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The Elusive Neutrino
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• small masses with 
uncertain origin and scale 

• large mixing between  
flavour and mass states 

• potential source of CP 
violation (leptogenesis?) 

• Dirac or Majorana 
fermions 

• susceptible to       
beyond-the-SM effects 

The Elusive Neutrinos

• three neutrino types

• very small masses
(unknown origin)

• large mixing between flavour
and mass eigenstates
(unknown mechanism)

• impact on cosmology
(e.g. structure formation)

‹ unique probe of high-energy
Universe

Markus Ahlers (NBIA) Deciphering Cosmic Neutrinos August 31, 2017 slide 2

Standard Model of Particle Physics

(+ Higgs boson)



Markus Ahlers (NBI) Georges Lemaître Chair 2023

Highlights from 2019
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Probe of Fundamental Physics
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Figure 1: Tests of fundamental physics accessible with neutrinos of different energies.

How do flavors mix at high energies? Experiments with neutrinos of up to TeV energies
have confirmed that the different neutrino flavors, ne, nµ , and nt , mix and oscillate into each other
as they propagate [33]. Figure 3 shows that, if high-energy cosmic neutrinos en route to Earth
oscillate as expected, the predicted allowed region of the ratios of each flavor to the total flux is
small, even after accounting for uncertainties in the parameters that drive the oscillations and in the
neutrino production process [57]. However, at these energies and over cosmological propagation
baselines [58], mixing is untested; BSM effects could affect oscillations, vastly expanding the
allowed region of flavor ratios and making them sensitive probes of BSM [57, 59–68].

What are the fundamental symmetries of Nature? Beyond the TeV scale, the symmetries of
the SM may break or new ones may appear. The effects of breaking lepton-number conservation,
or CPT and Lorentz invariance [69], cornerstones of the SM, are expected to grow with neutrino
energy and affect multiple neutrino observables [70–81]. Currently, the strongest constraints in
neutrinos come from high-energy atmospheric neutrinos [82]; cosmic neutrinos could provide un-
precedented sensitivity [62,71,73,76,78,83–90]. Further, detection of ZeV neutrinos, well beyond
astrophysical expectations, would probe Grand Unified Theories [43, 91–94].

Are neutrinos stable? Neutrinos are essentially stable in the SM [95–97], but BSM physics
could introduce new channels for the heavier neutrinos to decay into the lighter ones [98–100],
with shorter lifetimes. During propagation over cosmological baselines, neutrino decay could leave
imprints on the energy spectrum and flavor composition [65, 101–104]. The associated sensitivity
outperforms existing limits obtained using neutrinos with shorter baselines [103]. Comparable
sensitivities are expected for similar BSM models, like pseudo-Dirac neutrinos [65, 105, 106].

What is dark matter? Cosmic neutrinos can probe the nature of dark matter. Dark matter
may decay or self-annihilate into neutrinos [107–110], leaving imprints on the neutrino energy
spectrum, e.g., line-like features. Searches for these features have yielded strong constraints on
dark matter in the Milky Way [111–113] and nearby galaxies [114]. High-energy cosmic neutrinos

2

cosmic neutrinos

[Ackermann, MA, Anchordoqui, Bustamante+ Bull.Am.Astron.Soc. 51 (2019)]
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Neutrino Cross Section
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Inelastic Neutrino Cross Section
• number of atmospheric neutrino events at the location of IceCube scales as

N(q, En) µ sSM(En) exp(�sSM(En)X(q)/mp)

• integrated column depth along the line of sight (n(q)):

X(q) =
Z

d`r�(rIC + `n(q))
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LETTER RESEARCH

The idea of studying neutrino absorption in the Earth dates back 
to 1974 (ref. 10), although most of the early papers on the subject 
 proposed using absorption to probe the Earth’s interior11. However, the  
density uncertainty12–15 for long paths through the Earth is only 
1%–2%; this leads to less than 1% systematic uncertainty in the 
cross-section measurement, below the total uncertainty of the 
cross-section. Early work on the subject envisioned using accelerator- 
produced  neutrinos for Earth tomography; the idea of using natural 
(astrophysical or atmospheric) neutrinos came later16,17.

Neutrino absorption increases with neutrino energy, so that for 
40-TeV neutrinos, the Earth’s diameter corresponds to one absorption 
length. By observing the change in the angular distribution of Earth-
transiting neutrinos with increasing neutrino energy, one can measure 
the increasing absorption and, from that, determine the cross-section.

This analysis uses data collected with the IceCube detector18, which 
is installed in the Antarctic ice cap at the South Pole. The data were 
acquired during 2009 and 2010, when IceCube consisted of 79 vertical 
strings19, each supporting 60 optical sensors (Digital Optical Modules, 
DOMs20). The strings are arranged in a triangular grid, with 125 m 
between strings. The sensors are deployed at 17-m vertical intervals, at 
depths between 1,450 m and 2,450 m below the surface of the ice cap. 
Six of the strings are installed at the centre of the array, with smaller 
string spacing and with their DOMs clustered between 2,100 m and 
2,450 m deep; this module is called ‘DeepCore’.

The DOMs detect Cherenkov light from the charged particles that 
are produced when neutrinos interact in the ice surrounding IceCube 
and the bedrock below. In this measurement, the 79-string detector 
recorded about 2,000 events per second. About 99.9999% of these were 
downward-going muons produced directly by cosmic-ray air showers 
above the horizon. The events were reconstructed using a series of 
algorithms of increasing accuracy and computational complexity21,22. 
At each stage of processing, a set of conditions was applied to eliminate 
background events. The final sample of 10,784 upward-going (zenith 
angle greater than 90°) events had an estimated background of less than 
0.1%. Almost all of the background consisted of mis-reconstructed 
downward-going muons.

The neutrino zenith angles were determined from the reconstructed 
muon direction. The typical angular resolution was better than 0.6°, 
including the angular difference between the neutrino and muon 
 directions. This small angular uncertainty does not affect the final result. 

The neutrino energies were much less well known than the zenith angles 
because we cannot determine how far from the detector the interaction 
occurred, so we do not know how much energy the muon lost before 
entering the detector. Therefore, this analysis used the muon energy 
as determined from the measured specific energy loss (dE/dx) of the 
muons. To improve the energy resolution, the muon tracks were divided 
into 120-m-long segments. The segments with the highest dE/dx  
values were excluded, and the truncated mean was determined from 
the remaining segments23. The removal of large stochastic losses led to 
better resolution than that obtained with the untruncated mean. The 
muon energy  values were determined to within roughly a factor of 2.

The cross-section was found by a maximum-likelihood fit, which 
compared the data, binned by zenith angle and muon energy, with a 
model that included contributions from atmospheric and astrophysical 
neutrinos. The cross-section entered the fit through the energy- and 
zenith-angle-dependent probability for the neutrinos to be absorbed 
as they pass through the Earth. This absorption probability depends on 
the nucleon density, integrated along the path of the neutrino through 
the Earth. We used the Preliminary Reference Earth Model to deter-
mine the density of the Earth12. Thanks to seismic wave studies and 
tight constraints on the total mass of the Earth, the uncertainties in the 
integrated density were lower than a few per cent.

To account for neutral-current interactions, in which neutrinos lose 
a fraction of their energy, we modelled neutrino transmission through 
the Earth at each zenith angle in two dimensions: the incident  neutrino 
energy and the neutrino energy near IceCube. The fit determined 
R =  σmeas/σSM, where σmeas is the measured cross-section and σSM is the 
standard model cross-section from ref. 3. That calculation used quark 
and gluon densities derived from the Hydrogen Epoch of Reionization 
Array (HERA) data to find the interaction cross-sections of neutrinos 
and antineutrinos with protons and neutrons, treating the Earth as an 
isoscalar target. The estimated uncertainty in the calculation was less than 
5% for the energy range covered by this analysis. Because the calcula-
tion did not include nuclear shadowing, it might overestimate the cross- 
section for heavier elements, such as the iron in the core of the Earth. 
Experiments with 2–22-GeV neutrinos interacting with iron  targets24 
and 20–300-GeV neutrinos interacting with neon25 did not observe 
nuclear shadowing, but it may be present for higher-energy neutrinos26.

The fitted charged-current and neutral-current cross-sections were 
assumed to be the same multiples of their standard model counterparts, 
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Figure 2 | Neutrino absorption in the Earth. a, Neutrino absorption is 
observed by measuring how the neutrino energy spectrum changes with 
the zenith angle. High-energy neutrinos transiting deep through the Earth 
are absorbed, whereas low-energy neutrinos are not. Neutrinos from just 
below the horizon provide a nearly absorption-free baseline at all relevant 
energies. b, Standard model prediction for the transmission probability 

of neutrinos through the Earth as a function of energy and zenith angle. 
Neutral-current interactions, which occur about 1/3 of the time, are 
included. When a neutral-current interaction occurs, a neutrino is 
replaced with one of lower energy. The horizontal white dotted line shows 
the trajectory (and zenith angle) of a neutrino that just passes through the 
core–mantle boundary.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

[IceCube, Nature 551 (2017) 596-600]
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Nevents(θ, Eν) ∝ σνN(Eν)exp (−
σνN(Eν)

mp ∫ dℓρ⊕(rIC + ℓn̂(θ)))
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THE ICECUBE-GEN2 NEUTRINO OBSERVATORY
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Figure 31: Neutrino-nucleon cross section measurements, compared to deep-inelastic-scattering (DIS) cross sec-
tion prediction from [404] (BGR18). The forecasts at ultra-high energies are for the radio component of IceCube-
Gen2 only, and for three different assumptions of the UHE neutrino flux. For each choice of flux, the cross-section
sensitivity forecast accounts generously for the uncertain normalization of the flux prediction. The assumed reso-
lution in shower energy is 10% and the resolution in zenith angle is 2`. Figure adapted from [407]. Please note
that the IceCube-Gen2 radio array configuration used in [407] is similar, but not identical to the reference radio array
design in this manuscript.

to new phenomena, including non-standard types of interactions, such as ‘diffractive’
neutrino interactions [408] or BSM physics, e.g., the production of heavy vector bosons.
Furthermore, the inelasticity distribution is sensitive to more conventional physics, e.g.,
the evolution of the PDFs, including nuclear effects like shadowing, which affect both
the inelasticity and the cross-section [409].

