario,472

which lies outside the 99% confidence
!!!!!!!
credible

!
interval473

(CI).
!!!
The

!!!!!!!!!!!
probability

!!!!!
mass

!!
of

!!!!
the

!!!!!!!!
posterior

!!!!!!!!!!!
distribution474

!!!!!!
> 0.99

!!!!!!!!
provides

!!!!
the

!!!!!!!
p-value

!!!!
for

!!!!!!!!
neutron

!!!!!!
decay

!!!
to

!!!
be475

!!!!!!!!!!!
↑ 2.7→ 10↑5

!!!!!!!!!!
(exclusion

!!!
at

!!!!!
↑ 4ϖ

!!!!!!!
level).

!
Although the476

68% CI favors pion decay, the muon-damped case is well477

within the 99% CI, making it hard to exclude this case.478

However, in both cases, neutrinos will be produced by479

pion beams arising from pp or pϑ interactions in the480

source. Fig. 2 also shows the posterior distribution ob-481

tained with a previous IceCube measurement [29] using482

tracks and cascades, where the confidence region from the483

Lmax fit rejected neutron decay at sources with 99% CL.484

The corresponding 99% CI is marginally more constrain-485

ing on the neutron decay scenario, and the distribution is486

skewed more towards the muon-damped case. However,487

this measurement had no distinction between double cas-488

cades and other morphologies, and was unable to break489

IceCube 2026

‣ 11.4 yr MESE: 5 TeV - 10 PeV 

‣ All flavor analysis with improved double 
cascades identification above 30 TeV. 

‣ Best fit very close to the nominal 
expectation of ~(1:1:1) from 𝜇 decay. 

‣ 1st time all flavors are nonzero at 68% C.L
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Cosmogenic	Neutrinos

Markus Ahlers (NBI) IceCube: The First Decade of Neutrino Astronomy

Cosmogenic Neutrinos

12

• Cosmogenic neutrinos produced 
in UHE CR interactions peak in 
the EeV energy range. 

• Optimistic predictions based on 
high proton fraction and high 
maximal energies. 

• Proton fraction of UHE CRs 
above 30 EeV limited to 70% 
(90% CL) for source evolution 
following star-formation rate. 

• Tension between IceCube’s non-
observation and KM3-230213A 
(about 200 PeV) at 3  level.ν [IceCube, PRL 1325 (2025) 3]

5

highest energies the improvement to the previous limit
(IceCube 9yr [23]) is comparable to the increase in de-
tector livetime as expected for a largely background-free
analysis. At around 1 EeV, additionally, event selection
enhancements make a sizable contribution. Notably, by
a few hundred PeV, the previous limit deviates from the
sensitivity due to observed PeV neutrinos. In this analy-
sis, although a similar number of PeV neutrinos were ob-
served, improved energy reconstructions mean they are
incompatible with a flux centered at 100PeV and above.

The di!erential limit is compared to a representa-
tive variety of cosmogenic neutrino models as gray lines.
Qualitatively, larger normalizations, higher maximum ac-
celerating energies, and stronger source evolutions gener-
ate larger cosmogenic neutrino fluxes [11, 12, 59]. In con-
trast, when the injected cosmic-ray primaries are heavy
nuclei, photodisintegration becomes the dominant pro-
cess over photopion production and the neutrino flux is
suppressed [6, 13, 60]. All model predictions shown in
Fig. 1 (except Van Vliet et al. 2019 [20], abbreviated
“vV2019” hereafter) assume a pure-proton composition
with moderate source redshift evolutions comparable to
the SFR. The maximum acceleration energy varies be-
tween 1011 GeV and 1012 GeV.

For each aforementioned model, we performed a like-
lihood ratio test as described in Supplemental Mate-
rial [50]; the results are in Table I. Although three events
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FIG. 1. Di!erential upper limit (90% CL) on the neutrino
flux. The di!erential limit is compared to the IceCube 9 year
result [23], the limit by Auger [61], the flux inferred from
KM3-230213A [62], cosmogenic neutrino flux models [10, 11,
13, 20] and a UHE astrophysical model [63]. The model from
vV2019 [20] assumes ω = 2.5, Emax = 1020 eV, m = 3.4, and a
10% proton fraction. The Auger limit is rescaled to all-flavor,
decade-wide bins for comparison.

were observed, the best-fit normalization for a cosmo-
genic flux component is zero for all tested models. This
indicates the data can be su”ciently explained by astro-
physical neutrinos. All tested cosmogenic models assum-
ing a pure proton composition of UHECRs are rejected at
95% CL. This indicates that regardless of the di!erences
between those models, if the SFR is driving the source
evolution of UHECRs, a proton-only composition can be
excluded.

TABLE I. A selection of cosmogenic neutrino models, the
model rejection factor (MRF [64]) at 90% CL, and associated
p value. The analysis strongly (p < 0.05) constrains several
previously allowed models of the cosmogenic neutrino flux.
Cosmogenic models assuming a proton-only composition are
marked with a star.

