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The initial atmospheric neutrino flux
The conventional atmospheric neutrino (muon) flux originates from
the decay of fi± and K± in the atmosphere.

[Honda et al., Phys.Rev.D75:043006 (2007)]

[Louis et al., Los Alamos Science Number 25 (1997)]

Cosmic rays interacting in 
the atmosphere producing 
charged and neutral 
mesons
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Cosmic rays interacting in 
the atmosphere producing 
charged and neutral 
mesons

See talk by  

Spencer Axani on Friday 9 am
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Cosmic rays interacting in 
the atmosphere producing 
charged and neutral 
mesons

Astrophysical beam dumps
high-energy cosmic rays interacting 
with gas or radiation

See talk by  

Spencer Axani on Friday 9 am
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Cosmic rays interacting in 
the atmosphere producing 
charged and neutral 
mesons

Astrophysical beam dumps
high-energy cosmic rays interacting 
with gas or radiation

Ultra-high-energy cosmic 
rays interacting with the 
Cosmic Microwave 
Background

May 11, 2008 to May 11, 2015, uses 23,854 events above 1018.2 eV with zenith angles
from 0 to 45°, and it is calculated using methods described in [3].

(E/eV)
10

log
17 17.5 18 18.5 19 19.5 20 20.5

 ]
-1

 s
-1

 s
r

-2
 m2

 J
(E

) [
 e

V
3 E

2410

TA SD Full Sky (ICRC 2015)
Auger SD ICRC 2017, E rescaled by +11%
HiRes-I (2008)
HiRes-II (2008)

Figure 1: Energy spectra measured by the TA SD [13], Auger [5], and HiRes [8] experiments using
their standard techniques. Auger energy has been increased by 11% to match the energy scale of
TA SD and HiRes in the ankle region.

These spectra show two outstanding features, good agreement in the ankle region
and below, and the disagreement in the position of the high energy cuto↵. These
spectra were made by integrating over the northern sky by the TA and HiRes col-
laborations, and the southern sky by the Pierre Auger collaboration. As a result of
this partial agreement and partial disagreement, suggestions have been made that
the spectrum might be di↵erent in the two parts of the sky.

In order to understand the di↵erence in cuto↵ energies, a working group was
formed, under the auspices of the UHECR2016 Workshop, by the TA and Auger
collaborations. Similar working groups for the 2012 and 2014 UHECR Workshops
had addressed other spectral questions, such as the energy scale di↵erence of the
two experiments. The 2016 working group concentrated on measuring the spectrum
of both experiments in the part of the sky seen by both experiments, declinations
between �15.7° and +24.8°, called the common declination band. Looking in the
common region of the sky, one would expect the two experiments should get the same
answer. The short answer is that, in the common declination band, the cuto↵ energies
agree within uncertainties. While the change in the Auger spectrum is minimal, the
energy of the cuto↵ in the TA spectrum is lower by a significant amount. The change

4

See talk by  

Spencer Axani on Friday 9 am
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~1 event / km3 yr is expected
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Neutrino	Astronomy
‣ Soon after discovery it was realized neutrinos are ideal cosmic messengers.

‣ Neutrinos: 
✓ Hardly interact → unabsorbed 
✓ Neutral → point back to their sources  
✓ Smoking gun of the CR sources 
✓ Exclusive messenger for 10 TeV - 10 EeV

Low statistics and large background, main 
challenges for neutrino astronomy.

Accelerated CRs 
interact with gas or 
radiation in the beam 
dump and produce 
charged and neutral 
pions.
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• lattice of photomultipliers

neutrino

charged secondary 
particles produced 

as the neutrino 
interacts with a nucleus

High-energy charged 
particles, traveling faster than 
light in ice or water, produce 
Cherenkov light in the ice. 
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Event	Morphologies

8

Event topologiesHow is the Flavor Determined Experimentally? 

10

There is no event-wise particle identification … 
Tracks Cascades Double Cascades

νβ + N ⊕ β + X νe + N ⊕ e + X να + N ⊕ α + X

νx + N ⊕ νx + X

 να → PeVmain contribution

Tracks

8

Event topologies

8

Event topologies

Cascades Double Cascades

Good (0.2–1 degree) 
angular resolution 

Factor of two muon 
energy resolution

Good (15%) energy 
resolution 

 
 > 4 degrees 

angular resolution

Resolvable at high 
energies 

High purity (i.e., 
astrophysicalness)
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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
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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

See poster by  

Aswathi Balagopal

30 TeV
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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 𝜋 decay. 

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

See poster by  

Aswathi Balagopal

‣ 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 𝜋 decay. 

‣ 1st time all flavors are nonzero at 68% C.L
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Tau	Neutrinos
‣  Identified through double cascade signature 

‣  2 candidates in 7.5 years of High Energy 
Starting Events (HESE) ➛ 2.8   

‣  7 candidates in 10 years of data selected for 
high-Q strings via machine learning ➛ 5  

‣  9 candidates in 11.4 years of MESE (70% purity)
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Fig. 4 Double-cascade event #2 (2014). The reconstructed
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IceCube Eur. Phys. J. 2022



Ali Kheirandish (UNLV) 11

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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van Vliet 2019
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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	
Image Credit: NASA, ESA
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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

Image Credit: NASA, ESA
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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

Image Credit: NASA, ESA
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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
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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).
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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).
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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).
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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).
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Figure 11. High-resolution scan and likelihood contours around the location of NGC7469, a type I Seyfert galaxy found to be
the most significant source in the list of 47 X-ray bright AGN. Similarly to the right panel of Figure 2, the white cross represents
the best-fit location, the solid (dashed) line represents the 68% (95%) uncertainty contour of the excess, and the orange dot and
circle represent, respectively, the source location and its optical size (obtained from the NASA/IPAC Extragalactic Database).

68% and 95% central intervals of such a histogram. The flux intervals, instead, are computed assuming Wilks’ theorem,
which has been validated on Monte Carlo simulations. As already noted in subsection 4.2, this analysis reports a softer
spectrum compared to the previous result (from ω̂ = 3.2 to ω̂ = 3.4) and a shift in the energy range towards lower
energies. Despite the large overlap in the events contributing to NGC1068’s neutrino excess in the two analyses, the
new events are characterized by lower energies with respect to the ones driving the excess in Abbasi et al. (2022a),
causing the observed change in energy range and best-fit spectral index. Nevertheless, the newly measured energy
spectrum remains compatible with that of Abbasi et al. (2022a) within the 95% contours.