2.4.3 New physics constraints from flavor mixing

As high-energy cosmic neutrinos oscillate on their way to Earth, the allowed range of
each flavor’s fractional contribution to the total measured flux is small (see Figure 32),
even after accounting for uncertainties in the parameters that drive the oscillations and
in the neutrino production process [277]. That is, given a flavor composition at the
source and the standard oscillation scenario, the expected flavor ratio at the Earth is
quite restricted. However, mixing remains untested at high energies and over cosmo-
logical propagation baselines [413]. Even small BSM effects could affect flavor mixing,
vastly expanding the allowed region of flavor ratios at the Earth and making the flavor
ratio measurement a very sensitive probe of BSM physics [277, 281, 411, 412, 414–
421]. Figure 32 shows two examples (⌫-decay [277] and Lorentz invariance viola-
tion [411, 412]) of how BSM physics effects extend the region of possible flavor com-
position after cosmological distances. The figure also shows the expected constraints

51

[IceCube-Gen2 Technical Design Report: icecube-gen2.wisc.edu/science/publications/tdr/]

http://icecube-gen2.wisc.edu/science/publications/tdr/


Georges Lemaître Chair 2023Markus Ahlers (NBI)

Neutrino Mixing

6

Superpositions of mass eigenstates!

3 flavour eigenstates  with greek index ( )  

3 mass eigenstates  with roman index ( )

|να⟩ α = e, μ, τ

|νi⟩ i = 1,2,3

|να⟩ =
3

∑
i=1

U*αi |νi⟩

Mixing is parametrized by unitary mixing matrix :U

Leptons

Standard Model

3

three generations of fermions force carriers
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responsible for 
electro-weak  

symmetry breaking  
and masses

u
2011: CERN

up quark

u
1968: SLAC

up quark

c
1974: Brookhaven & SLAC

charm quark

t
1995: Fermilab

top quark

d
1968: SLAC

down quark

s
1947: Manchester

strange quark

b
1977: Fermilab

bottom quark

ν2000: Fermilab

tau neutrino
τν1962: Brookhaven

muon neutrino

μν1956: Savannah River Plant

electron neutrino

e

e
1897: Cavendish Lab

electron

μ
1937: Caltech & Harvard

muon

τ
1976: SLAC

tau

g
1979: DESY

gluon

γ1923: Washington

photon

W
1983: CERN

W boson

Z
1983: CERN

Z boson

H
2011: CERN

Higgs boson
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Two-Flavour Neutrino Oscillation
• Considering only two flavour oscillations (e.g. ) 

• Similarly, the muon neutrino survival probability is given as: 

• Oscillation phase depends on mass-squared difference: 

• Can be expressed as:

νμ ↔ ντ

Pνβ→να
(ℓ) ≃ sin2(2θ) sin2( (m2

2 − m2
1)ℓ

4Eν )
Pνβ→νβ

(ℓ) = 1 − Pνβ→να
(ℓ)

Δm2
ijℓ

4Eν
≃ 1.27( Δm2

ij

eV2 )( ℓ
km )( Eν

GeV )
−1

Δm2
ij ≡ m2

i − m2
j
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Oscillation Probes
Oscillation measurement are based on reactor, solar, accelerator and 
atmospheric neutrinos looking for the appearance and disappearance. 

In practice, the destructive interference from the limited energy resolution 
of the detector or size of the neutrino source, require  to lie within the 

range of the first few oscillations.
L/E

Vacuum Oscillations

• Due to the hierarchy of neutrino masses, most neutrino flavour oscillation
phenomena can be understood as an e↵ective two-level system.

• survival probablity approximately:

Pna!na ' 1 � sin2(2qeff) sin2 Dm2
effL

4Ē

14. Neutrino mixing 33

The data of �-oscillations experiments were often analyzed in the past, and in certain
cases new data are still analyzed at present, assuming 2-neutrino mixing:

|�li = |�1i cos � + |�2i sin � , |�xi = �|�1i sin � + |�2i cos � , (14.51)

where � is the neutrino mixing angle in vacuum and �x is another flavour neutrino or
sterile (anti-) neutrino, x = l� 6= l or �x ⌘ �̄sL. In this case we have [139]:

P 2�(�l ! �l) = 1 �
1

2
sin2 2�

✓
1 � cos 2�

L

Lv

◆
= 1 � sin2 2�

✓
sin2 �m2

4E
L

◆
,

P 2�(�l ! �x) = 1 � P 2�(�l ! �l) , (14.52)

where Lv = 4� E/�m2 (p = E), �m2 = m2
2 � m2

1 > 0. Combining the CPT invariance
constraints with the probability conservation one obtains: P (�l ! �x) = P (�̄l ! �̄x) =
P (�x ! �l) = P (�̄x ! �̄l). These equalities and Eq. (14.52) with l = µ and x = � were
used, for instance, in the analysis of the Super-K atmospheric neutrino data [17], in which
the first compelling evidence for oscillations of neutrinos was obtained. The probability
P 2�(�l ! �x), Eq. (14.52), depends on two factors: on (1 � cos 2�L/Lv), which exhibits
oscillatory dependence on the distance L and on the neutrino energy p = E (hence the
name “neutrino oscillations”), and on sin2 2�, which determines the amplitude of the
oscillations. In order to have P 2�(�l ! �x) ⇠= 1, two conditions have to be fulfilled:
one should have sin2 2� ⇠= 1 and Lv . 2�L with cos 2�L/Lv ⇠= �1. If Lv

� 2�L, the
oscillations do not have enough time to develop on the way to the neutrino detector
and P (�l ! �x) ⇠= 0, while P (�l ! �l) ⇠= 1. The preceding comments are illustrated in
Fig. 14.6 showing the dependence of the probability P 2�(�e ! �e) = P 2�(�̄e ! �̄e) on the
neutrino energy.

Table 14.4: Sensitivity of di�erent oscillation experiments.

Source Type of � E[MeV] L[km] min(�m2)[eV2]

Reactor �e ⇠ 1 1 ⇠ 10�3

Reactor �e ⇠ 1 100 ⇠ 10�5

Accelerator �µ, �µ ⇠ 103 1 ⇠ 1
Accelerator �µ, �µ ⇠ 103 1000 ⇠ 10�3

Atmospheric �’s �µ,e, �µ,e ⇠ 103 104
⇠ 10�4

Sun �e ⇠ 1 1.5 ⇥ 108
⇠ 10�11

A given experiment searching for neutrino oscillations is specified, in particular,
by the average energy of the neutrinos being studied, Ē, and by the source-detector
distance L. The requirement Lv

jk . 2�L determines the minimal value of a generic

neutrino mass squared di�erence �m2 > 0, to which the experiment is sensitive (figure

October 6, 2016 11:02

Markus Ahlers (NBI) IceCube Results July 16 & 17, 2018 slide 17

(source: pdg.lbl.gov)

http://pdg.lbl.gov
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U =
1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13

c12 s12 0
−s12 c12 0

0 0 1

ei α1
2 0 0

0 ei α2
2 0

0 0 1

"atmospheric" 
mixing

CP Dirac phase 
∝ sin θ13

"solar" 
mixing

CP Majorana 
phases

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

(notation:  &  & )cij ≡ cos θij sij ≡ sin θij Δm2
ij ≡ m2

i − m2
j

best-fit values (NuFIT 5.2):

sin2 θ12 ≃ 0.303 sin2 θ13 ≃ 0.022 sin2 θ23 ≃ 0.57

Δm2
21 ≃ 7.41 × 10−5eV2 Δm2

32 ≃ ± 2.5 × 10−3eV2
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Neutrino Mass Ordering

 colours show relative contribution of ,  and  νe νμ ντ

?
(source: neutrinos.fnal.gov)

http://www.nu-fit.org
http://neutrinos.fnal.gov
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FIG. 1. Muon neutrino survival probability as function of
energy and cos(✓zenith), the latter of which is a proxy for
the distance travelled, L. The oscillation probabaility is cal-
culated within a three-neutrino framework where oscillation
parameters used here are taken from a recent global fit of
experimental data assuming the normal mass ordering [19].
We also account the Earth’s matter profile [20], which impacts
the oscillations [21–23] most prominently at the core-mantle
boundary as seen below 15 GeV at cos ✓z ⇡ �0.8.