Model MRF (90% CL) p value
Ahlers 2010→ [10] (1EeV) 0.28 0.003
Ahlers 2012→ [13] 0.65 0.043
Kotera SFR→ [11] 0.49 0.027
van Vliet [20]
(fp = 0.1,m = 3.4,ω = 2.5)

2.72 0.268

Murase AGN [63]
(ε = 2.0, ϑCR = 3)

0.47 0.057

Murase AGN [63]
(ε = 2.3, ϑCR = 100)

0.62 0.019

Proton fraction constraints—Given the measured
UHECR flux, the nonobservation of neutrinos imposes
constraints on the sources. This approach is complemen-
tary to many existing models, which focus on accurately
describing the cosmic-ray energy spectrum and composi-
tion and, thus, also obtain an estimation of the accom-
panying cosmogenic neutrino flux [15, 19, 65, 66].

The crpropa package [67] is used to model cosmogenic
fluxes (following vV2019 [20]). In the simulation, protons
and secondary neutrinos are propagated to Earth includ-
ing energy losses from photopion production and pair
production on the CMB and EBL [68], neutron decay and
cosmological adiabatic losses. Identical sources are dis-
tributed homogeneously and isotropically with a power-
law injection spectrum #(E) → E→ω exp(↑E/Emax) with
spectral index ω ↓ [1.0, 3.0] and exponential cuto! at
Emax ↓ [4 ↔ 1010 GeV, 1014 GeV].

Two di!erent models for cosmological source evolution
are tested:

SE1(z) =

{
(1 + z)m, z ↗ z↑

(1 + z↑)m, z > z↑ (1)

with z↑ = 1.5 up to zmax = 4 [20], and a more conserva-
tive model of SE2(z) = (1+ z)m with zmax = 2, where m
denotes the source evolution parameter. The simulation
is normalized to the all-particle cosmic-ray flux measured
by Auger at 1010.55 GeV. We normalize to the highest-
energy data point below the observed GZK suppression,
such that the cosmic-ray flux at the suppression energy

IceCube, PRL 2025

‣ Cosmogenic neutrinos are 
produced via interaction of UHE 
CRs with the background radiation 

‣ The Spectrum is expected to peak 
at EeV energies 

‣ The expectations depend on the 
composition of the UHE CRs: 

• Optimistic: high proton fraction 

‣ Improved IceCube UL constrains 
the proton fraction beyond 30 EeV 

‣ KM3-230213A UHE event and 
IceCube’s non-observation yield a 
3σ tension
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NGC	1068;	Brightest	Source	in	Nu	Sky

IceCube, Science 2022, ApJL 2026
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NGC	1068;	Brightest	Source	in	Nu	Sky

IceCube, Science 2022, ApJL 2026
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NGC	1068	
• NGC 1068 is a Seyfert 2 galaxy with a heavily obscured nucleus 
• One of the best studied Active Galactic Nuclei (AGN), which played 

a major role in AGN unification scheme

• Compton thick environment with Column density ~ 1025 cm-2 
• Bright in X-ray, and high infrared luminosity indicating high level of 

star formation

‣ Historically considered as a promising cosmic-ray accelerator. 

Image Credit: NASA, ESA

Slide from A. Kheirandish
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is L⌫ = (2.9 ± 1.1stat) ⇥ 1042 erg s�1. This is significantly higher than the isotropic equivalent

gamma-ray luminosity observed by Fermi-LAT of 1.6 ⇥ 1041 erg s�1 in the energy range be-

tween 100 MeV and 100 GeV (40), and higher than the upper limits recently reported by the

MAGIC collaboration (41) (see Fig. 4).
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Figure 4: Spectral energy distribution of NGC 1068. Gray points show publicly available
multi-frequency measurements (42). Dark and light green error bars refer to gamma-ray mea-
surements from Fermi-LAT (33, 43) and MAGIC (41), respectively. The solid, dark blue line
shows the best-fit neutrino spectrum, and the corresponding blue band covers all powerlaw
neutrino fluxes that are consistent with the data at 95%C.L. It is shown in the energy range
between 1.5 TeV and 15 TeV where the flux measurement is well constrained. Two theoretical
AGN core models are shown for comparison: The light blue shaded region and the gray line
show the NGC 1068 neutrino emission models from (44) and (45), respectively. Additional de-
tails on the model construction of the light blue shaded region can be found in (46).

High-energy neutrinos are generated in or near astronomical sources as decay products of

charged mesons produced in proton-proton interactions (47), or interactions between protons

and low energy ambient radiation (48) (for a review see (49)). Along with those neutrinos,

14

14

NGC	1068	Spectrum

IceCube

MAGIC

Fermi

X-rays
Optical/UV

Radio

IceCube, Science 2022

Murase 2020 Inoue 2019
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ω > →10ε

‣ The neutrino flux much higher than the measured 𝜇-ray flux.  

‣Models built on Fermi 𝜇-ray flux by cannot accommodate the neutrino flux. 

‣Obscuring necessary to absorb the pionic 𝜇-ray accompanying neutrinos. 