The search for neutrino emission from the list of 47 X-ray bright, non-blazar AGN, instead, found NGC 7469 as the
most significant, with 2.4ε after the trial correction. The likelihood fit for this source returned a very hard spectral
index of ω̂ = 1.9 and a mean number of signal events of n̂s = 5.5. As shown in Figure 11, the likelihood scan in the
vicinity of the source reveals that the best-fit position is well compatible with the cataloged coordinates. At the same
time, the energy spectrum of this source, as opposed to NGC 1068, spans energies of the order of 10 to 100 TeV (see
Figure 5). In fact, in this case, the neutrino excess is driven by only two very high-energy (Eω > 100 TeV) neutrino
alert events (see also Sommani et al. 2025).

The emergence of a source with a markedly di!erent spectrum than the well-known soft-spectrum source NGC 1068
demonstrates the flexibility of the likelihood method. The custom core-corona model, which was also tested in this
context, peaks at ↭ 10 TeV with a sharp cuto! at higher energies (Abbasi et al. 2025a). By construction, it penalizes
any high-energy emission from the target source, as the right panel of Figure 12 shows. Figure 13 shows how the
test statistic depends on the events with the highest signal-over-background (S/B) ratio. For NGC 1068, removing
the most significant events one by one leads to a gradual reduction in the test statistic, which eventually reaches
zero. In contrast, for NGC 7469, the test statistic drops to zero immediately after removing the two most significant
events. This highlights the ability of the analysis to recover signals in both scenarios: a steady accumulation of many
low-energy events from a soft-spectrum source like NGC1068, and a few high-energy events from a hard-spectrum
source like NGC 7469. The starkly di!erent behavior of these two sources also suggests that not all X-ray bright AGN
share the same cosmic-ray acceleration and/or neutrino production mechanisms.

C.3.2. Candidate source lists

Unlike the all-sky searches and the binomial tests, the catalog search on the list of 110 gamma-ray emitters was
performed only under the assumption of a floating spectral index. The global significance is computed analytically,
using the well-known Šidák correction (Šidák 1967): ppost = 1 → (1 → plocal)N , where N , in this case, is 110, i.e.,
the number of tested sources. No correlation between tests is included in the global significance calculation, since all
sources are su”ciently spatially separated to be treated as independent.
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Figure 3. Top row: A scan of the sky around the region of the two most significant source positions (a) NGC 1068 and (b)
NGC 4151. The white cross shows the best-fit position and the red star shows the source position cataloged in BASS. The solid
and the dashed contours show the 68% and 95% CL region around the sources, respectively. Bottom row: Distribution of the
reconstructed direction of the events as a function of the square of the angular distances from the source for (c) NGC 1068 and
(d) NGC 4151. The best-fit astrophysical neutrino signal, the background and their total are shown in purple, orange and grey,
respectively. They are obtained using Monte Carlo simulations. The neutrino event data points are shown in black with error
bars.

ones is required. The contribution of neutrinos from NGC 1068 and NGC 4151 towards the diffuse flux at 15 TeV325

energy is 0.99%. Considering NGC 1068 and NGC 4151 make a class of sources and a direct relation between the hard326

X-ray and neutrino flux, we find they contribute 0.11% of the total neutrino flux at a spectral index � = 3.0 after327

correcting for catalog completeness. Despite the bias from a sample of only two nearby AGN, this suggests underlying328

physical parameters besides hard-Xray flux may drive neutrino emission. The flux from obscured sources, especially329

Compton-thick AGN have high uncertainties as it is challenging to observe the emission from the core. In conclusion,330

there is growing evidence that points to Seyferts as neutrino emitters, and better flux measurements of AGN especially331

for Compton-thick AGN, and neutrino fluxes with higher sensitivity will prove important to the discovery of sources332

of high-energy neutrinos.333
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Figure 5. Best-fit neutrino all-flavor fluxes with their 1ω uncertainty and constrained in the 95% C.L. energy range of the top
4 sources in the list of X-ray bright AGN. The yellow band represents the most recent measurement of the di!use astrophysical
neutrino flux. The energy range is constrained at the 90% C.L., while the flux normalization is shown with a 68% C.L. (Abbasi
et al. 2025).

of neutrino emission. In Figure 5, we show the best-fit spectra for the four most significant X-ray bright AGN.
Interestingly, the energy ranges of the contributing events vary across sources: NGC7469’s excess is dominated by
two > 100TeV events, while NGC 1068’s spectrum has shifted to lower energies, now constrained between 0.2 and
20.6 TeV at 95% C.L. (see Appendix C for more details on the energy range calculation), though still consistent with
previous measurements.

The reduced significance of the NGC1068 signal – despite the increased statistics – could result from statistical
fluctuations, spectral variability, or limitations of the assumed power-law model. An alternative explanation may
be time variability (Dave & Taboada 2023), which was not tested in this work due to the focus on steady emission
scenarios. Future time-dependent studies will be essential to explore this possibility. Improved spectral constraints,
particularly below 100GeV, will also be crucial for future observations.

Taken together, our findings suggest that X-ray bright AGN are promising contributors to the observed di!use
extragalactic neutrino flux. This builds on a growing body of independent results: a 2.7ω binomial excess from
NGC 4151 and CGCG 420-015 (Abbasi et al. 2025a), a 2.9ω excess from NGC 4151 in a hard X-ray AGN study (Abbasi
et al. 2025b), and a 3.0ω signal from a stacking analysis of 14 Seyfert galaxies in the southern sky (Yu et al. 2025).
While current significance levels remain marginal, the emerging picture points to a new class of potential neutrino
sources: X-ray bright AGN. These results yield growing support for theoretical models of neutrino production in the
coronal regions surrounding SMBHs. At the same time, the very high-energy events associated with NGC 7469 cannot
be accommodated by the custom core-corona model (Kheirandish et al. 2021) tested in Abbasi et al. (2025a) and in
this work (see Appendix C). This suggests that X-ray bright AGN may not all share the same cosmic-ray acceleration
or neutrino production conditions, and that further measurements will be essential. Future data from IceCube and
next-generation detectors (Adrián-Mart́ınez et al. 2016; Aartsen et al. 2021; Agostini et al. 2020), combined with
multi-wavelength observations, will be critical to confirm this connection and further unravel the components of the
di!use astrophysical neutrino flux.
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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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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,

See poster by  
Qinrui Liu
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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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 [IceCube, Science 380 (2023) 6652; see also IceCube, PoS (ICRC2025) 1130 & 1193]

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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KM3-230213A	Archival	Follow	Up
‣ Searching for transient and steady 

emission from the direction of 
KM3-230213A using ~15 years of tracks 
and 12 years of cascade data 

‣ Three analyses:  

‣ Prompt search with expanding 
time-window 

‣ Rolling flare 

‣ Realtime monitoring 

‣ No significant excess identified. 