to theories explaining the matrix structure, and more
generally the structure of the fermions in the Standard
Model (see [14] and references therein), and will make
it possible to better constrain the origins of anomalies
observed in some oscillation experiments [15–18].
In this work we present a new data sample of atmo-

spheric neutrinos collected by the DeepCore subarray of
the IceCube Neutrino Observatory. Atmospheric neutri-
nos are naturally produced by cosmic rays, arrive at the
detector from all directions, and their energy spectrum
ranges from MeV to hundreds of TeV, making them ideal
probes of an e↵ect that changes as a function of L/E. The
dominant component of the flux are muon neutrinos and
antineutrinos, which are subject to a strong periodic mod-
ulation due to oscillations below energies of ⇠100GeV,
which a↵ects the survival probability of ⌫µ as function of
energy and incoming direction, shown in Fig. 1. Thanks
to the large di↵erence in magnitude between the two in-
dependent square mass di↵erences, atmospheric neutrino
oscillations are, to a good approximation, defined by the
value of the mixing angle ✓23 and the mass splitting �m2

32,
as shown in Eq. 2. The measurement of these two param-
eters are the main result shown here, where we follow a
prescription that accounts for the full PMNS matrix and
therefore three-flavour oscillations including for matter
e↵ects.
The new sample introduces numerous improvements

over previous DeepCore results [24–26]. We use an up-
dated response of the optical modules calibrated individu-
ally using in-situ data [27], a more accurate description of
the glacial ice in which the detector is located, improved
reconstructions [28], an event selection with higher back-
ground rejection e�ciency, new methods for estimating
the impact of systematic uncertainties associated with

the detector response and more detailed descriptions of
theoretical uncertainties on neutrino fluxes and cross sec-
tions. In addition, the new sample includes 8 years of data
collected from 2011-2019, which more than doubles the
livetime used in previously published analyses [25, 26].

The new DeepCore event selection aims to serve future
analyses within IceCube in the few GeV�1 TeV range. Its
goal is to reduce the dominant background, atmospheric
muons, to a point where they are observed at roughly the
same rate as neutrinos. At this point, specific analyses
can devise targeted strategies for background rejection
and reconstructions that enhance their signal. In this
paper we report the common DeepCore event selection,
and also present the first results obtained with the sub-
sample of highest-quality events that can be reconstructed
with simple methods, using it to measure the atmospheric
oscillation parameters sin2 ✓23 and �m2

32.
In Sec. II we begin with a description of the IceCube

DeepCore detector, with a focus on calibration improve-
ments. The new common DeepCore event selection is
outlined in Sec. III, followed by the introduction of the
“Golden Event Sample” in Sec. IV. The details of how the
data are analyzed are discussed in Sec. V. An in-depth
discussion of the systematic uncertainties that a↵ect this
measurement is given in Sec. VI, highlighting our treat-
ment of detector-related e↵ects as well as a new method
to assess uncertainties on the neutrino flux, which we
e↵ectively fit as part of our results. Sections VII and VIII
present the results obtained and explore their relevance
and future improvements, respectively.

II. THE ICECUBE DEEPCORE DETECTOR

The IceCube Neutrino Observatory [29] is an ice
Cherenkov telescope located at the geographic South
Pole. It consists of 5,160 Digital Optical Modules (DOMs)
deployed in 86 boreholes that were drilled with a high-
pressure hot water drill [30]. In each borehole DOMs
are connected to a central cable, referred to as a string,
and cover depths between 1.45 km and 2.45 km. The
instrumented volume of glacial ice contained within all
86 strings is approximately 1 km3.
The glacial ice serves as a detection medium for high-

energy neutrino interactions, which produce a shower
of relativistic particles. As they travel through the ice,
the electrically charged particles in the shower can emit
Cherenkov photons, which will propagate through the ice
until they are either absorbed or detected by a DOM.

A. Detector layout

The DOMs are arranged on a nearly-hexagonal array, as
shown in the top of Fig. 2, with a spacing of 125 m horizon-
tally and 17 m vertically, throughout most of the detector.
This configuration is optimized to detect astrophysical

[IceCube, PRD 108 (2023) 1]

Atmospheric muon neutrino survival probability  
as a function of energy and zenith angle θZ
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FIG. 27. Contours showing the 90% C.L. allowed region for the atmospheric neutrino oscillation parameters from this study
(blue) compared to results from MINOS [106], NOvA [107], Super-Kamiokande [108] and T2K [109]. Daya Bay also measures
�m2

32 in conjunction to ✓13, but the results cannot be displayed in the format above [6]. The DeepCore confidence interval is
derived assuming Wilks’ theorem.

tematics contributing far less to the error budget. The
atmospheric µ normalization term has little e↵ect thanks
to the very small contamination in the final sample, while
the overall normalization term for neutrinos has almost
no e↵ect on the error of the measurement. All sensitivity
to the oscillation parameters comes from the shape of the
oscillation pattern, with the total flux being relatively
unimportant for this measurement. This breakdown of
uncertainties also demonstrates that the measurement
can still be largely improved by increased statistics.

The 90% C.L. allowed region for the atmospheric oscilla-
tion parameters is shown in Fig. 26 compared to previous
measurements using IceCube DeepCore. All contours are
derived assuming Wilks’ theorem, which leads to slight
over coverage due to the physical boundary of ✓23 (see
Fig. 23). Taking into account the previously published
Feldman Cousins-corrected 1� errors [25], we observe an
improvement of 44% and 37% in the measurements of
�m2

32 and sin2 ✓23, respectively. These new results there-
fore represent the most precise measurement of these
parameters using atmospheric neutrinos to date.
Figure 27 shows the new IceCube DeepCore result in

comparison to measurements performed by other exper-
iments, using both accelerator and atmospheric neutri-
nos. MINOS [106], T2K [109] and NOvA [107] measure
these parameters using neutrinos produced in particle
accelerator facilities with energies between hundreds of

MeV to and a few GeV. Super-Kamiokande [108] uses
atmospheric neutrinos, but the bulk of their statistics are
around the 1 GeV region. With IceCube DeepCore we use
neutrinos with energies higher than any of these exper-
iments, interacting mainly via deep inelastic scattering,
and are therefore subject to di↵erent interaction uncer-
tainties. While our neutrino source is also the atmosphere
and we use the same nominal flux calculation as Super-
Kamiokande, we see a di↵erent region of the atmospheric
neutrino spectrum and we include several flux-related nui-
sance parameters in the fit to adjust for discrepancies with
data. Given the di↵erences on how these measurements
are obtained, the overlap between the results is notewor-
thy, but di�cult to rigorously quantify using individually
reported uncertainties without resimulations accounting
for both correlated and uncorrelated uncertainties. This
could be followed up with future studies using external
data releases from each experiment.

VIII. CONCLUSION

We have presented the most precise measurement of
oscillations of atmospheric neutrinos to date, using a
newly calibrated and filtered data sample from IceCube
DeepCore. The measurement was made possible thanks to

Atmospheric Neutrino Oscillation
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Tau Neutrino Appearance
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Neutrino Oscillation Data
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2.35k tau neutrinos  
(1.8k charged current & 550 neutral current)

CONTENTS 11

Figure 2. The normalization of the weighted average of the tau neutrino cross section
compared to the Standard Model expectation. The top four blue and green lines
are from IceCube/DeepCore and contain two di↵erent analyses and with/without
NC contribution [52]. The red line is from SuperK [51] and the orange line is from
OPERA [50]. Figure from [52].

each identified the same two candidate events. Additional possible channels involving

one of the two hadronic showers occurring outside the detector or muonic decays of the

tau lepton have thus far evaded detection. The unfolded tau neutrino flux from these

analyses is consistent with other astrophysical flux measurements and a 1:1:1 flavor

ratio as expected from lepton flavor universality and terrestrially measured oscillation

parameters, albeit with fairly large uncertainties.

The history of reported tau neutrino detections is shown in Fig. 3 showing the

exponential growth in tau neutrino detections over the last two decades. The cumulative

number of detected events has grown at a rate of doubling once every two years and

that rate is expected to continue for the foreseeable future.

1.2. Tau Neutrino Motivations

Given the existing body of literature on tau neutrino theory and the data sets containing

tau neutrinos, we believe there is a strong case to significantly expand our e↵orts to study

these particles. This motivation comes from five main directions.

(i) Measure properties of SM particles: Determining the cross sections and

oscillation parameters of each known fermion has been at the center of the particle

physics community’s e↵orts for decades; it is time to now turn our e↵orts to tau

neutrinos for which measurements lag behind those of other particles.

(ii) Testing the three flavor picture: It is necessary to fully explore the oscillation

phenomenon and neutrino oscillations provide an excellent place to look for

additional instances of new physics. This requires additional sources of tau

neutrinos for oscillations, the necessary detectors and reconstruction tools to

identify tau neutrinos, the phenomenology to cast the results in terms of both
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Figure 3. The cumulative number of tau neutrinos detected (blue) including
contributions from DONuT (orange), OPERA (green), SuperK atmospherics (red),
IceCube atmospherics (purple), and IceCube astrophysical (brown). The doubling
rate is about once per two years since four events in 2000.

standard and new physics scenarios, and models to put the new physics scenarios

in a broader context.