‣ The high opacity indicates that the neutrinos are produced in dense environment in 
the vicinity of AGN core (< 100 Rs) ➛ Consistent with the multimessenger picture 

for the HE cosmic neutrino flux
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Neutrino-Bright	AGN
‣ Accumulating evidence for correlation of IceCube neutrinos in the direction of 𝜇-ray 

obscured AGN. 

‣ 3.3  excess from ensemble of 11 sources in the Northern Sky (excluding NGS 
1068) 

‣ 2.9  excess from the direction of NGC 4151 

‣ 3.0  excess in the stacking search in the Southern sky

ν

ν
ν
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Neutrino-Bright	AGN
‣ Accumulating evidence for correlation of IceCube neutrinos in the direction of 𝜇-ray 

obscured AGN. 

‣ 3.3  excess from ensemble of 11 sources in the Northern Sky (excluding NGS 
1068) 

‣ 2.9  excess from the direction of NGC 4151 

‣ 3.0  excess in the stacking search in the Southern sky

ν

ν
ν6 IceCube Collaboration

Figure 1. Stacked spectrum according to the best-fit normalization (solid black), with 1ω statistical uncertainty (shaded
gray) and the 5ω discovery potential (dotted). The energy range of the gray band is computed from the central 68% of events
contributing to the total TS values. Model predictions of neutrino spectra for the 14 candidate sources (Kheirandish et al.
2021) are shown as well. The 11 subdominant candidates are shown in gray (see Table 1); Centaurus A appears as the highest
gray line due to its strong but ambiguous X-ray emission (see Sec.2). The Circinus Galaxy (red), NGC 7582 (light pink), and
ESO 138-1 (blue) are the candidates with the largest expected number of signal events, excluding Centaurus A.

Figure 2. Local (pre-trial) p-value maps near the most significant source - the Circinus Galaxy (orange), assuming the disk-
corona model spectrum (left) and the power-law spectrum (right).

density function (PDF) by randomizing the right ascension of the events. This provides a good approximation for
these background events since, due to IceCube’s location, they are uniform in right ascension. However, IceCube
recently reported evidence of neutrino emission from the Galactic plane (Abbasi et al. 2023). This adds a new back-
ground component to our search. Without modifications, the standard randomizing method would over-estimate the
background for Seyfert galaxies far from the Galactic plane and under-estimate the background for Seyfert galaxies
close to the Galactic plane due to this background contamination. For a similar reason, to prevent potential signal
events from the brightest candidate sources from being randomized into the background, we remove events near their
locations. Hence, in the randomization process, we modified the standard scrambling method as follows. Events in
the vicinity of the brightest (according to model expectation) Seyfert galaxies (Centaurus A, Circinus, NGC 7582,
and ESO 138-1, radius 7→) or the Galactic plane (absolute value of Galactic latitude < 10→ ) are removed from the
dataset. The remaining events are then randomized in right ascension. Since some background events are removed in
the previous step, we randomly resample from the remaining events to compensate for those missing due to masking,
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Galactic	Neutrino	Emission
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Galactic Neutrino Emission

as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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Galactic diffuse  emission at 4.5  based on template analysis.ν μ

10 years of cascade data identified neutrino emission from 
the Milky Way at 4.5σ
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Galactic	Neutrino	Emission
Cascades boost IceCube sensitivity to extended emission in the Southern sky. 

‣ New analysis with additional years, combined dataset, and improved systematics 
rejects the no Galactic hypothesis at > 5σ significance 

‣ Current analyses reject no Galactic component hypothesis but cannot distinguish 
between models 

‣ The nature of Galactic neutrinos (source vs diffuse) remains an open question 

Spatial TS Distribution
● The spatial TS distribution under 

the model template hypothesis 
shows most signal comes from 
the galactic center

● For Northern Tracks (the bigger of 
the two track samples) the 
galactic center is not in the field 
of view leading to a different 
distribution

● The fit is expected to match the 
models in the galactic center 
region

11

M. Thiesmeyer , ICRC 2025

Markus Ahlers (NBI) Galactic Neutrino Emission 10

Galactic Neutrino Emission

with individual source searches, because the
neutrino fluxes add together, whereas random
background adds incoherently (36). The ob-
jects in each catalog were selected according
to the observed gamma-ray emission above
100 GeV and the detector sensitivity, following
previously described methods (20). We chose
the 12 sources from each category with the
strongest expected neutrino flux andweighted

them under the hypothesis that each contrib-
utes equally to the flux (supplementary text).
The total number of signal events and the
spectral index are left as free parameters for
each catalog search. The resulting P value for
each catalog search is shown in Table 1. Each
result rejects the background-only hypothesis
at the 3s level or above. However, we do not
interpret these neutrino event excesses as a

detection because the objects in these Galactic
source catalogs overlap spatially with regions
that predict the largest neutrino fluxes in the
Galactic plane diffuse emission searches.