‣ constraining the hypothesis of a 
source counterpart with 
emission extended to lower 
energies, especially prompt 
short duration emission
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Indirect	Dark	Matter	Search 13

FIG. 9. Sensitivity and upper limits on the thermally-averaged cross-section for the ωeωe channel (left) and ε ε̄ channel (right)
compared to previous IceCube results [23, 28, 29], as well as Super-Kamiokande [24], ANTARES [25], and the gamma-ray
telescopes HESS [62], Fermi-LAT and MAGIC [63]. The dashed-black line shows the median sensitivity while the green and
yellow represent 1 and 2 ϑ containment bands of the statistical fluctuation assuming background-only hypothesis. The dotted
grey line is the cross-section required to produce the observed relic abundance from thermal freeze-out computed in [58].

FIG. 10. Sensitivity and lower limits on the DM lifetime for the ωeωe channel (left) and ε ε̄ channel (right) compared to previous
IceCube results [23, 30, 31], and the gamma-ray telescopes HAWC [64] and Fermi-LAT [65]. The dashed black line shows the
median sensitivity while the green and yellow represent 1 and 2 ϑ containment bands of the statistical fluctuation assuming
background-only hypothesis.

13

FIG. 9. Sensitivity and upper limits on the thermally-averaged cross-section for the ωeωe channel (left) and ε ε̄ channel (right)
compared to previous IceCube results [23, 28, 29], as well as Super-Kamiokande [24], ANTARES [25], and the gamma-ray
telescopes HESS [62], Fermi-LAT and MAGIC [63]. The dashed-black line shows the median sensitivity while the green and
yellow represent 1 and 2 ϑ containment bands of the statistical fluctuation assuming background-only hypothesis. The dotted
grey line is the cross-section required to produce the observed relic abundance from thermal freeze-out computed in [58].

FIG. 10. Sensitivity and lower limits on the DM lifetime for the ωeωe channel (left) and ε ε̄ channel (right) compared to previous
IceCube results [23, 30, 31], and the gamma-ray telescopes HAWC [64] and Fermi-LAT [65]. The dashed black line shows the
median sensitivity while the green and yellow represent 1 and 2 ϑ containment bands of the statistical fluctuation assuming
background-only hypothesis.

‣ Constraining GeV scale dark matter decay or annihilation from the 
Galactic center

IceCube, PRD 2026
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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
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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
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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



Ali Kheirandish (UNLV) 21

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
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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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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].
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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-
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ratio measurements (see Section 2.2.6) of the diffuse flux will support the study of the
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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.
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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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IceCube-Upgrade
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IceCube-Upgrade The Future
Lower Energies

• Seven new in-filled strings 


• Better efficiency and reconstruction at 
low energies


• Improved calibration of ice, reduced 
systematic uncertainties 

- Improved angular and energy 

reconstructions at all energies.  

• Goals:

- Precision measurement of atmospheric 

neutrino oscillations.  
- Re-processing of TeV data.  

• Delayed due to Covid-19: deployment 
in 2025/26 season. 
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IceCube-Upgrade
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IceCube-Upgrade
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Figure 8: Sensitivity to Solar DM annihilation: DM-proton scattering ωωp with
three years of data. These projected limits of the IceCube Upgrade extend IceCube’s
limits to 3.7GeV, o!ering complementarity to the lowest masses probed by direct detection
experiments. Furthermore, the IceCube Upgrade is expected to produce leading limits on
DM-proton scattering cross sections below O(100 GeV). The prospective limits from the
IceCube Upgrade are compared to limits from Ref. [31, 92, 93].

achieves an order of magnitude improvement. In the case of neutrino line channels, the
projected sensitivities reach within a factor of a few of the thermal relic annihilation cross
section on the order of →10→25 cm3s→1, establishing competitive constraints in the mass range
between 3GeV and 500 GeV.

6 Conclusion

We have presented a comprehensive sensitivity study for DM annihilation searches using the
IceCube Upgrade, targeting both the solar core and the GC as primary sources. Our analysis
employs a binned Poisson likelihood framework, leveraging MC simulations to construct
signal and background templates across multiple observables, including reconstructed energy,
angular separation, and track score.

For the GC, our projections demonstrate that the IceCube Upgrade will achieve sen-
sitivities to the thermally averaged DM annihilation cross section comparable to, and in
several mass ranges exceeding, the most stringent existing limits with three years of data.
Since this analysis is not background free, the sensitivity evolves proportionally to t

1
2 , where

t is the livetime. Notably, for DM masses below 20 GeV and for neutrino line final states, the
Upgrade is expected to improve exclusion limits by up to an order of magnitude, establishing
leading sensitivity in this mass window.

In the solar analysis, the IceCube Upgrade will substantially extend the experiment’s
sensitivity to lower DM masses, achieving constraints on the DM-proton scattering cross
section down to 3.7 GeV. These projected limits o!er complementarity to the lowest masses
currently probed by direct detection experiments. For annihilation to both hadronic and

– 13 –
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FIG. 8. Projected 90% C.L. sensitivity (solid) and 5ω discovery potential (dashed) as a function of source declination for various
spectral indices. At spectral indices of ε = 3.2 and ε = 3.4 the best fit flux from [24, 26] are plotted in black for comparison.