(iii) Upcoming oscillation experiments: With the advent of DUNE for

long-baseline, Hyper-Kamiokande, IceCube, KM3NeT, and Baikal-GVD for

atmospherics, we will have a number of experiments that, while not designed for

tau neutrino physics, will be sensitive to tau neutrino physics. It is essential that

the community provides input on how to maximize the secondary physics cases of

these experiments.

(iv) Upcoming high energy neutrino experiments: A large number of experiments

designed to detect the neutrino flux in the E & 100 PeV range are currently being

proposed and constructed, see 5. While the primary motivation of many of these

experiments is astrophysics, due to their unique sensitivity to tau neutrinos, it is

vital to determine what particle physics can be extracted from them, ideally while

still in the planning phase, such that the design can be optimized for maximum

physics output.
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[IceCube, PRD 99 (2019) 3]

• 86% of  global data from IceCube 

• High statistics of  allow to make 
precision tests of the 3-flavour 
oscillation paradigm. 

• Tau neutrino appearance at  level 
with normalization . 

•

ντ

ντ

3σ
0.49 − 1.03

IceCube



Markus Ahlers (NBI) Georges Lemaître Chair 2023

Outlook: IceCube Upgrade

15

• 7 new strings in the DeepCore 
region (~20m inter-string spacing)  

• New sensor designs, optimized for 
ease of deployment, light 
sensitivity & effective area 

• New calibration devices, 
incorporating lessons from a 
decade of IceCube calibration 
efforts 

• In parallel, IceTop surface 
enhancements (scintillators & 
radio antennas) for CR studies. 

• Aim: deployment in 2025/26 

D-Egg

IceCube Upgrade Aya Ishihara

1. What’s the IceCube Upgrade?

The IceCube Neutrino Observatory was completed at the South Pole in 2011. IceCube has
led to many new findings in high-energy astrophysics, including the discovery of an astrophysical
neutrino flux and the temporal and directional correlation of neutrinos with a flaring blazar [1].
It has defined a number of upper-limits on various models of the sources of ultra-high energy
cosmic rays, as well as measurements on the fundamental high-energy particle interactions, such
as neutrino cross sections in the TeV region [2].

IceCube uses glacial ice as a Cherenkov medium for the detection of secondary charged par-
ticles produced by neutrino interactions with the Earth. The distribution of Cherenkov light mea-
sured with a 1 km3 array of 5160 optical sensors determines the energy, direction, and flavor of
incoming neutrinos. Although the South Pole is considered one of the world’s most harsh envi-
ronments, the glacial ice ⇠2 km below the surface is a dark and solid environment with stable
temperature/pressure profiles ideal for noise sensitive optical sensors. IceCube has recorded de-
tector uptime of more than 98% in the last several years. While it has been 15 years since the
first installation of the sensors, an extremely low failure rate of the optical modules has also been
observed, demonstrating that the South Pole is a suitable location for neutrino observations.

The IceCube Upgrade will consist of seven new columns of approximately 700 optical sensors,
called strings, embedded near the bottom center of the existing IceCube Neutrino Observatory. As
illustrated in Fig. 1, the "Upgrade" consists of a 20 m (horizontal) ⇥ 3 m (vertical) grid of photon

Figure 1: The Upgrade array geometry. Red marks on the left panel shows the layout of the 7 IceCube
Upgrade strings with the IceCube high-energy array and its sub-array DeepCore. The right panel shows
the depth of sensors/devices for the IceCube Upgrade array (physics region). The different colors represent
different optical modules and calibration devices. The Upgrade array extends to shallower and deeper ice
regions filled with veto sensors and calibration devices (special calibration regions).

2

Alexander Kappes, PAHEN Workshop, Berlin, 26.9.2019
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Figure 3: (Left) 68% sensitivity of the IceCube Upgrade on nt normalization value assuming a true value of
1 with 1 year observation. Also shown are the current best fit values of nt normalization from OPERA and
Super-Kamiokande. (Right) The predicted performance of the IceCube Upgrade on measurement of sin2q23
and Dm

2
32 assumes 3 years of livetime. Expected 90% confidence contours in the sin2q23 and Dm

2
32 plane in

comparison with the ones of the most sensitive experiments [11, 12].

appearance is expected in the atmospheric neutrinos from neutrino oscillations. The probabil-
ity of nt appearance is approximated as follows: P(nµ ! nt) h 4|Uµ3|2|Ut3|2sin2(

Dm
2
31L

4E
) where

4|Uµ3|2|Ut3|2 = sin22q23cos4q13. Neutrino oscillation probabilities depend on the ratio of the path
length L to the neutrino energy E, allowing the observation of neutrino oscillations as a function
of the incident angle (correlated with L) and the calculation of their energy. Therefore the recon-
struction of the incident neutrino energy and zenith angle is a key ability in the oscillation analysis.
For a path length equal to the Earth’s diameter, the first oscillation minimum for nµ and the first
oscillation maximum for nt are at approximately 25 GeV.

An enhanced photon sensitivity in the Upgrade allows for a more accurate characterization of
events during the selection process. The upper panels of Fig. 2 show the muon and tau neutrino
charged current (CC) energy distributions in the Upgrade array compared with those in DeepCore.
The figure demonstrates a significant enhancement in the event rates below ⇠30 GeV. The im-
provements are observed in the energy region relevant for analyses of neutrino oscillations. The
ability of IceCube to distinguish nµ CC interactions, which induces tracks of photon distributions,
from the other interactions i.e., ne and nt CC interactions and neutral current (NC) interactions of
ne, nµ and nt neutrinos, which produces only particle shower (cascade) signatures, allows us to
measure nt contributions in a statistical basis from the simultaneous fitting of track and cascade
distributions. The detection efficiency peak of the Upgrade array matches well with the energy
range of nt oscillation maximum and allows the measurement of a statistically significant number
(approximately 3000 events per year) of nt -induced events. The enhanced sensitivity in oscillation
analyses in the Upgrade is the result of both a larger neutrino sample and improved reconstruction
performance in these samples as demonstrated in Fig. 2.

The left panel of Fig. 3 shows a prediction of the Upgrade sensitivity for nt normalization.
The Upgrade strings will surpasses the precision of the world’s most accurate measurement by a
significant amount within approximately one year of operation. Because nt appearance and nµ

5
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1 with 1 year observation. Also shown are the current best fit values of nt normalization from OPERA and
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2
32 assumes 3 years of livetime. Expected 90% confidence contours in the sin2q23 and Dm

2
32 plane in

comparison with the ones of the most sensitive experiments [11, 12].
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oscillation maximum for nt are at approximately 25 GeV.
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charged current (CC) energy distributions in the Upgrade array compared with those in DeepCore.
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ability of IceCube to distinguish nµ CC interactions, which induces tracks of photon distributions,
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| IceCube Upgrade and Gen2 | Summer Blot | TeVPA 2018 3

IceCube limitations
More potential to exploit!

Angular resolution 

• Median error not scaling with photon statistics 
Ice modelling systematic uncertainties 

• Bubble column in bore hole, distorting OM angular 
acceptance 

• Anisotropy of photon scattering and/or absorption 
lengths in ice 

Bore hole

Bubble 
   column

Still frame from 
Sweden camera

Data       Simulation

South Pole ice anisotropy: Proceedings of ICRC2013 0580, 2014
Figure 4: Observed median angular error of fully contained high
energy (HESE) cascade directional reconstruction as a function
of reconstructed deposited energy. The dashed line indicate the
reconstruction performance with a perfect knowledge of the op-
tical properties of ice and detector responses. The deviation of
data points from the line indicate the presence of incomplete un-
derstandings of ice and detector response to bright light.

third of the cosmic neutrino flux is
expected to arrive to Earth as ne

and another one third as nt , both of
which are detected in IceCube in the
form of cascades. Figure 4 shows
the event-by-event estimates of the
angular uncertainty of high-energy
neutrino-induced cascades. While
cascades without systematic errors
can be reconstructed with an uncer-
tainty of 3� or less above 1 PeV and
5� above 300 TeV, the current re-
construction uncertainty is limited
to 10� or more in the corresponding
energy range, due to the uncertainty
on the in situ detector response and
the anisotropy of ice [14]. We aim
at achieving a cascade angular re-
construction closer to the statisti-
cal limit with the planned calibra-
tion program. The improved cas-
cade directional reconstruction pre-
cision will lead to more opportunities for neutrino point source searches using IceCube data col-
lected over the last 10 years. A further improvement on flavor identification is expected for tau
neutrinos. In high energies, the event-by-event identifications of tau neutrino candidates are pos-
sible [16], making use of separation lengths between two cascades, a hadronic cascade in a nt
CC interaction and an electron or hadronic cascade from the subsequent decay of the tau lepton.
Because tau neutrinos are not expected at the production site of astrophysical neutrinos, their ob-
servation provides a unique opportunity to measure neutrino oscillations at cosmological distances
and at ultra-high energies. An interesting aspect of the flavor ratio is that they are expected to be
robust against the flavor composition of the initial astrophysical source and the neutrino oscilla-
tion parameters. Deviations from the expectation are unique and robust signatures of new physics.
While the first nt candidates have recently been observed in 7.5 years of IceCube data, tau neutrino
identification performance is still limited by ice properties and detector responses. The resultant
sensitivity to the flavor composition is insufficient to constrain a hypothesis of new physics. An
improved precision of the cascade reconstruction as well as tau neutrino flavor identification allows
the multi-messenger observations of neutrino-emitting sources and opens up a new way to analyze
the flavor dependence of neutrino fluxes.