Implications of Galactic neutrinos

The neutrino flux we observed from the Galac-
tic plane could arise from several different
emission mechanisms. The predicted energy
spectra integrated over the entire sky is shown
in Fig. 5 for each of the Galactic plane models
and their best-fitting flux normalization. Model-
to-model flux comparisons depend on the
regions of the sky considered. The KRAg best-
fitting flux normalizations are lower than pre-
dicted, which could indicate a spectral cutoff
that is inconsistent with the 5 and 50 PeV
values assumed. The simpler extrapolation of
the p0 model from giga–electron volt energies
to 100 TeV predicts a neutrino flux that is a
factor of ~5 below our best-fitting flux. How-
ever, the best-fitting flux for the p0 model ap-
pear to be consistent with recent observations
of 100-TeV gamma rays by the Tibet Air Shower
Array (fig. S8) (37). The p0 model mismatch
could arise from propagation or spectral differ-
ences for cosmic rays in the Galactic Center
region, or from contributions from unresolved
neutrino sources.
We used model injection tests to quantify

the ambiguity between different source hy-
potheses. In these tests, the best-fitting neu-
trino signal from one source search was
simulated, then the expected results in all
other analyses were examined. Injecting a
signal from the p0 model analysis, with a flux
normalization equal to the best-fitting value
from the observations, produces a median sig-
nificance that is consistent with the best-fitting
values for all other tested hypotheses (within
the expected statistical fluctuations). This in-
cludes the 3s excess observed inGalactic source
catalog searches. Individually injecting the
best-fitting flux of any one of the tested Ga-
lactic source catalogs, at the flux level observed,
did not recover the observed p0 or KRAg model
results. However, the angular resolution of the
sample and the small number of equally
weighted sources included in these catalogs
does not constrain emissions from these broad
source populations. It is plausible that many
independently contributing sources from the
Galactic plane could show a similar result to
diffuse emission from interactions in the inter-
stellar medium. These tests favor a neutrino
signal from Galactic plane diffuse emission,
but we do not have sufficient statistical power
to differentiate between the tested emission
models or identify embedded point sources.
The neutrinos observed from the Galactic

plane contribute to the all-sky astrophysical
diffuse flux previously observed by IceCube
(Fig. 5) (21, 22, 38). The fluxes we infer for each
of the Galactic template models contribute
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Fig. 5. Energy spectra for
each of the Galactic plane
models. Energy-scaled, sky-
integrated, per-flavor neutrino
flux is shown as a function of
neutrino energy (Ev) for each of
the Galactic plane models.
Dotted lines are the predicted
values for the p0 (dark blue),

KRA5g (orange), and KRA
50
g (light

blue) models. Solid lines are our
best-fitting flux normalizations
from the IceCube data. Shaded
regions indicate the 1s uncer-
tainties; they extend over the
energy range that contributes
to 90% of the significance.
These results are based on the
all-sky (4p sr) template and are
presented as an all-sky flux. For
comparison, the gray hatching
shows the IceCube total neu-
trino flux (22), scaled to an all-sky flux by multiplying by 4p, with its 1s uncertainty.
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Table 1. Summarized results of the neutrino emission searches. The flux sensitivity and best-fitting
flux normalization (F) are given in units of model flux (MF) for the KRAg templates and for the p

0 analyses
as E2 dN

dE at 100 TeV, in units of 10–12 TeV cm–2 s–1 (where dN
dE is the differential number of neutrinos per

flavor, N, and neutrino energy, E). P values and significances are calculated with respect to the
background-only hypothesis. Pretrial P values for each individual result are listed for the three diffuse
Galactic plane analyses and three stacking analyses, and posttrial P values are given for the other analyses
(supplementary text). Because of the spatial overlap of the stacking catalogs with the diffuse Galactic
plane templates, strong correlations between these searches are expected. More detailed results for each
search are provided in tables S1 to S5.

Flux sensitivity F P value Best-fitting flux F

Diffuse Galactic plane analysis
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

p0 5.98 1.26 × 10–6 (4.71s) 21:8þ5:3
"4:9.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

KRA5g 0.16 × MF 6.13 × 10–6 (4.37s) 0:55þ0:18
"0:15 # MF

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

KRA50g 0.11 × MF 3.72 × 10–5 (3.96s) 0:37þ0:13
"0:11 # MF

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Catalog stacking analysis
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

SNR 5.90 × 10"4 (3.24s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

PWN 5.93 × 10"4 (3.24s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

UNID 3.39 × 10"4 (3.40s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Other analyses
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Fermi bubbles 0.06 (1.52s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Source list 0.22 (0.77s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Hotspot (north) 0.28 (0.58s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Hotspot (south) 0.46 (0.10s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

*Significance values that are consistent with the diffuse Galactic plane template search results.
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Figure S9: Neutrino emission models used as templates in the Galactic plane search. The
spatial templates for the ⇡0 (A-C) and KRA

5
� (D-F) models of diffuse Galactic neutrino emis-

sion are shown. Each panel shows the Galactic plane in a band of ±30
� in latitude (b) and

±180
� longitude (l) in Galactic coordinates. The models are first convolved with the IceCube

detector acceptance (A, D) and then smeared with a Gaussian corresponding to the event uncer-
tainty. Two example analysis templates are shown for a smearing of 7

� (B, E) and 15
� (C, F).

The spatial distribution of the KRA
50
� model is similar to the KRA

5
� one shown here and it is

available in the IceCube data archive.

