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IceCube/DeepCore
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IceCube Digital Optical 
Module (DOM)

50 m

1450 m

2450 m 

2820 m

IceCube Array
 86 strings including

5160 optical sensors

DeepCore 
8 strings-spacing optimized

480 optical sensors

Eiffel Tower
324 m 

IceCube Lab
IceTop
81 Stations
324 optical sensors

Bedrock

for lower energies

8 DeepCore strings 
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IceCube Science
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IceCube Science
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Danish Experimental Focus
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IceCube Collaboration
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• ~2-2.5 senior personnel (1-1.5 permanent, 1 tenure-track)


• In 2022, 100% supported by private foundation grants to individual PIs


• ~2 Ph.D. students (1 experimental, 1 theory/pheno)


• 2 postdocs and 1 Marie-Curie Fellow


• Lead oscillation(s) & astrophysical sources analyses, event selection, 
simulation development, and analysis tools

IceCube Collaboration - Denmark

6
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Astrophysical 
Neutrinos & IceCube
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Neutrino+ Astronomy

8

10 TeV 10 PeV1 TeV100 GeV10 GeV1 GeV100 MeV10 MeV

IceCube

10 TeV 10 PeV1 TeV100 GeV10 GeV1 GeV100 MeV10 MeV

*ESA/Gaia/DPAC
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ultra-high

energy


cosmic rays

(Auger)

high-energy

neutrinos

(IceCube)

high-energy

gamma-ray


(Fermi)

Are neutrino sources 
related to ultra-high 
energy cosmic rays?

Are neutrino sources 
observable in 

gamma rays?

*M. Ahlers
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Particle Physics with 
Neutrinos

- 

Neutrino Oscillation

10
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• Neutrinos interact in flavor states (νµ, νe, ντ), but they quantum mechanically 
oscillate between flavors as fundamental mass states (ν1, ν2, ν3) 

Atmospheric Neutrino Oscillation

νµ disappearance

ντ appearance

11

~12,700km

νµ
νµνµ

νµνµ νe

νe

νµ/e/τ

Cosmic Ray

(proton, iron, etc.)
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Neutrino Oscillation Data
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2.35k tau neutrinos 

(1.8k charged current & 550 neutral current)
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Results
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IceCube/DeepCore
3-year results*

Consistent with standard 
neutrino oscillation paradigm

*arXiv:1901.05366
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Recent Results

14

IceCube/DeepCore
3-year results*

*arXiv:1901.05366

- Any value away from 1.0 is direct evidence of non-unitarity for neutral leptons i.e. neutrinos

- Tau neutrinos are the least well measured particle in the Standard Model

- 8+ year result should be ready for summer 2022 conferences
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Tau Neutrinos
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Tau Neutrino White Paper - arXiv:2203.05591
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Tau Neutrinos
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86% of all collected tau neutrinos are in 
IceCube data
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IceCube Future
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IceCube
DeepCore

High Energy Array

New Optical Sensors

IceCube Upgrade
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• Dense instrumentation within inner core


• Dramatic enhancement in precision oscillation analyses and all neutrino analyses <  GeV


• 3x improvement in reconstruction resolution


• 2x improvement in oscillated tau neutrino statistics 


• Deployment in 2025/26


• Currently, simulation and all analyses for the IceCube Upgrade are led by the NBI

𝒪(100)

IceCube Upgrade

18

DeepCore Upgrade

Detected Light

29 GeV  

(up-going)

ντ
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Tools

19
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• IceCube is a sparsely instrumented and asymmetric detector


• Will get more complicated and asymmetric with the IceCube Upgrade


• Data is structured, but irregular

Analysis Tools & Machine Learning

20

Upgrade
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Current Reco}

Pulse, e.g.
Exchange of 
information

Graph Neural network — GNN 

Representation 
Data xi on nodes a graph; nodes connected by edges aij 


Structure 
Any that can be encoded through adjacency of nodes

Development 

- Inter-collaboration working group with the largest N. Hemisphere 
neutrino telescope (KM3NeT)


- Shared development, locally, between IceCube & ATLAS groups
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Conclusion & Priorities
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•Signifiant contributions to multi-messenger 
astronomy and neutrino oscillations


•Prepare for first data from IceCube Upgrade


•Develop analysis tools for existing, near 
future, and farther future IceCube detector(s)

Thanks
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Backup

23
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Quantumgravity

Although no accepted theory of quantum
gravity exists, some general features can
be predicted:

• Space-time fluctuates at tiny
distances

• Often called space-time foam
• Can result in short-lived,
microscopic "virtual black holes"

• E�ects of quantum gravity are
expected to be strong at the Planck
scale (⇠ 1019 GeV)

• Neutrinos might interact with these
virtual black holes (VBHs)

[www.nasa.gov/chandra]

[arxiv.org/abs/1511.06025]

�
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Quantumgravity and neutrinos

Virtual black hole interactions:

[arxiv.org/abs/2007.00068]

Lightcone fluctuations:

Distance fluctuations

⌫A B

±�L

Velocity fluctuations

⌫ v

±�v

[arxiv.org/abs/2103.15313] �
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Toymodel simulations

Propagate ����
neutrinos

Inject random phase
perturbations,
distance
fluctuations etc.