2.3 Towards IceCube-Gen2

The observation of a flaring blazar in coincidence with the IceCube real-time alert IC-170922,
an extremely high-energy muon neutrino, neutrino astronomy has become a reality. To expand
our view of the high-energy Universe through the new window of neutrino astronomy, a next-

7

• Precision measurement of 
atmospheric neutrino oscillations 
and tau neutrino appearance 

• Improved energy and angular 
reconstructions of IceCube data

[IceCube, PoS (ICRC2019) 1031]

HESE cascades

https://pos.sissa.it/358/1031/
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Matter Effects

Chapter III: Neutrino-Nucleon Scattering
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Figure III.3.: W (a/b) and Z (c/d) boson exchange between neutrinos and light quarks.

amd references therein). In the fit of the PDFs to the data one starts from an initial
parameterization of f(x,Q2

0) at the reference scale Q0 and evolves the PDFs to larger
scales. The CTEQ6D [120] PDFs that we use in the following are determined by DGLAP
evolution using next-to-leading order results from perturbative QCD with the DIS fac-
torization scheme. The set of initial parameters is then optimized by a �

2-fit to the
data.

The CTEQ6D PDFs are given within the kinematic region 10�6
< x < 1 and

1.3GeV < Q < 10TeV which fills out the largest part shown in Fig. III.1. However,
we will see in the following that neutrino-nucleon scattering is dominated by Bjorken-x
at roughly

x ⇡
M

2
Z/W

2mpE⌫
⇡ 104 GeV

E⌫
, (III.2)

due to the t-channel exchange of W and Z bosons. This is much smaller than 10�6

for neutrino energies above 1010 GeV. At very low x the sea-quark distribution will be
driven by the gluons splitting into quark-antiquark pairs, g ! q + q̄. At leading order,
the gluon distribution evolves like

xg(x,Q2) ⇠ A(Q2) x��
, (III.3)

where � is in the range of 0.3 to 0.4 which depends only weakly on the scale Q
2 [121].

Hence, in our calculations we will extrapolate to smaller x < x0 = 10�6 by matching

xf(x,Q2) =

✓
x

x0

◆��

x0f(x0, Q
2). (III.4)

For simplicity, we determine the power index � (for each parton) by a fit to the PDFs
at Q

2 = M
2
W , the mass of the W boson.

The theoretical uncertainties of the neutrino-nucleon interaction resulting from differ-
ent evolution schemes, i.e. a unified BFKL/DGLAP with and without nucleon screening
effects and an evaluation with a color dipole scattering approach, has been estimated by
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Chapter III: Neutrino-Nucleon Scattering
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Figure III.3.: W (a/b) and Z (c/d) boson exchange between neutrinos and light quarks.

amd references therein). In the fit of the PDFs to the data one starts from an initial
parameterization of f(x,Q2

0) at the reference scale Q0 and evolves the PDFs to larger
scales. The CTEQ6D [120] PDFs that we use in the following are determined by DGLAP
evolution using next-to-leading order results from perturbative QCD with the DIS fac-
torization scheme. The set of initial parameters is then optimized by a �

2-fit to the
data.

The CTEQ6D PDFs are given within the kinematic region 10�6
< x < 1 and

1.3GeV < Q < 10TeV which fills out the largest part shown in Fig. III.1. However,
we will see in the following that neutrino-nucleon scattering is dominated by Bjorken-x
at roughly

x ⇡
M

2
Z/W

2mpE⌫
⇡ 104 GeV

E⌫
, (III.2)

due to the t-channel exchange of W and Z bosons. This is much smaller than 10�6

for neutrino energies above 1010 GeV. At very low x the sea-quark distribution will be
driven by the gluons splitting into quark-antiquark pairs, g ! q + q̄. At leading order,
the gluon distribution evolves like

xg(x,Q2) ⇠ A(Q2) x��
, (III.3)

where � is in the range of 0.3 to 0.4 which depends only weakly on the scale Q
2 [121].

Hence, in our calculations we will extrapolate to smaller x < x0 = 10�6 by matching

xf(x,Q2) =

✓
x

x0

◆��

x0f(x0, Q
2). (III.4)

For simplicity, we determine the power index � (for each parton) by a fit to the PDFs
at Q

2 = M
2
W , the mass of the W boson.

The theoretical uncertainties of the neutrino-nucleon interaction resulting from differ-
ent evolution schemes, i.e. a unified BFKL/DGLAP with and without nucleon screening
effects and an evaluation with a color dipole scattering approach, has been estimated by
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A(r) 0 0

0 0 0
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A(r) =
+ 2GFne(r) νe

− 2GFne(r) ν̄e

Neutrino interactions 

with matter single out 

 &  and introduce 

non-universal 
effective potential.

νe ν̄e

[Wolfenstein'78; Mikheyev & Smirnov'85]
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Matter Effects

P(νμ → νe) ≃ sin2 θ23 sin2 2Θ13 sin2 ΔM2
31ℓ

4Eν

P(νμ → νμ) ≃ 1 − sin2 2θ23 cos2 Θ13 sin2 ( (Δm2
31 + ΔM2

31)ℓ
8Eν

+
Aℓ
4 )

−sin2 2θ23 sin2 Θ13 sin2 ( (Δm2
31 − ΔM2

31)ℓ
8Eν

+
Aℓ
4 )

−sin4 θ23 sin2 2Θ13 sin2 ΔM2
31ℓ

4Eν

sin2 2Θ13 ≡ sin2 2θ13 ( Δm2
31

ΔM2
31 )

2

ΔM2
31 ≡ (Δm2

31 cos 2θ13 − 2EνA)2 + (Δm2
31 sin 2θ13)

Matter effects in atmospheric  oscillations are sensitive to mass ordering:ν

Maximal mixing  at energies . sin2 2Θ13 → 1 Eres ≃ (4 − 8) GeV

[Choubey & Roy'06]
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Sensitivity to Mass OrderingKM3NeT 2.0: Letter of Intent for ARCA and ORCA
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Figure 47: Oscillation probabilities ⌫µ ! ⌫µ (blue lines) and ⌫e ! ⌫µ (red lines) as a function of the neutrino
energy for several values of the zenith angle (corresponding to different baselines). The solid (dashed) lines
are for NH (IH). For neutrinos (left) and for antineutrinos (right).

the Earth’s core can also be seen. Above ⇠15 GeV, the ⌫e ! ⌫µ transition probability becomes very small
and differences from distinct NMHs tend to disappear as well7.

Fig. 47 shows that to first order, the effect for neutrinos in the NH scheme is the same as for antineutrinos
in the IH scheme. Nevertheless, and even in the case of non-magnetised detectors (such as ORCA) which do
not distinguish ⌫’s and ⌫’s event-by-event, a net asymmetry in the combined (⌫+⌫) event rates between NH
and IH for a given flavour can be observed. This mainly comes from the fact that in the GeV energy range
relevant for atmospheric neutrinos, the CC cross section is different (by about a factor of 2) for neutrinos
and antineutrinos, as can be seen from Fig. 48. The relative contribution of ⌫e and ⌫µ in the steeply falling
atmospheric neutrino spectrum, as shown in Fig. 49, also affects the number of events of each flavour that
can be expected at the detector level.

Convoluting the oscillation probabilities with the atmospheric neutrino fluxes and the neutrino-nucleon
cross section, one can construct bidimensional plots of event rates as a function of the neutrino energy
E⌫ and cosine of the zenith angle ✓. Such an “oscillogram” is represented in Fig. 50 for ⌫µ + ⌫µ, for both
NMH hypotheses. Integrating over energies above 4 GeV, one typically expects of the order of 4650 ⌫µ-
induced events and 2850 ⌫e-induced events per year in a 1 Mton detector. The phase space region where
the differences between NH and IH are most visible clearly depends on the three ingredients mentioned here
above; but other factors also come into play, related both to intrinsic effects (such as the physics of the
neutrino interaction) and to the detector performance (such as energy and angular resolutions), that will
blur the oscillogram patterns and partly wash out the asymmetry effect.

An intrinsic uncertainty in the neutrino energy and direction arises from the kinematics of the neutrino
interaction. At the relevant energies, the out-coming lepton can no longer be considered as collinear with
its parent neutrino, as can be seen from Fig. 518. This smearing can conveniently be expressed in terms of

7This justifies the approximation of a 2-flavour ⌫µ ! ⌫⌧ oscillation scheme adopted by high-energy atmospheric
neutrino experiments so far [158,159].

8Note that the angle and energy resolutions can be improved by combining information from the leptonic and
hadronic parts of the interaction to better reconstruct the kinematics.
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Neutrino Cross Section
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THE ICECUBE-GEN2 NEUTRINO OBSERVATORY
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Figure 31: Neutrino-nucleon cross section measurements, compared to deep-inelastic-scattering (DIS) cross sec-
tion prediction from [404] (BGR18). The forecasts at ultra-high energies are for the radio component of IceCube-
Gen2 only, and for three different assumptions of the UHE neutrino flux. For each choice of flux, the cross-section
sensitivity forecast accounts generously for the uncertain normalization of the flux prediction. The assumed reso-
lution in shower energy is 10% and the resolution in zenith angle is 2`. Figure adapted from [407]. Please note
that the IceCube-Gen2 radio array configuration used in [407] is similar, but not identical to the reference radio array
design in this manuscript.

to new phenomena, including non-standard types of interactions, such as ‘diffractive’
neutrino interactions [408] or BSM physics, e.g., the production of heavy vector bosons.
Furthermore, the inelasticity distribution is sensitive to more conventional physics, e.g.,
the evolution of the PDFs, including nuclear effects like shadowing, which affect both
the inelasticity and the cross-section [409].