B. Steady-State Sources722

For time-independent searches, detector data accumu-723

lates over years of operation. We examine two bench-724

mark cases: the point source NGC 1068 and the dif-725

fuse emission from the GP. These sources represent dis-726

tinct physics cases: NGC 1068 is a soft-spectrum source727

(ω → 3.2 ↑ 3.4) [24, 26], while the GP is expected to728

have a harder cosmic-ray-induced spectrum (ω → 2.5 ↑729

2.7) [30, 72]. This contrast allows us to probe the energy-730

dependent performance of IceCube Upgrade. While these731

sources have been observed with high-energy neutrino732

datasets at TeV energies, IceCube Upgrade provides an733

opportunity to probe their emission at GeV-scale ener-734

gies.735

The performance for point sources is summarized736

in Figure 8, which shows the sensitivity as a function737

of declination across di!erent spectral indices. A clear738

trend emerges: IceCube Upgrade’s improvement over739

the existing detector is most pronounced for soft spectra740

(ω ↭ 3.0). In the northern sky (sin(ε) > 0), where the741

Earth provides a natural shield from atmospheric muons,742

IceCube Upgrade’s lower energy threshold improves sen-743

sitivity to the soft signal tail. Conversely, in the south-744

ern sky (sin(ε) < 0), improvements are achieved even745

for harder spectra despite the high atmospheric muon746

background. This enhancement is attributed to superior747

event reconstruction and more e!ective vetoing of the748

atmospheric muon background, enabled by IceCube Up-749

grade’s denser instrumentation and the multi-PMT mod-750

ules. This southern sky enhancement is particularly valu-751

able for searches for Galactic neutrino sources, such as su-752

pernova remnants or pulsar wind nebulae, as the bulk of753

the Galaxy is located in the southern hemisphere. It also754

benefits searches for extragalactic sources similar to NGC755

1068 that are located in the south (e.g. Circinus Galaxy,756

NGC 7582, and ESO 138-1 as investigated in [73]). For757

a source near the celestial equator, such as NGC 1068,758

the sensitivity gain for its observed ω = 3.4 spectrum is759

evident, however, it becomes even more substantial for760

softer spectra.761

The temporal evolution of the sensitivity for both NGC762

1068 and the GP is shown side-by-side in Figure 9. For763

NGC 1068, the inclusion of Upgrade data results in a764

visibly steeper slope compared to the scenario without765

IceCube Upgrade, yielding a relative sensitivity improve-766

ment of approximately 7.2 % per year for an E→3.4 spec-767

trum (reaching ↓ 31.5 % after 4 years). While modest768

compared to the transient case, this annual gain leads769

to an enhancement that accumulates over the livetime of770

the experiment. A similar accumulating advantage is ob-771

served for the GP using the ϑ0 template [30], assuming772

an E→2.7 spectrum, where the IceCube Upgrade scenario773

achieves a ↓ 30 % relative gain after 4 years. The fluc-774

tuations observed in the GP projection result from the775

extrapolation method described in Section IVB.776

It is critical to note that the projections in this sec-777

tion are conservative with respect to the simulated energy778

range. The IC93 dataset used here is strictly limited to779

events with Etrue ↔ 500 GeV, whereas the without Up-780

grade scenario uses only the GRECO dataset, which ex-781

tends to ↓ 10 TeV. Consequently, the IceCube Upgrade782

curves e!ectively discard all contributions from events783

with E > 500 GeV past May 2026 that would still be784

detected—and better reconstructed—by the new instru-785

mentation in reality. For soft sources like NGC 1068,786

this truncation has a minor impact (12.2 % annual im-787

provement vs 7.2 %). For harder sources like the GP,788

the sensitivity is typically driven by the high-energy tail.789

When the cascades dataset (500 GeV–5 PeV), originally790

used for the observation of the GP as a neutrino source,791

is added to the GP analysis (not shown), the relative ad-792

vantage of the low-energy IceCube Upgrade data dimin-793

ishes if one strictly assumes a single, unbroken power law.794

However, the inclusion of higher-statistic, low-energy Up-795

grade data is critical for determining how far the hard796

power law extends. While high-energy events drive the797

discovery potential for a standard power law, IceCube798

Upgrade’s low-energy threshold will play a decisive role799

in testing and constraining more complex emission mod-800

els, such as broken power laws or spectral turnovers.801
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FIG. 9. Temporal evolution of the projected sensitivity for the without Upgrade (blue) and with Upgrade (red) scenarios. (left)
The point source NGC 1068 (ω = 3.4) compared to the best-fit flux from [26]. (right) The di!use emission from the GP using
the ε0 template (ω = 2.7).

FIG. 10. Sensitivity from direction of NGC 1068 at spectral
index of 3.4 for both datasets across di!erent time windows.
The event cuts for the NGC 1068 analysis described in Sec-
tion IV B are used. An increase corresponds to a transition
from a background-free regime to a background-dominated
regime.

Although hard-spectrum searches are primarily driven802

by the main IceCube optical array’s sensitivity to high-803

energy events, IceCube Upgrade still delivers quantifiable804

sensitivity gains, complementing its specialized enhance-805

ments for soft spectra and low-energy phenomena.806

The moderate gains of → 30% for these steady-state807

sources stand in sharp contrast to the order-of-magnitude808

improvements seen in the transient analysis. This di!er-809

ence is purely driven by the background accumulation810

over the long 19-year livetime. We visualize this transi-811

FIG. 11. Comparison of projected Upgrade sensitivities (red)
compared to the existing detector (blue) with published best-
fit fluxes for NGC 1068 (black) [26] and the GP (ε0 template,
orange) [25]. The GP flux is spatially integrated over the
entire ε0 template. The sensitivity values correspond to the
performance after four years of IceCube Upgrade operation
from Figure 9, plotted as power laws over the sensitive en-
ergy range (central 90 % range in true neutrino energy) of the
respective dataset configurations.

tion in Figure 10, which shows a time-dependent anal-812

ysis with the event cuts used in the steady-state NGC813

1068 analysis, for the soft spectrum (ω = 3.4) at ε = 0→.814

This di!ers from the generic transient search presented815

in Figure 4, which shows the sky-averaged performance816

for a source with ω = 2, without additional event cuts817

and binned for low energies only. For short durations818

‣ Expected improvements for astrophysical searches

‣ Neutrino 
Sources

‣ GeV Transients ‣ WIMP
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Summary	&	Outlook

‣ After a decade of observation, signs of anisotropy have emerged in 
IceCube data. 

‣ Early indications points to obscured AGN as primary source of extragalactic 
high-energy cosmic neutrino flux. 

‣ Evidence for features in the cosmic neutrino spectrum brings information 
about their nature and production mechanism. 

‣ Observation of neutrinos from the Milky Way shows hadronic origin of 𝛾-ray 

emission and offers new multimessenger opportunities at TeV energies. 

‣ Identifying of the origin of HE cosmic neutrinos provides new opportunities 
in understanding dark matter and physics beyond the Standard Model. 

‣ IceCube-Upgrade is complete and offers a better systematics for the 
detector.
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A Decade of  
HE Neutrino Astrophysics with IceCube 
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The IceCube Collaboration 
Uppsala University, May 2025
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Point	Source	Searches

Juan A. Aguilar - Université de GenèveParis, 2013

Search for Point Sources of Emission

16

• Neutrinos are not deviated by magnetic fields.
• Scattering due to ν-μ kinematics and detector Point Spread Function.
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Ingredients:

• Neutrinos are not deviated by magnetic fields.
• Scattering due to ν-μ kinematics and detector Point Spread Function.

clustering
‣ Untriggered search 
in space & time

source search

‣ Triggered search 
for pre-identified 
locations 

Stacking Search ‣ Search for collective neutrino emission 
from a catalog/class of sources

+ !Realtime analysis and Neutrino alerts!
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The	Neutrino	𝛾-ray	Connection
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Supermassive 
black hole

Accretion disk

Ultrahot gas

Credit: NASA/JPL-Caltech

NGC 1068 and the obscured core

~107 solar masses

Lbol ~1045 erg/s 

L2-10 keV ~1043-44 erg/s 
L ~1042 erg/s

~14 Mpc
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Northern	Seyferts	Results
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Neutrinos	from	Bright	Seyferts	in	Northern	Sky	

‣ Selecting sources based on the intrinsic X-ray flux (as a proxy for neutrino 
production) 

‣ Catalog search finds excess in the direction of 2 sources in addition to NGC 1068 

‣ Binomial p-value study finds CGCC 420-15 and NGC 4151 at 2.7σ (Posterior p-
value with NGC 1068 yields 4σ)