S19

 [IceCube Science 380 (2023)]  [templates: Fermi'12; Gaggero, Grasso, Marinelli, Urbano & Valli '15]
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The IceCube-Gen2 Neutrino Observatory
A Window to the High Energy Universe

Brian Clark for the IceCube-Gen2 Collaboration

The Gen2 Instrument

Resolving the TeV-EeV Neutrino Sky

Cosmic Particle Acceleration
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Sources and Propagation of Cosmic Rays
IceCube-Gen2 will be a wide-band neutrino observatory with
sensitivity from GeV to beyond EeV energies. The array will augment
the existing IceCube detector and planned Upgrade with an enlarged
in-ice optical array, a radio array, and surface cosmic ray detector.

Gen2 will constrain flavor 
composition scenarios at 
neutrino sources, and 
their energy 
dependence. Shown is 
an example of Gen2 
sensitivity to the muon 
fraction and flavor ratio 
of a source with muon 
cooling above 2 PeV.

The optical and radio arrays span 6 orders of magnitude in energy,
probing the extension, or cutoff, of the astrophysical neutrino
spectrum. Shown in blue is the median flux as would be measured
assuming an unbroken E-2.5 astrophysical flux and a cosmogenic flux
with a mixed composition of cosmic ray primaries (Ahlers et. al.).

Gen2 will probe fundamental physics on cosmic baselines and across
a broad energy range. Shown as shaded boxes are the regions in
distance-energy space where Gen2 will probe for new physics.

A radio array will test 
models for astrophysical 
and cosmogenic neutrino 
production and constrain 
the nature of CR 
accelerators. Shown is 
the differential sensitivity 
of the Gen2 radio 
detector in the context of 
present and future 
experiments and two 
models for high-energy 
neutrino production.

Gen2 enables the identification of sources five times fainter than is
possible with IceCube, accelerating the rate of discovery of sources
and probing the neutrino sky with unprecedented sensitivity. Shown is
a mock Test Statistic map of the neutrino sky as might observed with
Gen2, and the quasi-differential sensitivity to a steady source for two
select declinations with an E-2 spectrum.

Fundamental Physics on Cosmic Baselines
Technology Development

Gen2 will leverage technology 
developments from the 
Upgrade, with the goal of 
having 3x the photocathode 
area per DOM compared to 
IceCube. Shown are two 
pixelated DOMs under 
development for the Upgrade: 
the mDOM and D-Egg.

IceCube-Gen2
Preliminary

IceCube-Gen2
Preliminary

IceCube-Gen2 
Preliminary

IceCube-Gen2 
Preliminary

Gen2 will have sensitivity to neutrinos produced in Galactic sources, 
constraining CR acceleration processes. Shown are TeV HAWC 
sources near the galactic plane, color coded to indicate possible 
detections (if !-ray emission arises solely from hadronic processes) 
and where Gen2 can constrain the level of hadronic emission.

IceCube-Gen2
Preliminary

We are grateful to 
the NSF for support 
through award 
1903885.

IceCube: 1 km3, 86 strings, most with 125 m lateral spacing
60 DOMs/string with 17 m spacing, completed 2011

Upgrade: 7 strings, "(100) DOMs/string with 3 m spacing
In production, to be deployed Dec 2022

Gen2-Optical: 8 km3, 120 strings with 240 m lateral spacing
80 DOMs/string with 17 m spacing

Gen2-Radio: 500 km2, with "(200) stations

Phase	1
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IceCube-Gen2:	Source	Identification
THE ICECUBE-GEN2 NEUTRINO OBSERVATORY

Figure 17: Left: Discovery potential of IceCube and IceCube-Gen2 for neutrino flares similar to the one observed for
TXS0506+056 in 2014/15 which lasted 158 days. Shown is the projected significance of the observation as a func-
tion of the flare duration. The flux and spectral index of the assumed flare are the ones observed for TXS0506+056
(see Figure 16) and assumed constant within the flare duration, i.e., the neutrino fluence increases with flare du-
ration. Green dotted lines mark the 5ω discovery threshold, as well as the lower threshold for sending alerts to
partner telescopes for follow-up observations. Right: Significance of the observations of NGC 1068 as a function of
observation time for IceCube and IceCube-Gen2, assuming the best-fit neutrino flux derived in [27].

IceCube-Gen2 will allow to firmly discover the brightest AGNs on the neutrino sky. Fig-
ure 17 (right side) shows the expected significance as a function of observation time
for NGC 1068. A detection at 10ω significance is expected after 10 years, allowing
a precise measurement of the spectral shape of the neutrino emission that is key to
understanding the acceleration processes in the source. Figure 18 shows the differen-
tial sensitivity of IceCube-Gen2 in relation to the spectrum of NGC 1068 inferred from
the IceCube data, a model of the neutrino emission, and observations of the source in
gamma rays, underlining the strong gain in sensitivity with IceCube-Gen2 even for soft
spectrum sources. In addition to the direct observations, precise spectrum and flavor
ratio measurements (see Section 2.2.6) of the diffuse flux will support the study of the
acceleration processes and environmental conditions in AGN cores and/or jets.