2.4.3 New physics constraints from flavor mixing

As high-energy cosmic neutrinos oscillate on their way to Earth, the allowed range of
each flavor’s fractional contribution to the total measured flux is small (see Figure 32),
even after accounting for uncertainties in the parameters that drive the oscillations and
in the neutrino production process [277]. That is, given a flavor composition at the
source and the standard oscillation scenario, the expected flavor ratio at the Earth is
quite restricted. However, mixing remains untested at high energies and over cosmo-
logical propagation baselines [413]. Even small BSM effects could affect flavor mixing,
vastly expanding the allowed region of flavor ratios at the Earth and making the flavor
ratio measurement a very sensitive probe of BSM physics [277, 281, 411, 412, 414–
421]. Figure 32 shows two examples (⌫-decay [277] and Lorentz invariance viola-
tion [411, 412]) of how BSM physics effects extend the region of possible flavor com-
position after cosmological distances. The figure also shows the expected constraints

51

[IceCube-Gen2 Technical Design Report: icecube-gen2.wisc.edu/science/publications/tdr/]

Different interaction 
rates from  and ν ν̄

http://icecube-gen2.wisc.edu/science/publications/tdr/
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Sensitivity to Mass Ordering

[KM3NeT/ORCA, EPJC 82 (2022) 1]
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Figure 9 (a) Sensitivity to NMO after three years of
data taking, as a function of the true ✓23 value, for
both normal (red upward pointing triangles) and inver-
ted ordering (blue downward pointing triangles) under
three assumptions for the �CP value: the world best fit
point for NO, IO reported in Table 2 (plain line), 0°
(dotted line) or 180° (dashed line). The coloured shaded
areas represent the sensitivity that 68% of the experi-
ment realisation would yield, according to the Asimov
approach [44]. (b) Sensitivity to NMO as a function of
data taking time for both normal (red upward pointing
triangles) and inverted ordering (blue downward point-
ing triangles) and assuming the oscillation parameters
reported in Table 2.

, -⌫ ⌧ appearance already during an early phase of
construction [49].

4 Conclusions

The importance of an independent study of neut-
rino oscillations, notably the determination of the
NMO, has recently been reinforced as earlier hints,
which favoured NO, are fading away in the light
of latest combined results [8, 9].

The KM3NeT/ORCA sensitivity to atmo-
spheric neutrino oscillation has been updated ac-
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Figure 10 Expected measurement precision of �m2
32

and ✓23 for both NO (a) and IO (b) after 3 years of data
taking at 90% confidence level (red) overlaid with res-
ults from other experiments [10–14] and the oscillation
parameters reported in Table 2 (black cross).

counting for an optimised detector geometry and
major improvements in neutrino trigger and re-
construction algorithms, and data analysis. The
trigger algorithm has been improved allowing to
more e�ciently collect neutrinos in the few-GeV
energy range. The algorithms to select neutrino
flavour-enriched samples have been optimised us-
ing multivariate analysis techniques. Finally, the
models used in the statistical analysis have been
refined with a realistic description of the system-
atic uncertainties.

The sensitivity to determine the NMO after
three years of data taking was found to be 4.4
(2.3)� if the true NMO is NO (IO) and the
other oscillation parameters are set to the cur-
rent best estimates [6]. The measurement precision
on �m2

32 and ✓23 are 85 · 10�6 eV2 and (+1.9
�3.1)° for

NO, and 75 · 10�6 eV2 and (+2.0
�7.0)° for IO. Finally,

the unitary 3 ⇥ 3 neutrino mixing paradigm can
be assessed by confronting the , -⌫ ⌧ event rate to
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reported in Table 2.
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energy range. The algorithms to select neutrino
flavour-enriched samples have been optimised us-
ing multivariate analysis techniques. Finally, the
models used in the statistical analysis have been
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Figure 11 Expected sensitivity to determine the ✓23
octant at 1 (blue), 2 (green) or 3� (red) as a function of
data taking time for both NO (a) and IO (b) assuming
the true NMO is known (solid line) or unknown (dashed
line). The dashed lines di↵er from the plain ones when
the LLeff minimisation converges to the wrong NMO.

the expectation in this model. With three years of
data taking, , -⌫ ⌧ event rate variation larger than
20% can be excluded at the 3� level.
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WIMP Dark Matter
Weakly Interacting Massive Particles (WIMPs) are well-motivated 
DM candidates that appear in extensions of the Standard Model, 

e.g., by supersymmetry.
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• Neutrino emission from DM annihilation ( ) at a rate: 

• Neutrino flux observed per solid angle from Earth’s location :
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8

FIG. 1. Di↵erential J-factor (left) and D-factor (right) as a function of the angular orientation towards the Galactic Center for
two assumption of the dark matter density profile ⇢�(r), the NFW [36] in solid blue and the Burkert [37] profile in dotted red.

L(µ) =
NbinsY

i=0

Poisson
�
ni|N total

obs · fi(µ)
�
, (4)

where maximization is performed against the signal frac-
tion, µ = ns/N total

obs 2 [0, 1], where ns is the number of
signal events in the sample and N total

obs is the total num-
ber of events observed. The latter is taken from data and
therefore is not a free parameter of the model. For each
bin in the energy-angular distance space, the expected
number of events is given by N total

obs · fi(µ), where fi(µ)
is the fraction of events falling in the ith bin, given by

fi(µ) = (1� µ) · Bi + µ · Si, (5)

where Si and Bi are the signal and background proba-
bility density functions (pdf), respectively. A common
neutrino telescope procedure is to build the background
model from experimental data by scrambling the right as-
cension coordinate. This technique consists on assigning
a uniformly random distributed right ascension to the
events in order to create a background pseudo-sample.
This is possible since neutrino telescopes have a nearly
constant duty cycle and as Earth’s rotates the atmo-
spheric neutrino and muon backgrounds become uniform
in right ascension. Scrambling is a powerful technique
but assumes that any potential signal is negligible and
so it will be diluted by the scrambling of the right ascen-
sion. In order to correct for a possible signal contamina-
tion in the background estimate, we make use of a signal
subtraction likelihood [7]. In this case, the estimated
background-only pdf can be written as

Bi(µ) =
1

1� µ

⇥
Bscrambled
i � µSscrambled

i

⇤
, (6)

where Sscrambled is the pdf of a right ascension scrambled
signal computed from simulation. The final expression
for the signal fraction can be written as

fi(µ) = Bscrambled
i + µ ·

�
Si � Sscrambled

i

�
. (7)

Fig. 2 shows the background pdf built from an av-
erage of 100 right ascension scrambled pseudo samples
for both the low-energy (left) and the high-energy selec-
tions (right). Data distributions have small number of
events at the tails of the energy distributions. In order
to avoid empty bins in the background pdf, which might
be specially problematic for monochromatic signal expec-
tations, we used a binning based on quantiles resulting in
each bin containing roughly the same amount of events.
This limits the statistical error per bin in the estimation
of the pdf from scrambled data. The implementation of
the quantile binning was done using the software physt 2.
The binning used for the background pdf is then ap-

plied to the signal distributions. The signal pdf’s are
built by re-weighting neutrino MC simulations according
to the expression given by equations 1 and 2. These MC
datasets include simulation of all three neutrino flavors.
In order to reduce the impact of weighted MC errors, the
simulation was oversampled by duplicating high weighted
events at di↵erent arrival times. This technique produces

2 https://github.com/janpipek/physt/

[IceCube, PRD 108 (2023) 10]

" -factor"𝒥 " -factor"𝒟

Distribution of neutrino flux depends on the "cuspiness" of the 
Milky Way dark matter distribution, in particular for the 
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where z is the redshift, and the ⇤CDM model parameters — critical density (⇢c), Hubble
parameter (H0), cold dark matter density (⌦�), matter density (⌦m), and energy density
(⌦⇤) — are taken as the best-fit values in Table 3 from [124].

In order to predict the spectrum of neutrinos from dark matter decay or annihilation,
namely dN⌫

dE⌫
used in Eqs. (3.3), (3.2), and (3.4), we proceed in the following way. The neutrino

flux in the center-of-mass frame of the decaying dark matter or annihilating dark matter pair
is computed. For dark matter decay, the PYTHIA-8.1 [125] package is used to generate a meta-
stable spin-zero particle with a fixed mass and letting it directly decay into one of several
designated channels; for details see [96]. PYTHIA partially accounts for contributions from
electroweak corrections [126] by considering the emission of W and Z bosons o↵ fermions,
but neglects, e.g., electroweak triple gauge couplings; see [127] for an alternative calculation
that includes these e↵ects. The computations for galactic dark matter in [128] improve
upon those of [127] and apply in vacuum, or in general, in low-density media, whereas the
adapted calculations for Earth and Solar dark matter neutrino fluxes in [129] also account
for the absorption of the annihilation products in high-density media. These contributions
are important at our energy scale and imply that the neutrino yield, specially of low-energy
neutrinos, could be higher making our result conservative.