IceCube ApJ 2025
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NGC	4151
9

NGC 1068 NGC 4151

(a) (b)

(c) (d)

Figure 3. Top row: A scan of the sky around the region of the two most significant source positions (a) NGC 1068 and (b)
NGC 4151. The white cross shows the best-fit position and the red star shows the source position cataloged in BASS. The solid
and the dashed contours show the 68% and 95% CL region around the sources, respectively. Bottom row: Distribution of the
reconstructed direction of the events as a function of the square of the angular distances from the source for (c) NGC 1068 and
(d) NGC 4151. The best-fit astrophysical neutrino signal, the background and their total are shown in purple, orange and grey,
respectively. They are obtained using Monte Carlo simulations. The neutrino event data points are shown in black with error
bars.

ones is required. The contribution of neutrinos from NGC 1068 and NGC 4151 towards the diffuse flux at 15 TeV325

energy is 0.99%. Considering NGC 1068 and NGC 4151 make a class of sources and a direct relation between the hard326
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‣ NGC 4151 appears at 2.9𝜎 (global significance)  

‣ The second most significant steady source in IceCube

IceCube ApJ 2025
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Neutrinos	from	Seyferts	in	Southern	Sky

•  Best p-value for the source in 
the Southern sky:  

‣ Circinus Galaxy  
‣ 3.6 neutrino events at 2.8𝜎 local 

significance (1.8𝜎 post trial)

• Stacking analysis:  

‣6.7 events at 3𝜎

• 2 additional sources with excess:  
‣ ESO 138-1 
‣ NGC 7582.

‣ The majority of bright nearby Seyfert galaxies are in the Southern Hemisphere 

‣ IceCube has sufficient sensitivity with Enhanced Starting Events to search for 
emission from prominent sources in the Southern Hemisphere.

Updated plots

10

no noticeable change to plots

(model expectation is lower than the original 
value due to the factor of 2 reduction in ESTES 
MC astro weights -  presented on June 26)

IceCube ApJL 2025
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Extend	Northern	Sky	Search
‣ Tested 47 bright seyfert 

galaxies in the Northern 
Hemisphere 

‣ 11 sources are found in the 
binomial p-value test at 
3.3𝜎 (excluding NGC 1068)
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Hidden	Cores	of	AGN
‣ Being obscured to GeV 𝛾-rays restricts the size of emission region in AGN. 

‣ For 𝛾-rays in Fermi range, the optical depth is

‣ Considering the EM Cascade: 

 R < (10-30) RS 

‣ Efficient photohadronic 

neutrino production requires  

R < (30-100) RS

Murase ApJL 2022
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Medium-Energy	Excess	in	Neutrino	Flux
‣ Different slopes hint at structure 

in the flux of high-energy cosmic 
neutrinos. 

‣ The magnitude of the flux at ~10 
TeV energies is found to be 
higher than the flux at >100 TeV 
energies.  

‣ Multimessenger connection 
dictates extragalactic sources of 
the high-energy neutrino flux at 
medium-energies to be obscured 
to GeV 𝛾-rays. [Murase+ 2015, 
Fang+ 2022] 

‣ Core of AGN can meet these 
conditions.

Murase+2015
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Emerging	X-ray	-	Neutrino	Connection
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The	source	of	Galactic	neutrinos?

Markus Ahlers (NBI) Galactic Neutrino Emission

Highlights from 2019

15

Template and Catalog Searches

 [IceCube Science 380 (2023)]
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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post-trial p-value    template search:  
4.5σ

[IceCube, Science 2023]

The nature of the Galactic HE neutrino emission is yet to be 
understood. 

Catalog searches significance is consistent with the template 
searches. 
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Unfolded	Muon	Neutrino	Flux
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TXS	0506+056
Multi-Messenger Observations of TXS 0506+056

58019], ~4 hours after the circulation of the neu-
trino alert. A 1-hour follow-up observation of the
neutrino alert under partial cloud coverage was
performed using the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) g-ray
telescope array (33), located in Arizona, USA, later
on the same day, ~12 hours after the IceCube
detection. Both telescopes made additional obser-
vations on subsequent nights, but neither detected
g-ray emission from the source [see Fig. 3 and
(25)]. Upper limits at 95% CL on the g-ray flux
were derived accordingly (assuming the mea-
sured spectrum, see below): 7:5! 10"12 cm"2 s"1

during the H.E.S.S. observation period and 1:2!
10"11 cm"2 s"1 during the VERITAS observations,
both for energies E >175 GeV.
The Major Atmospheric Gamma Imaging

Cherenkov (MAGIC) Telescopes (34) observed
TXS 0506+056 for 2 hours on 24 September 2017
(MJD 58020) under nonoptimal weather con-
ditions and then for a period of 13 hours from
28 September to 4 October 2017 (MJD 58024–
58030) under good conditions. MAGIC consists
of two 17-m telescopes, located at the Roque de
los Muchachos Observatory on the Canary
Island of La Palma (Spain).
No g-ray emission from TXS 0506+056 was

detected in the initial MAGIC observations on
24 September 2017, and an upper limit was derived
on the flux above 90 GeV of 3:6! 10"11 cm"2 s"1

at 95% CL (assuming a spectrumdN=dEºE"3:9).
However, prompted by the Fermi-LAT detection
of enhanced g-ray emission, MAGIC performed
another 13 hours of observations of the region
starting 28 September 2017. Integrating the data,
MAGIC detected a significant very-high-energy
(VHE) g-ray signal (35) corresponding to 374 ±
62 excess photons, with observed energies up to
about 400 GeV. This represents a 6.2s excess over
expected background levels (25). The day-by-day
light curve of TXS 0506+056 for energies above
90 GeV is shown in Fig. 3. The probability that a
constant flux is consistent with the data is less
than 1.35%. The measured differential photon
spectrum (Fig. 4) can be described over the energy
range of 80 to 400 GeV by a simple power law,
dN=dEºEg, with a spectral index g="3:9 T 0.4
and a flux normalization of (2.0 T 0.4) ! 10"10

TeV"1 cm"2 s"1 atE = 130 GeV. Uncertainties are
statistical only. The estimated systematic uncer-
tainties are <15% in the energy scale, 11 to 18% in
the flux normalization, and ±0.15 for the power-
law slope of the energy spectrum (34). Further
observations after 4 October 2017 were prevented
by the full Moon.
An upper limit to the redshift of TXS 0506+056

can be inferred from VHE g-ray observations
using limits on the attenuation of the VHE flux
due to interaction with the EBL. Details on the
method are available in (25). The obtained upper

limit ranges from 0.61 to 0.98 at a 95% CL, de-
pending on the EBL model used. These upper
limits are consistent with the measured redshift
of z ¼ 0:3365 (28).
No g-ray source above 1 TeV at the location of

TXS 0506+056 was found in survey data of the
High Altitude Water Cherenkov (HAWC) g-ray
observatory (36), either close to the time of the
neutrino alert or in archival data taken since
November 2014 (25).
VHE g-ray observations are shown in Figs. 3

and 4. All measurements are consistent with the
observed flux from MAGIC, considering the dif-
ferences in exposure, energy range, and obser-
vation periods.