Oscillations are
dampened for all
scenarios

�
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IceCube-170922A

27
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Markus Ahlers (NBI) Research Overview

Highlights from 2019

7

Neutrinos from GRBs: O↵-Axis View of Structured Jets 7
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Figure 4. Predicted fluence of muon neutrinos (⌫µ + ⌫̄µ) associ-
ated with the prompt emission in the best-fit structured jet model
of Ghirlanda et al. (2019). We show the predictions based on a
fixed photon peak in the shell frame (“fixed ✏ 0

peak
”, solid lines) us-

ing Eq. (32) and in the engine frame (“fixed ✏ ⇤
peak

”, dotted lines)

using Eq. (33). The thick black lines show the o↵-axis emission at a
viewing angle ✓v = 15

�. The blue lines show the corresponding pre-
diction for the on-axis emission, which has a strong dependence on
the internal photon spectrum. The thin green lines show the result
of an approximation based on the standard on-axis calculation of
uniform jets (Waxman & Bahcall 1997) with jet parameters from
the structured jet model at ✓⇤ = ✓v . The upper solid lines indicate
the 90% C.L. upper limit on the fluence from Albert et al. (2017).

✏peak ' 20 MeV, in tension with the peak distribution in-
ferred from GRBs observed by Fermi-GBM (Gruber et al.
2014). The phenomenological model (b) is motivated by the
discussion of Ioka & Nakamura (2019), who study the con-
sistency of the on-axis emission of GRB 170817A with the
E iso
� -✏peak correlation suggested by Amati (2006). Here, the

on-axis fluence is expected to peak at ✏peak ' 178 keV.

5.2 Neutrino Fluence

As we discussed in section 4, the neutrino emissivity of a
structured jet is expected to deviate from the angular dis-
tribution of the observable �-ray emission. For high opacity
(⌧p� � 1) regions of the shell the angular distribution of the
neutrino emission is expected to follow the distribution of in-
ternal energy (24) that takes into account the e�ciency of
dissipation in internal collisions. This is shown for our e�-
ciency model (A6) as the thick green line in Fig. 4. For low-
opacity (⌧p� � 1) regions, however, the energy distribution
has an additional angular scaling from the opacity (27), as
indicated by the thin green line. One can notice that a low
opacity environment has an enhanced emission at jet angles
10

�-20
�, which is comparable to our relative viewing angle.

Note that the angular distributions in Fig. 3 are normalized
to the value at the jet core and do not indicate the absolute
emissivity of neutrinos or �-rays, which depend on jet angle
✓⇤ and co-moving cosmic ray energy ✏ 0p.

At each jet angle ✓⇤ we estimate the maximal cosmic ray
energy based on a comparison of the acceleration rate to the

combined rate of losses from synchrotron emission, p� in-
teractions (Bethe-Heitler and photo-hadronic) and adiabatic
losses. Our model predictions assume a magnetic energy ra-
tio compared to �-rays of ⇠B = 0.1 and a non-thermal bary-
onic loading of ⇠p ' 1 (see Appendix B). We calculate the
neutrino emissivity j 0⌫↵ (✓

⇤, ✏ 0⌫) from p� interactions with the
photon background in sub-shells based on the Monte-Carlo
generator SOPHIA (Mücke et al. 2000), that we modified to
account for synchrotron losses of all secondary charged parti-
cles before their decay (Lipari et al. 2007). The uncertainties
regarding the photon target spectrum are estimated in the
following via the two models (a) and (b) of the peak photon
energy.