Final-state neutrinos from these processes are counted, and their average energy distri-
butions are calculated for each flavor, and per neutrino and antineutrino. For dark matter
annihilation, we proceed similarly and assume the two annihilating dark matter particles
combine into a meta-stable spin-zero state which then decays into Standard Model particles.
The resulting spectrum is then equivalent to the decay spectrum of a dark matter particle
with double the mass.

Figure 1. Neutrino distribution from dark matter decay or annihilation. Total neutrino
and antineutrino per dark matter annihilation or decay for the di↵erent channels assuming a 100%
branching ratio to each channel. The maximum energy of the neutrino distribution is Emax = m�

for the case of annihilation and Emax = m�/2 for decay, where the range of m� considered is > 10
TeV. The di↵erent colors specify di↵erent channels considered in this work. The spectra are shown
at origin.

Since the dark matter mass in our energy range is much larger than all Standard Model
particles produced in the decay or annihilation channels considered, the shape of the neutrino
spectra is approximately independent of the dark matter mass, i.e. the energy distribution
dN
dx , where x = E⌫/Emax, is similar in the case of soft coherence, at large m� and small
x. For a detailed discussion on the regimes of validity of this approximation see [128].

– 5 –

[IceCube, JCAP 10 (2023) 003]

Neutrino energy distribution from dark matter decay or annihilation. 
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Figure 6. Limits on the dark matter velocity-averaged self-annihilation cross-section. Left
panel shows the constraints for all considered annihilation channels as a function of the dark matter
mass. Right panel show our constraint on the µ

+
µ
� compared with constraints from other neutrino

telescopes [152] and gamma-ray observatories [153–156]. In both cases, values above the limits (i.e.
shaded region) are excluded at a 90% C.L. The benchmark Einasto halo profile is assumed.

Figure 7. Limits on the dark matter lifetime. Left panel shows the constraints for all considered
decay channels as a function of the dark matter mass. Here, the ⌫s⌫̄s channel represents sterile
neutrinos, assuming that all steriles oscillate into a mixture of 1:1:1 SM neutrinos and do not couple
to EW forces. The sterile neutrino spectra, therefore, has sharper features that are distinguishable
from SM neutrinos. These limits need to be rescaled with the proper mixing angles between sterile
and mass eigenstates. Right panel shows our constraint for the µ

+
µ
� channel, in comparison with

constraints from other neutrino telescopes [152] and gamma-ray observatories [153–156]. Lifetimes
below the limits (i.e. shaded region) are excluded at a 90% C.L. and the benchmark Einasto halo
profile is assumed. The wiggles observed in the neutrino channels are due to the fact that this was
a binned analysis and the neutrino spectra is very narrow, as shown in Fig. 1, which results in fast
changes in the constraints as the signal transitions between bins.

5 Results

None of the tested models resulted in significance greater than 2.5� (pre-trial) when compared
to the null hypothesis. The energy distribution of the best-fit parameters for the dark matter
annihilation and decay can be seen in Fig. 5. For the dark matter annihilation scenario,
the best-fit point is found for the �� ! ⌫⌫̄ channel with m� = 1.23PeV and h�vi = 2.1 ⇥
10�23 cm3s�1. The long tail feature on the ⌫⌫̄ spectrum is due to the expected behavior from

– 11 –
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[I
ce

C
ub

e,
 JC

A
P 

10
 (2

02
3)

 0
03

]

Figure 6. Limits on the dark matter velocity-averaged self-annihilation cross-section. Left
panel shows the constraints for all considered annihilation channels as a function of the dark matter
mass. Right panel show our constraint on the µ

+
µ
� compared with constraints from other neutrino

telescopes [152] and gamma-ray observatories [153–156]. In both cases, values above the limits (i.e.
shaded region) are excluded at a 90% C.L. The benchmark Einasto halo profile is assumed.

Figure 7. Limits on the dark matter lifetime. Left panel shows the constraints for all considered
decay channels as a function of the dark matter mass. Here, the ⌫s⌫̄s channel represents sterile
neutrinos, assuming that all steriles oscillate into a mixture of 1:1:1 SM neutrinos and do not couple
to EW forces. The sterile neutrino spectra, therefore, has sharper features that are distinguishable
from SM neutrinos. These limits need to be rescaled with the proper mixing angles between sterile
and mass eigenstates. Right panel shows our constraint for the µ

+
µ
� channel, in comparison with

constraints from other neutrino telescopes [152] and gamma-ray observatories [153–156]. Lifetimes
below the limits (i.e. shaded region) are excluded at a 90% C.L. and the benchmark Einasto halo
profile is assumed. The wiggles observed in the neutrino channels are due to the fact that this was
a binned analysis and the neutrino spectra is very narrow, as shown in Fig. 1, which results in fast
changes in the constraints as the signal transitions between bins.

5 Results

None of the tested models resulted in significance greater than 2.5� (pre-trial) when compared
to the null hypothesis. The energy distribution of the best-fit parameters for the dark matter
annihilation and decay can be seen in Fig. 5. For the dark matter annihilation scenario,
the best-fit point is found for the �� ! ⌫⌫̄ channel with m� = 1.23PeV and h�vi = 2.1 ⇥
10�23 cm3s�1. The long tail feature on the ⌫⌫̄ spectrum is due to the expected behavior from

– 11 –

Figure 6. Limits on the dark matter velocity-averaged self-annihilation cross-section. Left
panel shows the constraints for all considered annihilation channels as a function of the dark matter
mass. Right panel show our constraint on the µ

+
µ
� compared with constraints from other neutrino

telescopes [152] and gamma-ray observatories [153–156]. In both cases, values above the limits (i.e.
shaded region) are excluded at a 90% C.L. The benchmark Einasto halo profile is assumed.

Figure 7. Limits on the dark matter lifetime. Left panel shows the constraints for all considered
decay channels as a function of the dark matter mass. Here, the ⌫s⌫̄s channel represents sterile
neutrinos, assuming that all steriles oscillate into a mixture of 1:1:1 SM neutrinos and do not couple
to EW forces. The sterile neutrino spectra, therefore, has sharper features that are distinguishable
from SM neutrinos. These limits need to be rescaled with the proper mixing angles between sterile
and mass eigenstates. Right panel shows our constraint for the µ

+
µ
� channel, in comparison with

constraints from other neutrino telescopes [152] and gamma-ray observatories [153–156]. Lifetimes
below the limits (i.e. shaded region) are excluded at a 90% C.L. and the benchmark Einasto halo
profile is assumed. The wiggles observed in the neutrino channels are due to the fact that this was
a binned analysis and the neutrino spectra is very narrow, as shown in Fig. 1, which results in fast
changes in the constraints as the signal transitions between bins.

5 Results

None of the tested models resulted in significance greater than 2.5� (pre-trial) when compared
to the null hypothesis. The energy distribution of the best-fit parameters for the dark matter
annihilation and decay can be seen in Fig. 5. For the dark matter annihilation scenario,
the best-fit point is found for the �� ! ⌫⌫̄ channel with m� = 1.23PeV and h�vi = 2.1 ⇥
10�23 cm3s�1. The long tail feature on the ⌫⌫̄ spectrum is due to the expected behavior from

– 11 –
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FIG. 3: Sky distribution of showers (circles) and tracks (di-
amonds) with time-ordered event numbers, with angular un-
certainties. Events 28 and 32, which are likely backgrounds,
are removed. The KASCADE field of view is shown by shaded
regions, and a large part of the Southern Hemisphere is not
covered. Dashed curves indicate the regions, in which 25%
and 50% of neutrino emission from VHDM is included. Stars
indicate positions of some nearby sources.

and/or neutrino-induced showers for extended sources.

In Fig. 4, we show forecasted limits that can be
placed by searches for muon neutrinos from Virgo and
M31. For simplicity, we assume that a next-generation
IceCube-Gen2 detector has an effective point-source sen-
sitivity that is about 5 times better than IceCube, due
to the combination effect of enhanced effective area and
event reconstruction [82]. We assume that this detector
would be fully operational after the deployment season
2019/2020, i.e., ten years after IceCube has reached its
full fiducial volume, although quantitative results might
be affected by details of the detector configuration. The
90% C.L. limits are obtained based on Ref. [83]. Note
that, although stacking analyses for nearby sources could
improve limits in principle, we find that including objects
with Mdm/d2 ≪ 1013 M⊙ Mpc−2 does not help in our
case. Their individual neutrino fluxes are too low, mak-
ing the overall signal-to-background ratio worse. One
sees the present IceCube is not large enough to test the
VHDM scenario requiring τdm ∼ (3–6)×1027 s, even with
twenty years of operations. We need a better angular
resolution, with which we can put crucial constraints in
several years. This conclusion will hold for cored profiles
even if the J factor is reduced by a factor of 2. Nonde-
tections will rule out the VHDM scenario independently
of the other limits, while positive detections may be sup-
portive or suggest other astrophysical scenarios [9].