Radio, optical, and x-ray observations

The Karl G. Jansky Very Large Array (VLA) (37)
observed TXS 0506+056 starting 2 weeks after
the alert in several radio bands from 2 to 12 GHz
(38), detecting significant radio flux variability
and some spectral variability of this source. The
source is also in the long-term blazar monitoring
program of the Owens Valley Radio Observatory
(OVRO) 40-m telescope at 15 GHz (39). The light
curve shows a gradual increase in radio emission
during the 18months preceding the neutrino alert.
Optical observations were performed by

the All-Sky Automated Survey for Supernovae
(ASAS-SN) (40), the Liverpool Telescope (41), the
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Fig. 4. Broadband spectral
energy distribution for the blazar
TXS 0506+056. The SED is
based on observations obtained
within 14 days of the detection of
the IceCube-170922A event. The
E2dN=dE vertical axis is equivalent
to a nFn scale. Contributions are
provided by the following
instruments: VLA (38), OVRO
(39), Kanata Hiroshima Optical
and Near-InfraRed camera
(HONIR) (52), Kiso, and the Kiso
Wide Field Camera (KWFC) (43),
Southeastern Association for
Research in Astronomy Observa-
tory (SARA/UA) (53), ASAS-SN
(54), Swift Ultraviolet and Optical
Telescope (UVOT) and XRT (55),
NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16),
MAGIC (35),VERITAS (59), H.E.S.S.
(60), and HAWC (61). Specific
observation dates and times are
provided in (25). Differential flux
upper limits (shown as colored
bands and indicated as “UL” in the legend) are quoted at the 95% CL,
while markers indicate significant detections. Archival observations are
shown in gray to illustrate the historical flux level of the blazar in the
radio-to-keV range as retrieved from the ASDC SED Builder (62), and in the
g-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The g-ray observations have not been
corrected for absorption owing to the EBL. SARA/UA, ASAS-SN, and
Kiso/KWFC observations have not been corrected for Galactic attenua-
tion. The electromagnetic SED displays a double-bump structure, one

peaking in the optical-ultraviolet range and the second one in the GeV
range, which is characteristic of the nonthermal emission from blazars.
Even within this 14-day period, there is variability observed in several of the
energy bands shown (see Fig. 3), and the data are not all obtained
simultaneously. Representative nm þ !nm neutrino flux upper limits that
produce on average one detection like IceCube-170922A over a period
of 0.5 (solid black line) and 7.5 years (dashed black line) are shown,
assuming a spectrum of dN=dEºE"2 at the most probable neutrino
energy (311 TeV).
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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• Coincident with Fermi flare; chance correlation can be rejected at the 3s-level.

• TXS 0506+056 is among the 3% brightest Fermi-LAT blazars.

• One of the most luminous BL Lacs (2.8 ⇥ 1046 erg/s).
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[IceCube+, Science 2018]IceCube Alert IC-170922A

lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 2 of 8

Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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Up-going muon track (5.7� below horizon) observed on September 22, 2017.
The best-fit neutrino energy for an E�2-spectrum is 311 TeV.

Markus Ahlers (NBIA) Multi-messenger Fits of TXS September 26, 2018 slide 3

‣ Up-going track observed on September 
22, 2017 from 5.7° below horizon with 
best fit neutrino energy of ~300 TeV for 
E-2 Spectrum. 

‣ Coincidence with enhanced 𝛾-ray 

activity, chance correlation rejected at 
the level of 3𝜎.
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13±5 signal events rejecting background 
hypothesis at 3.5𝜎
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Neutrino	Flare	in	2014-15

with reduced significance.) An additional look-elsewhere correction then needs to be applied

for a result in an individual data segment, given by the ratio of the total 9.5 year observation110

time to the observation time of that data segment (30).

Results

The results of the time-dependent analysis performed at the coordinates of TXS 0506+056 are

shown in Fig. 1 for each of the six data periods. One of the data periods, IC86b from 2012-2015,

contains a significant excess which is identified by both time-window shapes. The excess con-115

sists of 13±5 events above the expectation from the atmospheric background. The significance

depends on the energies of the events, their proximity to the coordinates of TXS 0506+056, and

their closeness in time. This is illustrated in Fig. 2 showing the contribution of individual events

during the IC86b data period.
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Figure 1: Time-dependent analysis results. The orange curve corresponds to the analysis
using the Gaussian-shaped time profile. The central time T0 and width TW are plotted for
the most significant excess found in each period, with the p-value of that result indicated by the
height of the peak. The blue curve corresponds to the analysis using the box-shaped time profile.
The curve traces the outer edge of the superposition of the best-fitting time windows (durations
TW) over all times T0, with the height indicating the significance of that window. In each period,
the most significant time window forms a plateau, shaded in blue. The large blue band centered
near 2015 represents the best-fitting 158-day time window found using the box-shaped time
profile. The vertical dotted line in IC86c indicates the time of the IceCube-170922A event.

6

the Gaussian window show that it is consistent with the box window fit. Despite the different

window shapes, which lead to different weightings of the events as a function of time, both130

windows identify the same time interval as significant. For the box time window, the best-

fitting parameters are similar to those of the Gaussian window, with E2J100 = (2.2+1.0
�0.8)⇥ 10

�4

TeV cm�2 and � = 2.2 ± 0.2. This fluence corresponds to an average flux over 158 days of

�100 = (1.6+0.7
�0.6) ⇥ 10

�15 TeV�1 cm�2 s�1.

(a) (b)

Figure 3: Time-dependent analysis results for the IC86b data period (2012-2015). (a)
Change in test statistic, �TS, as a function of the spectral index parameter � and the flu-
ence at 100 TeV, E2J100. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T0 = 13 De-
cember 2014, TW = 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (31) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the p-value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T0, TW) is performed. The p-value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

When we estimate the significance of the time-dependent result by performing the analysis135

8

[IceCube, Science 2018]

‣ Remains the most significant observed 
transient  

‣ Not accompanied by a gamma-ray flare
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Gamma	Ray	Bursts	(MeV-PeV)

Markus Ahlers (NBI) Extragalactic Neutrinos

GRB Limits

32

• IceCube routinely follows up on -ray bursts. 

• Search is most sensitive to “prompt” (<100s) neutrino emission. 

• Neutrino predictions based on the assumption of cosmic ray 
acceleration in internal shocks.   