2.2.2 Cosmic-ray production in tidal disruption events

Another proposed transient source of high-energy CR and neutrinos is the tidal disrup-
tion of stars by supermassive black holes [171–174]. Such TDEs occur when a star is
disintegrated by strong gravitational forces as it spirals towards the black hole. TDEs
have been detected across a range of wavelengths, and, in some cases, have been
observed to launch relativistic particle jets.

Observations of the first coincidences between TDE and high-energy neutrinos open
a great perspective for IceCube-Gen2. Figure 19 shows the expected rate of asso-
ciations between neutrinos and TDEs for IceCube-Gen2, based on current IceCube
observations. In combination with the much deeper survey depth that next-generation
optical survey telescopes will provide one can expect O(10) coincidences per year. The

30

THE ICECUBE-GEN2 NEUTRINO OBSERVATORY

Figure 19: Rate of associations of high-energy neutrinos to TDEs expected from multi-messenger observations
with IceCube and IceCube-Gen2. The redshift evolution of TDEs from [175] is used in the calculation, spurious
coincidences are marked by thin gray lines. The respective survey depths for the observations of TDEs by ZTF and
the Vera C. Rubin observatory are indicated.

flux from GRBs considering 1000-5000 GRBs (assuming 667 bursts/year). This can be
compared to three models that assume UHE cosmic rays are produced by GRBs [177]).

Low-luminosity GRBs and relativistic SNe might feature "choked” jets, where the rela-
tivistic jet fails to penetrate the progenitor star, and therefore no detectable gamma-ray
signal is present. Such jets would provide a unified picture of GRBs and SNe [192, 193].
This scenario could be physically probed by the detection of high-energy neutrinos in
coincidence with SNe containing relativistic jets [194, 195]. The neutrino emission is
expected in a relatively short time window (≜100 s) after core-collapse. Thus, this sce-
nario predicts a high-energy neutrino signal followed by the appearance of a CCSN.

Two complementary search strategies have been applied to identify neutrino emission
from CCSNe with IceCube. First, the high-energy neutrino alerts released by IceCube’s
realtime program [196] are followed up with optical instruments to search for potential
optical counterparts of the signatures described above. Second, a catalog of optically
detected CCSNe, from instruments such as the All-Sky Automated Survey for Super-
novae (ASAS-SN) and the Zwicky Transient Facility (ZTF) [197, 198], has been used to
search for the combined neutrino signal from the entire source populations [199].

IceCube-Gen2 will yield about 5 times more alerts from high-energy track-like neutrino
events with improved angular resolution than IceCube. The increased pointing accu-
racy will reduce the fraction of alerts due to chance coincidences between neutrinos
and causally unconnected optical transients. Up to 6 coincident detections of high-
energy neutrinos and CCSNe can be expected per year from sources with a redshift
below z = 0.15. High-cadence all-sky observations performed by new survey facilities,
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Figure 17: Left: Discovery potential of IceCube and IceCube-Gen2 for neutrino flares similar to the one observed for
TXS0506+056 in 2014/15 which lasted 158 days. Shown is the projected significance of the observation as a func-
tion of the flare duration. The flux and spectral index of the assumed flare are the ones observed for TXS0506+056
(see Figure 16) and assumed constant within the flare duration, i.e., the neutrino fluence increases with flare du-
ration. Green dotted lines mark the 5ω discovery threshold, as well as the lower threshold for sending alerts to
partner telescopes for follow-up observations. Right: Significance of the observations of NGC 1068 as a function of
observation time for IceCube and IceCube-Gen2, assuming the best-fit neutrino flux derived in [27].

IceCube-Gen2 will allow to firmly discover the brightest AGNs on the neutrino sky. Fig-
ure 17 (right side) shows the expected significance as a function of observation time
for NGC 1068. A detection at 10ω significance is expected after 10 years, allowing
a precise measurement of the spectral shape of the neutrino emission that is key to
understanding the acceleration processes in the source. Figure 18 shows the differen-
tial sensitivity of IceCube-Gen2 in relation to the spectrum of NGC 1068 inferred from
the IceCube data, a model of the neutrino emission, and observations of the source in
gamma rays, underlining the strong gain in sensitivity with IceCube-Gen2 even for soft
spectrum sources. In addition to the direct observations, precise spectrum and flavor
ratio measurements (see Section 2.2.6) of the diffuse flux will support the study of the
acceleration processes and environmental conditions in AGN cores and/or jets.

2.2.2 Cosmic-ray production in tidal disruption events

Another proposed transient source of high-energy CR and neutrinos is the tidal disrup-
tion of stars by supermassive black holes [171–174]. Such TDEs occur when a star is
disintegrated by strong gravitational forces as it spirals towards the black hole. TDEs
have been detected across a range of wavelengths, and, in some cases, have been
observed to launch relativistic particle jets.