The expected fluence of muon neutrinos (⌫µ + ⌫̄µ) under
di↵erent model assumptions is shown in Fig. 4. The o↵-axis
fluence at a viewing angle of ✓v ' 15

� is indicated as thick
black lines. The o↵-axis prediction has only a weak depen-
dence on the angular scaling of the co-moving peak of the
photon spectrum, Eqs. (32) or (33), as indicated as solid and
dotted lines, respectively. This is expected from the normal-
ization of the model to the observed �-ray fluence under this
viewing angle. For comparison, we also show in Fig. 4 an
approximation (thin green lines) of the o↵-axis neutrino flu-
ence based on the on-axis top-hat jet calculation with Lorentz
factor and neutrino emissivity evaluated at ✓⇤ ' ✓v . This ap-
proximation has been used by Biehl et al. (2018) to scale the
o↵-axis emission of the structured jet. Note that this approx-
imation significantly underestimates the expected neutrino
fluence of GRB 170717A compared to an exact calculation.

Figure 4 also indicates the predicted neutrino fluence for an
on-axis observer of the source located at the same luminosity
distance. The extrapolated on-axis fluence shows a strong
dependence on the model of the internal photon spectrum;
model (33) predicts a strong neutrino peak at the EeV scale
that exceeds the prediction of model (32) by two orders of
magnitude. The relative di↵erence of the neutrino fluence at
the EeV scale follows from the ratio of ✏ 0

peak
(0) for the two

models (32) and (32): For a fixed co-moving energy density
of the shell, a lower peak photon energy corresponds to a
higher photon density and also a higher threshold for neutrino
production. One can also notice, that the on-axis neutrino
fluence in the TeV range depends only marginally on the
viewing angle. This energy scale is dominated by the emission
of the jet at ✓⇤ ' 10

�
� 20

� and reflects the strong angular
dependence of the neutrino emission in the rest frame of the
central engine (cf. Fig. 3).

The upper thin solid lines in Fig. 4 show the 90% confidence
level (C.L.) upper limits on the neutrino flux of GRB 170817A
from Antares, Auger and IceCube (Albert et al. 2017). The
predicted neutrino fluence is orders of magnitude below these
combined limits. However, our neutrino fluence predictions
are proportional to the non-thermal baryonic loading factor,
and we assume a moderate value of ⇠p = 1 for our calcula-
tions. In any case, the predicted neutrino flux at an observa-
tion angle of 15

� is many orders of magnitude larger than the
expectation from an o↵-axis observation of a uniform jet.

6 CONCLUSIONS

In this paper, we have discussed the emission of neutrinos
in the internal shock model of �-ray bursts. The majority of
previous predictions are based on the assumption of on-axis
observations of uniform jets with wide opening angles. Here,
we have extended the standard formalism of neutrino pro-

MNRAS 000, 1–10 (2019)

Inferring the flavor of high-energy astrophysical neutrinos at their sources

Mauricio Bustamante1, 2, ⇤ and Markus Ahlers1, †

1Niels Bohr International Academy & Discovery Centre, Niels Bohr Institute,
University of Copenhagen, DK-2100 Copenhagen, Denmark

2DARK, Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark

(Dated: June 21, 2019)

The sources and production mechanisms of high-energy astrophysical neutrinos are largely un-
known. A promising opportunity for progress lies in the study of neutrino flavor composition, i.e.,
the proportion of each flavor in the flux of neutrinos, which reflects the physical conditions at the
sources. To seize it, we introduce a Bayesian method that infers the flavor composition at the neu-
trino sources based on the flavor composition measured at Earth. We find that present data from the
IceCube neutrino telescope favor neutrino production via the decay of high-energy pions and rule out
production via the decay of neutrons. In the future, improved measurements of flavor composition
and mixing parameters may single out the production mechanism with high significance.

Introduction.— High-energy astrophysical neutrinos
with TeV–PeV energies provide crucial and unique infor-
mation to understand the non-thermal Universe [1, 2].
Yet, though firmly detected [3–7], they have a largely
unknown origin. They likely come predominantly from
extragalactic sources [2, 8–11], but, to date, no point-like
source is known with certainty, notwithstanding notewor-
thy recent findings [12, 13]. In the future, improved event
statistics, reduced systematic uncertainties, and com-
bined multi-messenger analyses will boost the prospects
of discovering sources [14, 15].

A complementary opportunity for progress, accessible
already today, lies in measuring the flavor composition
of high-energy astrophysical neutrinos, i.e., the relative
number of neutrinos of each flavor. The flavor composi-
tion that neutrinos are emitted with is the result of pro-
duction processes that depend on the physical conditions
in the astrophysical sources. Therefore, flavor measure-
ments can help to discriminate between candidate source
classes [16–20]. After emission, as neutrinos propagate
en route to Earth, flavor oscillations modify the compo-
sition. Neutrino telescopes, like IceCube, measure the
flavor composition of the arriving flux. Based on it, one
can, in principle, infer the composition at the sources.