γ

10 M. G. Aartsen et al.

Figure 7. Di�erential median sensitivity of the Northern

Hemisphere track, all-sky cascade (Aartsen et al. 2016a), and

Southern Hemisphere track stacked GRB analyses to a per-

flavor E≠2 ‹ quasi-di�use flux in half-decadal ‹ energy bins,

with the final combined analysis shown in the black line.

Integrated sensitivities are shown as dashed lines over the

expected 90% energy central interval in detected neutrinos

for a given analysis. The IceCube measured 68% CL astro-

physical per-flavor neutrino flux band is given for reference

from a global fit of IceCube analyses (Aartsen et al. 2015b)

and a recent 6-year Northern Hemispheres ‹µ track analysis

(light blue, Aartsen et al. (2016d)).

This combined test statistic is used to calculate limits
on the GRB neutrino models of Section 2 as it is less
sensitive to possible background fluctuations than the
per-GRB method.

The background-only and background-plus-signal ex-
pectations of both stacked and per-GRB analyses are
determined from Monte Carlo pseudo-experiments fol-
lowing the same methodology as described by Aartsen
et al. (2016a). The sensitivity, both di�erential and in-
tegrated, of the stacked method to a per-flavor quasi-
di�use E≠2 neutrino spectrum is shown in Figure 7.
This sensitivity is calculated for each individual search
channel, as well as the final combined sensitivity. The
Northern Hemisphere track analysis (combining the re-
sults of Aartsen et al. (2015d) with this paper’s exten-
sion to three additional years) is seen to be the most
sensitive neutrino detection channel. The all-sky cas-
cade and Southern Hemisphere track channels converge
in sensitivity to the Northern Hemisphere track within
a factor of a few at energies & 1 PeV, while the South-
ern Hemisphere track analysis is the most sensitive GRB
analysis to date for neutrinos & 10 PeV. Each individual
channel has su�cient sensitivity to detect a neutrino sig-
nal should the per-flavor quasi-di�use GRB neutrino flux
be comparable in magnitude to the measured IceCube
astrophysical neutrino flux of ≥10≠8 GeV cm≠2 sr≠1 s≠1.

6. RESULTS

The final event sample was searched in coincidence
with the 508 GRBs of the three-year Northern Hemi-
sphere sample and the 664 GRBs of the five-year South-
ern sample. Both per-GRB and stacked per-year and
channel test statistics were calculated to discover a neu-
trino signal from GRBs. The results of the per-GRB
analysis are presented for the Northern and Southern
Hemisphere analyses in Tables 1 and 2, respectively.
Here, basic information about the GRBs and coinci-
dent events are described, including their timing, an-
gular uncertainty ‡, angular separation ��, the mea-
sured “-ray fluence of the GRB, and the estimated en-
ergy of the coincident event. The significance of the
coincidences is summarized in two ways. Event signal-
to-background PDF ratio values used in the test statistic
calculation are provided to estimate relative event im-
portance. The significance of the per-GRB test statistic
is then given as a p-value calculated from that GRB’s ex-
pected background-only test statistic distribution, con-
stituting that GRB’s pre-trials p-value. In parentheses,
the post-trials p-value of this GRB coincidence is given,
calculated relative to the combined three-year Northern
Hemisphere track and five-year Southern track analy-
sis max({Tg}) test statistic distribution expected from
background, respectively.

The most significant coincidence (in both pre-trials
and post-trials p-value) was found in the Southern Hemi-
sphere analysis coincident with GRB110207A, a Swift-
localized long GRB (T100 = 109.32 s) observed at a dec-
lination of ≠10.8¶. This event occurred during the T100
of the GRB and had a reconstructed direction within
1¶ of the GRB, with a moderate reconstructed muon
energy of Eµ & 12 TeV, yielding a signal-to-background
PDF ratio of S/B = 271.6. The pre-trials significance
is p = 3.5 ◊ 10≠4, making it the single most significant
coincidence with a GRB to date in any IceCube GRB
neutrino search. Although the event was within 1¶ of the
GRB location, the angular uncertainty of this event and
GRB were 0.3¶ and 0.01¶, respectively. Combined, these
lead to a ≥3‡ o�set in the signal space PDF, reducing
the significance of the coincidence. Monte Carlo sim-
ulations and reconstructions were performed of muons
with similar energy, origin, and light deposition topol-
ogy to the measured event, establishing that the recon-
structed angular uncertainty of 0.3¶ is consistent with
the median angular resolution of the simulated muons of
0.24¶. Furthermore, a full likelihood scan of a more de-
tailed angular reconstruction, which accounts for muon
stochastic losses, was performed on this event to ver-
ify the quality of the reconstructed direction (Aartsen
et al. 2014a). It was found that the two reconstructions
are consistent with each other, while the GRB110207A
location is > 5‡ from the advanced reconstructed direc-
tion, supporting that this event is inconsistent with the

12 M. G. Aartsen et al.

Figure 8. Excluded regions for a given CL of the generic

double broken power law neutrino spectrum as a function of

first break energy Áb and per-flavor quasi-di�use flux normal-

ization �0 derived from the presented results combined with

previous Northern Hemisphere track (Aartsen et al. 2015d)

and all-sky cascade (Aartsen et al. 2016a) searches. Models

of neutrino production assuming GRBs are the sole source of

the measured UHECR flux either by neutron escape (Ahlers

et al. 2011) or proton escape (Waxman & Bahcall 1997) from

the relativistic fireball are provided for reference.
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Figure 9. Upper limits (90% CL, solid lines) to the predicted

per-flavor quasi-di�use flux of numerical neutrino production

models (dashed lines) for benchmark parameters fp = 10

and � = 300 over the expected central 90% central energy

containment interval of detected neutrinos for these models,

combining the presented analysis with the previously pub-

lished Northern Hemisphere ‹µ track (Aartsen et al. 2015d)

and all-sky cascade (Aartsen et al. 2016a) searches.

di�use flux. Both the internal shock and photospheric
fireball models are strongly constrained. The ICMART
model significantly reduces the expected neutrino pro-
duction in GRBs and remains beyond the sensitivity of
the combined analysis.

These limits are extended to arbitrary values for fb

and � in the numerical models. Assuming all GRBs in
the analyzed sample have identical values for fp and �,

limits are presented in Figure 10 as exclusion regions in
a scan of fp and � parameter space. Here, the inter-
nal shock and photospheric fireball models are shown to
be excluded at the 99% CL for benchmark model pa-
rameters. The 90% CL upper limits of all models are
improved by about a factor of two compared to those
presented in the all-sky cascade analysis (Aartsen et al.
2016a) with the inclusion of this new three year North-
ern Hemisphere and five year Southern sky ‹µ + ‹̄µ anal-
ysis. The primary regions in these models that still can-
not be constrained require small baryonic loading and
large bulk Lorentz factors. The ICMART model is lim-
ited in a much smaller interval of possible bulk Lorentz
factors (100 < � < 400) as this model is much less well
constrained; only regions of large baryonic loading and
small bulk Lorentz factors can be meaningfully excluded.