Observations of the first coincidences between TDE and high-energy neutrinos open
a great perspective for IceCube-Gen2. Figure 19 shows the expected rate of asso-
ciations between neutrinos and TDEs for IceCube-Gen2, based on current IceCube
observations. In combination with the much deeper survey depth that next-generation
optical survey telescopes will provide one can expect O(10) coincidences per year. The
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Figure 21: Upper limits (at 90% CL) from various instruments on the neutrino spectral fluence from GW170817
during a ± 500 s window centered on the gravitational wave (GW) trigger time. For comparison, the sensitivity of
IceCube-Gen2 (at 90% CL) to an event at a similar position on the sky (solid black line) is presented. Also shown are
several predictions by neutrino emission models [216] scaled to a distance of 40 Mpc. Separate curves are displayed
for different components of the emission (prompt and extended (EE)), and observation angles relative to the jet axis.
See [209] for details. Limits and sensitivities are calculated separately for each energy decade, assuming a spectral
fluence F (E) ⌐ E⨼2 in that decade only. All fluences are shown as the per-flavor sum of neutrino and anti-neutrino
fluence, assuming equal fluence in all flavors, as expected for standard neutrino oscillation parameters. Figure
adapted from [209].

IceCube and other neutrino detectors such as ANTARES and the Pierre Auger Ob-
servatory have searched for neutrino emission in a time window of ± 500 s [207–
213]. Starting on November 2016, IceCube began conducting GW-neutrino coincident
searches in near-real time [208, 214, 215]. A successful low-latency search for a high-
energy GW-coincident neutrino counterpart would enable the well-localized neutrinos
to reduce the sky area to be surveyed by electromagnetic telescopes in the follow-up
of a GW observation.

IceCube-Gen2 will be able to probe a range of neutrino production scenarios in gravita-
tional wave sources that IceCube is insensitive to, and provide regular multi-messenger
detections for some of the (more optimistic) emission channels [203, 216]. It will be
particularly interesting to observe ‘gamma-dark’ high-energy transients where gravita-
tional waves and neutrinos are the only messengers to escape (e.g., [204]). In Fig-
ures 21, 22 we show high-energy neutrino observational constraints for the NS-NS
merger GW170817, obtained by IceCube, ANTARES and the Pierre Auger Observa-
tory. We also show the results scaled to IceCube-Gen2’s sensitivity — an improvement
of over an order of magnitude with respect to IceCube. The observation of sources
similar to GW170817 during IceCube-Gen2 operation will enable us to probe a broader
range of models (e.g. the “moderate" model in [202]) and determine the model param-
eters.

34
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IceCube-Gen2:	Cosmogenic	Neutrinos

THE ICECUBE-GEN2 NEUTRINO OBSERVATORY

Figure 28: Sensitivity of IceCube-Gen2 at the highest energies in comparison to models [61, 100, 101], existing
upper limits [60, 348–351], and the 10 year sensitivity of the proposed GRAND array of 200,000 antennas [352].
The uncertainties on the IceCube-Gen2 radio array sensitivity are ±20%, which are uncertainties in the estimated
sensitivity of the array, e.g. due to remaining design decisions. The sensitivity for IceCube-Gen2 includes best
estimates for backgrounds and analysis efficiency, but likely err on the conservative side. All fluxes are shown as
the all-flavor sum assuming equal flux in each flavor.

2.3.4 Cosmogenic neutrinos

At EeV energies all CR are believed to be of extragalactic origin [344]. From CR mea-
surements themselves, we neither know what the accelerators of these UHE cosmic
rays are, nor what maximum energies they can reach. Also, particle composition mea-
surements at the highest energies still leave room for various scenarios [326]. While a
dominance of iron has been excluded, different and changing ratios of protons and in-
termediate mass group particles have been reported above EeV energies, all carrying
the uncertainties due to the hadronic interaction models [345–347]. Limited knowl-
edge about the Galactic and extragalactic magnetic fields that influence the propaga-
tion, further complicates the identification of sources based on CR observations alone.
Detecting neutrinos corresponding to these CR energies will provide complementary
information to resolve these open questions.

Above EeV energies the CR interactions with the cosmic microwave background and
the EBL can produce neutrinos [83]. In addition, unstable atomic nuclei, produced dur-
ing photo-disintegration or photo-pion production of CR, can produce neutrinos when
decaying. All of these neutrinos are referred to as cosmogenic neutrinos. So while this
secondary flux of neutrinos is extremely well motivated, its level depends strongly on
the composition of the CR [353, 354], the cosmic evolution of the sources, the spectral
index of the sources, and their maximum acceleration energy [91, 92, 100]. IceCube
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Neutrino 2026

The Highest Energy Neutrino Ever Detected 

● 1017 eV Neutrino Event seen with KM3Net
● A single UHE event was detected in Summer 2024
● Is this the first hint of cosmogenic neutrinos?                      