Yet, existing analyses are either largely focused on in-
ferring the flavor composition at Earth from data [21–27]
or confined to assessing the compatibility of the flavor
composition measured at Earth with expectations from a
few idealized scenarios of neutrino production. We follow
an alternative strategy, hitherto unexplored, that pro-
vides more insight. Using Bayesian statistics, we infer
the composition at the sources based on the composition
measured at neutrino telescopes, accounting for the un-
certainties in its measurement and in the neutrino mixing
parameters that drive oscillations.

Figure 1 shows our results obtained using published
and projected flavor measurements in IceCube. We re-
port results in terms of flavor ratios f↵,S (↵ = e, µ, ⌧),
i.e., the relative contribution of ⌫↵+ ⌫̄↵ to the total emis-
sion. We find that present data favor neutrino production
via the decay of high-energy pions and the synchrotron-
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FIG. 1. Flavor composition of high-energy astrophysical neu-
trinos at their sources, inferred from present IceCube mea-
surements [23] (bottom) and from the projected sensitivities
of the near-future IceCube upgrade [28] (center) and planned
IceCube-Gen2 [29] (top), assuming production by pion decay.
Here we enforce a prior of no ⌫⌧ production, i.e., f⌧,S = 0. We
show the most probable values (white dotted lines) and cred-
ible intervals (blue shaded regions) of fe,S, and mark phys-
ically motivated neutrino production scenarios: pion decay,
muon-damped, and neutron decay.

cooling of intermediate muons in strong magnetic fields,
and strongly disfavor production via neutron decay.

Producing astrophysical neutrinos.— We expect
astrophysical sources of high-energy neutrinos to acceler-
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“Inferring the flavor of high-energy 
astrophysical neutrinos at their sources”  
 [Bustamante & MA, PRL 122 (2019)]

“Neutrino Fluence from Gamma-Ray 
Bursts: Off-Axis View of Structured Jets”  

 [MA & Halser, MNRAS 490 (2019)]

Probe of Astrophysics

*M. Ahlers
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*arXiv:1810.00893
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• Accelerator-based and astro-based particle physics distinctions 
are becoming artificial boundaries, and both hadron and 
lepton fields have positive (and negative) feedback loops 

Lepton Universality

30

“The significance of this discrepancy is 3.1 standard 
deviations, giving evidence for the violation of lepton 
universality in these decays.”

LHCb - arXiv:2103.11769

“2) it is questionable that the DeepCore 
detector itself can measure the tau 
neutrino appearance to a good degree of 
accuracy which will allow a scientifically 
reasonable test of the PMNS matrix’s 
unitarity, in particular in the situation that 
current neutrino oscillation data and 
precision electroweak data only tolerate 
the effects of possible unitarity violation at 
or below the one percent level” 


*Grant rejection for IceCube tau neutrino oscillation unitarity focus
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Why IceCube/DeepCore/Upgrade for Atmospheric 
?ντ

31

up-going
down-going

νμ

ντ

ϴzenith

Tau Neutrino Appearance

Muon Neutrino Disappearance

*C. Beckett, S. Meneguolo, Royal Astronomical Society of 
Canada

νμ

*arXiv:1007.1966
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• With tens of thousands of 
atmospheric neutrinos, 
IceCube is sensitive to 
planck scale physics


• Phenomenology and 
experimental analysis led 
by NBI IceCube 
researchers

New Scales

32
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IceCube Upgrade

33

 CCντ

3x improvement in cascade 
resolution @  appearance 
energies

ντ
*  CC and  CC both appear as cascades.  are 
an easier proxy for cascade reconstruction 
development.

νe ντ νe
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Neutrino+ Astronomy

34

10 TeV 10 PeV1 TeV100 GeV10 GeV1 GeV100 MeV10 MeV

IceCubeDeepCore

10 TeV 10 PeV1 TeV100 GeV10 GeV1 GeV100 MeV10 MeV

*ESA/Gaia/DPAC
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• Conservative experimental choices still illustrate potential 
of IceCube Upgrade for physics


• ~10%  resolution with 1-year of data


• Excludes improvements from new reconstructions, better detector 
systematics, better flux treatment, and no combination of 10+ years 
of DeepCore data

Nντ

IceCube Upgrade

35
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• IceCube is a sparsely instrumented and asymmetric detector


• Will get more complicated and asymmetric with the IceCube Upgrade


• Data is structured, but irregular

Analysis Tools & Machine Learning

36

Upgrade

Im
age from

 [2101.11589] 

https://arxiv.org/abs/2101.11589