7. CONCLUSIONS
We have performed a search for muon neutrinos

and anti-neutrinos in coincidence with 1172 GRBs in
IceCube data. This analysis consisted of an exten-
sion of previous Northern Hemisphere track analyses
to three more years of data, and aa additional search
for ‹µ + ‹̄µ induced track events in the Southern Hemi-
sphere in five years of IceCube data, which improves
the sensitivity of the analysis to neutrinos with en-
ergy above a few PeV. Taken together, these searches
greatly improve IceCube’s sensitivity to neutrinos pro-
duced in GRBs when combined with previous analyses.
A number of events were found temporally coincident
with these GRBs, but were consistent with background
both individually and when stacked together. New lim-
its were therefore placed on prompt neutrino produc-
tion models in GRBs, which represent the strongest con-
straints yet on the proposal that GRBs are the primary
source of UHECRs during their prompt phase. General
models of neutrino emission were first constrained as a
function of spectral break energy and flux normaliza-
tion, excluding much of the current model phase space
where GRBs during their prompt emission are assumed
to be the sole source of UHECRs in the universe at
the 99% CL. Furthermore, models deriving an expected
prompt neutrino flux from individual GRB “-ray spec-
tral properties were constrained as a function of GRB
outflow hadronic content and Lorentz factor �. Models
of prompt neutrino production that have not yet been
excluded require GRBs to have much lower neutrino pro-
duction e�ciency, either through reduced hadronic con-
tent in the outflow, increased �-factor, or acceleration
regions much farther from the central engine than the
standard internal shock fireball model predicts. This
analysis also does not meaningfully address the possible
GRB production of neutrinos during their precursor or
afterglow phases.

model-dependent limits model-independent limits

based on 1172 GRBs

[Waxman & Bahcall ’97]

[IceCube, ApJ 843 (2017) 2]

‣ IceCube has continuously searched for 
neutrino emission from GRBs 

‣ Prompt emission is constrained, less 
than a percent of IceCube flux would 
come from prompt GRB emission 

‣ IceCube follow up on GRB 221009A 
(brightest of all time) provided 
strongest limit on the neutrino emission 
and baryon loading factor

[IceCube, ApJ 2022]

[IceCube, ICRC 2023]
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IceCube-Gen2
Near 10 times larger, reaching to energies of EeV

Figure 2: Schematic drawing of the IceCube-Gen2 facility including the optical array (blue shaded region)
that contains IceCube (red shaded region) and a densely instrumented core installed in the IceCube Upgrade
(green shaded region). A surface array covers the footprint of the optical array. The stations of the giant radio
array deployed at shallow depths and the surface extend all the way to the horizon in this perspective.

events with up to 10 PeV in energy, corresponding to the highest energy leptons ever
observed and opening new scientific avenues not just for astronomy but also for probing
physics beyond the Standard Model of particle physics (see, e.g., [9]). In addition, its high
uptime and low detector noise make it a valuable asset to search for and detect the MeV
energy neutrinos from a Galactic supernova, thus providing a high-uptime alert system for
what is expected to be a once-in-a-lifetime event.

So far, the distribution of astrophysical neutrinos on the sky indicates an extragalactic ori-
gin. Given the limited statistics that IceCube collects at the highest energies, the identifica-
tion of steady sources requires a very long integration time and the vast majority of flaring
sources escape detection altogether. While the initial association of a cosmic neutrino with
a blazar has been an essential first step, the sources of the bulk of the cosmic neutrino flux
observed by IceCube remain to be resolved (see Section 2.1 for a more detailed discus-
sion of the origin of IceCube’s neutrinos). The list of candidates is long; transients such as
supernovae (SNe), neutron star mergers, or low luminosity Gamma Ray Bursts (GRBs) —
or steady sources such as Active Galactic Nuclei (AGN) or starburst galaxies — are all very
well motivated. And yet, with almost a decade of IceCube data having been analyzed, the
need for new, larger instruments with improved sensitivity is becoming increasingly clear.

With IceCube-Gen2 we propose a detector of sufficient volume to increase the neutrino
collection rate by an order of magnitude. Meanwhile, the KM3NeT and GVD detectors
under construction in the Mediterranean Sea and in Lake Baikal, respectively, target the
size of one cubic-kilometer. They will complement IceCube-Gen2 in terms of sky coverage
[10, 11], and will achieve astrophysical neutrino detection rates comparable to the present

2

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

Figure 8: Visualization of source detection capabilities expected for IceCube-Gen2. Source positions and
intensities have been selected randomly on the sky from an intensity distribution, expected from sources
with a constant density in the local universe, and consistent with current IceCube neutrino flux constraints.
Shown is the test statistic value determined in a mock-simulation of track-like events that can be obtained at
the source position after 10 years of operation of IceCube-Gen2. For better visibility, the region around the
sources (indicated by white dotted lines) has been magnified. The position of the galactic plane is shown
as a dashed curve. Below the map, differential sensitivities for the detection of point sources (5� discovery
potential, and sensitivity at 90% CL) are shown for two selected declinations, at the celestial horizon and at
� = 30`. Absorption of neutrinos in the Earth limits the sensitivity in the PeV energies for higher declinations.
The IceCube and IceCube-Gen2 sensitivities are calculated separately for each decade in energy, assuming a
differential flux dN/dE ö E�2 in that decade only. Neutrino fluxes are shown as the per flavor sum of neutrino
and anti-neutrino flux, assuming an equal flux in all flavors. The curves refer of the optical array only.

servations of steady neutrino sources due to the unknown backgrounds at these energies,337

from, e.g., diffuse astrophysical and cosmogenic neutrinos.338

IceCube-Gen2 reaches its peak sensitivity in the region around the celestial equator. Due339

to the huge atmospheric backgrounds and the increased absorption in the Earth at high340

neutrino energies, the sensitivity below 100 TeV is largest for events from the north-341

ern hemisphere, while above a few PeV, mostly the southern sky is observed. Between342

100 TeV and 1 PeV the sensitivity to a neutrino energy flux averaged over the Northern343

hemisphere is 1.3✓ 10�12 ergs cm�2 s�1 , a similar energy flux sensitivity to that of current344

generation HE and VHE �-ray telescopes have in the GeV to TeV range.345

As �-rays and neutrinos are produced by cosmic rays in the same interaction processes346

their energy fluxes are expected to be similar at production, however due to absorption347

of �-rays in the sources and the intergalactic medium the photons are reprocessed to the348

GeV and TeV bands (or absorbed, in which case the neutrino energy flux could be even349
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