(see S. Celli talk tomorrow)

KM3NeT Coll., Nature 2025
KM3NeT Collaboration

4

Slide from A. Vieregg
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Neutrino 2026

Method 1: Radio emission from neutrino interactions in a dielectric

● EM shower in dielectric (ice, sand) → moving 
negative charge excess

● Coherent radio Cherenkov radiation (P ~ E2) if       
λ > Moliere radius, called the Askaryan Effect

Askaryan Effect 
Observed at SLAC, 
PRL 2006

ANITA Coll., PRL (2007)

→ Radio Emission is 
stronger than optical for 
UHE showers

66
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Method 2: Emission (Radio or Optical)  from Tau Neutrino Induced Air Showers 

Neutrino-induced signals:
● Looks like an upward going 

cosmic ray air shower
● Observe from surface, a 

mountain, balloon, or space
(See posters from C. Trimarelli, R. Thong, K. 
Tran, C. Arguelles Delgado, A. Roy)

S. Wissel

Extensive air showers initiated 
by high energy particles hitting 
the atmosphere make 
geomagnetic radio emission

7
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Radio Neutrino Astronomy Across Energy Scales
Ground-based

𝜈 𝜈

Balloon-based

𝒪(1km)

𝒪(40km)

Sensitivity
≳ 100PeV

Sensitivity
≳ 10EeV

Need a huge (~100 km3), radio-
transparent detector: glacial ice

We need different instruments to 
cover the full energy range of 
expected cosmogenic neutrinos, 
above the energy range of 
IceCube and KM3NeT

88
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Best Constraints at the Highest Energies

11

The best sensitivity up to 1019.8 eV is 
currently from IceCube.

Small ground-based in-ice radio 
experiments have provided constraints 
(e.g. ARA, ARIANNA), and a larger array is 
currently under construction (RNO-G).

At the highest energies, the best 
constraints come from a balloon-borne 
experiment (ANITA), and the next-
generation experiment just flew (PUEO)
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The Askaryan Radio Array (ARA)

incoherently

13

• 5 Stations of Ground-Based Radio 
Detectors at the South Pole 

• Most recent instrumentation install was 
2017/18
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New Results This Year: Observation of Askaryan Emission

Observation of Askaryan Emission from Ultrahigh Energy Cosmic Rays in Ice  
• 13 events observed (5.1𝜎 above background)
• Similar event shape, frequency content, the same electric field polarity, and 

match simulations (signal shape as well as expected event rates) well.

Why is this important? 
• First validation of Askaryan emission models and dense shower physics at 

these energies
• Calibration and validation of neutrino sensitivity for Askaryan detectors

15

ARA Coll.  PRL 136, 151003 

15
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New Results This Year: New Constraints on Diffuse Flux

New Constraints on the UHE Diffuse Neutrino 
Flux (Unblinded Last Month!)
• Analyzed 10 Years of ARA Data from all 5 ARA 

stations: 2013-2023
• Best sensitivity to date above 1019.5 eV
• Background estimate across 10 years and 5 

stations is: 0.13 +/- 0.01
• Unblinding: 1 event observed (further 

inspection of the event indicates it is likely to be 
background from the detector itself)

See poster from M. Seikh!

1616
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Radio Neutrino Observatory in Greenland (RNO-G)
● RNO-G is currently being installed at Summit Station 

in Greenland (first hardware deployed in 2021).

● RNO-G is designed to be scalable to even larger 
arrays (IceCube-Gen2 Radio Array)

17

See Poster from A. Nozdrina
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PUEO: The Payload for Ultrahigh Energy Observations
PUEO Neutrino Sensitivity Projections
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IceCube 2025

Auger 2019

ANITA I-IV LimitANITA I-IV SES

PUEO (30d SES)
PUEO (100d SES)

KM3Net2025

IceCube flux
Target astrophysical models
FSRQ (Righi20)
Pulsars (Fang14)
Blazars (Rodrigues20)
GRB blast-wave (Razzaque15)

Target cosmogenic models
Allowed by local UHECR
TA best-fit (m=3)
Non-local protons

maxNon-local protons, high E
trans-GZK recovery

22

See Posters from R. Scrandis and T. Coakley
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Launch: December 20, 2025
23 Day Flight
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GRAND: Giant Radio Array for Neutrino Detection

30

30

GRAND Coll. ICRC 2025
GRAND Coll. Moriond 2025 (Ferrière, Guelfand, Lavoisier)

GRANDProto300 GRAND@Auger

Full GRAND: 200,000 antennas, on a 
plateau, looking for skimming air showers 
induced by tau neutrino interactions in the 
Earth
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BEACON: The Beamforming Elevated Array for Cosmic Neutrinos

31

31

Concept: 𝓞(1000) antennas, in beamforming stations on high mountaintops, 
designed to detect the radio emission of upgoing air showers created by earth-

skimming 𝜈𝜏.  Being on a mountain helps.

S. Wissel et al. JCAP11(2020)065, D. Southall et al NIM-A 2022 

Cosmic-ray 
candidates
event 
identified with 
prototype
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HERON: Hybrid Elevated Radio Observatory for Neutrinos

32

32

HERON=BEACON+GRAND
• 24 compact beamforming stations, of 24 antennas each, 

are embedded within a large sparse array of 360 
standalone antennas

• Elevated 1-2 km above a valley floor
• Each beamforming station triggers the 15 nearest 

standalone antennas
• Sparse array provides offline event reconstruction and 

background rejection, and a separate veto trigger. 

Site: San Juan Province, Argentina.

Full construction (936 antennas) was funded recently by an 
ERC grant; plan is to construct and calibrate the full array in 
the coming 5 years.
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