Summary and Discussion.— The discovery of cos-
mic neutrinos opens up a new window to probe new
physics beyond the Standard Model, such as neutrino
self-interactions [77, 84–88] and Lorentz-invariance viola-
tion [89–91]. The VHDM scenario has been considered as
an explanation for the cosmic neutrinos. We considered
two critical tests that are feasible with current and near-
future γ-ray detectors and next-generation neutrino tele-
scopes. (1) The proposed VHDM models predict the dif-
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FIG. 4: Muon neutrino limits on the VHDM scenario, ex-
pected for the Virgo cluster and M31. We consider the ES13
model (solid line), RKP14 model (dotted line), and HKS14
model (dot-dashed line), and VHDM lifetimes explaining the
cumulative neutrino background are indicated by the shaded
region. We assume through-going muon tracks seen in Ice-
Cube (thick line) and a next-generation detector like IceCube-
Gen2 (thin line) with a relative improvement of the sensitivity
by a factor of 5. The VHDM scenario can be ruled out or sup-
ported in three to five years.

fuse γ-ray background that is compatible with the Fermi
data. The marginal consistency implies that they can be
ruled out or supported by improving the data, decom-
posing the sub-TeV background, and finding anisotropy
increasing as energy. Note that the latest results of the
IceCube Collaboration indicate a softer neutrino spec-
trum with the higher intensity in the ∼ 30 TeV energy
range [68, 69], which would increase the tension with γ-
ray bounds. (2) The diffuse sub-PeV γ-ray background
is also marginally consistent with the current limits. The
excess emission around the Galactic center can be de-
tected by γ-ray and CR detectors such as HAWC, Tibet
AS+MD and IceTop. (3) If the VHDM scenario is cor-
rect, muon neutrinos from nearby galaxies and galaxy
clusters such as Virgo should be detected with a next-
generation detector such as IceCube-Gen2. Remarkably,
this method enables us to test various VHDM models
that only explain the data in the PeV range.
The tests proposed here are complementary to the

large-scale anisotropy of the arrival distribution of neutri-
nos. So far, no significant anisotropy has been observed.
We stress that our approaches become especially impor-
tant if the excess around the Galactic center exists.
Although we focused on decaying VHDM, applica-

tions to annihilating VHDM are possible. The unitar-
ity bound, which usually gives stringent limits on mdm,
could be alleviated if the signal largely comes from sub-
structures with low velocity dispersion [37]. Although
the predicted arrival distribution is different, constraints
from the diffuse γ-ray background can similarly be pow-
erful. With large boost factors, muon neutrino searches
for nearby sources are relevant as well [56].

[Feldstein, Kusenko, Matsumoto & Yanagida'13; Esmaili & Serpico'13; Zavala'14]

[Murase, Laha, Ando & MA'15]

 Distribution of cosmic neutrinos from 2013 HESE analysis.
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• Evolution of the DM density in 
compact celestial objects: 

• DM equilibrium density: 

• The neutrino emission 
proportional to capture rare:
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bb̄ ⌧ ⌧̄ ⌫⌫̄
Mass
(GeV)

�SI [cm2]
⇥10�41

�SD [cm2]
⇥10�39

�Exp.
SD [cm2]

⇥10�39
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⇥10�41

�SD [cm2]
⇥10�39

�Exp.
SD [cm2]

⇥10�39
�SI [cm2]
⇥10�41

�SD [cm2]
⇥10�39

�Exp.
SD [cm2]

⇥10�39

5 - - - 5.34 1.33 1.38 0.38 0.092 0.23
10 16.6 8.39 10.8 0.29 0.15 0.21 0.04 0.029 0.057
20 1.54 1.57 2.53 0.05 0.05 0.08 0.02 0.014 0.027
35 0.54 0.93 1.50 0.02 0.03 0.05 0.01 0.012 0.022
50 0.34 0.80 1.29 0.009 0.02 0.04 0.004 0.011 0.020
100 0.29 1.12 1.23 0.008 0.03 0.04 0.005 0.022 0.024

TABLE III. 90% C.L limits on the spin-independent and spin-dependent dark matter-proton cross-section for DM annihilation
to bb̄ (left), ⌧+⌧� (center) and ⌫⌫̄. The expected sensitivity from an ensemble of background-only observations is also shown
under �Exp.

SD [cm2] for each channel and DM mass.

bb̄ ⌧ ⌧̄ ⌫⌫̄
Mass (GeV) �ann [s�1] ⇥1023 �ann [s�1] ⇥1023 �ann [s�1] ⇥1023

5 139 139.3
10 396 7.0 1.37
20 29.7 0.97 0.27
35 7.41 0.22 0.09
50 3.51 0.096 0.05
100 1.39 0.038 0.027

TABLE IV. 90% C.L limits on annihilation rate for DM annihilation to bb̄ (left), ⌧+⌧� (center) and ⌫⌫̄.

FIG. 2. 90% upper limits (solid lines) and expected sensitivity (dotted) on the spin-dependent cross-section as a function of
WIMP mass obtained by 7 years of IceCube DeepCore data in this work. We validated the analysis up to 500 GeV and 300
GeV for bb̄ and ⌧+⌧� but only show up to 100 GeV in the tables for consistency.The dark and light shaded bands show the
central 68% and 95% expected limits respectively. Also shown are limits from the Super-K [33], PICO-60 [50] and ANTARES
[51] experiments.

scattering cross-section, we repeat all the analysis steps on several simulated datasets. Each simulation was pro-
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[IceCube, PRD 105 (2022) 6]
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Probe of Fundamental Physics
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Figure 1: Tests of fundamental physics accessible with neutrinos of different energies.

How do flavors mix at high energies? Experiments with neutrinos of up to TeV energies
have confirmed that the different neutrino flavors, ne, nµ , and nt , mix and oscillate into each other
as they propagate [33]. Figure 3 shows that, if high-energy cosmic neutrinos en route to Earth
oscillate as expected, the predicted allowed region of the ratios of each flavor to the total flux is
small, even after accounting for uncertainties in the parameters that drive the oscillations and in the
neutrino production process [57]. However, at these energies and over cosmological propagation
baselines [58], mixing is untested; BSM effects could affect oscillations, vastly expanding the
allowed region of flavor ratios and making them sensitive probes of BSM [57, 59–68].

What are the fundamental symmetries of Nature? Beyond the TeV scale, the symmetries of
the SM may break or new ones may appear. The effects of breaking lepton-number conservation,
or CPT and Lorentz invariance [69], cornerstones of the SM, are expected to grow with neutrino
energy and affect multiple neutrino observables [70–81]. Currently, the strongest constraints in
neutrinos come from high-energy atmospheric neutrinos [82]; cosmic neutrinos could provide un-
precedented sensitivity [62,71,73,76,78,83–90]. Further, detection of ZeV neutrinos, well beyond
astrophysical expectations, would probe Grand Unified Theories [43, 91–94].

Are neutrinos stable? Neutrinos are essentially stable in the SM [95–97], but BSM physics
could introduce new channels for the heavier neutrinos to decay into the lighter ones [98–100],
with shorter lifetimes. During propagation over cosmological baselines, neutrino decay could leave
imprints on the energy spectrum and flavor composition [65, 101–104]. The associated sensitivity
outperforms existing limits obtained using neutrinos with shorter baselines [103]. Comparable
sensitivities are expected for similar BSM models, like pseudo-Dirac neutrinos [65, 105, 106].

What is dark matter? Cosmic neutrinos can probe the nature of dark matter. Dark matter
may decay or self-annihilate into neutrinos [107–110], leaving imprints on the neutrino energy
spectrum, e.g., line-like features. Searches for these features have yielded strong constraints on
dark matter in the Milky Way [111–113] and nearby galaxies [114]. High-energy cosmic neutrinos

2

cosmic neutrinos

[Ackermann, MA, Anchordoqui, Bustamante+ Bull.Am.Astron.Soc. 51 (2019)]
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• Sterile  neutrino motivated by 
anomalous data of accelerator, reactor, 
and radioactive source experiments: 

 appearance 
(LSND & MiniBooNE) 

 disappearance 
(reactor, GALLEX & SAGE) 

• IceCube is sensitive to the "3+1" sterile 
neutrino model: 

• Energy-dependent distortions of 
atmospheric  disappearance in 
matter-enhanced oscillations.

𝒪(1) eV

νμ → νe & ν̄μ → ν̄e

νe & ν̄e

νμ & ν̄μ

U4×4 = R34R24R14UPMNS
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[IceCube, PRL 125 (2020) 14; PRD 102 (2020) 5]
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FIG. 1. Disappearance probability calculated using NuSQuIDS [85] for several sterile neutrino parameters. The
⌫̄µ disappearance probability in terms of true neutrino energy and cosine of the zenith is shown for several sterile neutrino
parameters. Top row has fixed sin2(2✓24) = 0.1 and increasing mass-squared di↵erences from left to right. Bottom row has
fixed �m2

41 = 1 eV2 and increasing mixing from left to right. There are visible discontinuities between inner to outer core
(cos(✓true⌫ ) = �0.98) and outer core to mantle (cos(✓truez ) = �0.83). Note that the peak of the IceCube flux is at around 1 TeV.

to 56GeV [92]. Because of their low energies, event re-
construction is more challenging in this sample and back-
grounds are di�cult to reduce. To mitigate background
contamination, the DeepCore sub-array [79, 93] was used
for event selection and reconstruction with the remainder
of the IceCube array serving as a veto against atmospheric
muon backgrounds. No evidence of atmospheric ⌫µ dis-
appearance was observed, leading to a limit expressed
in terms of the mixing matrix elements |Uµ4|2 = sin2 ✓24
and |U⌧4|2 = sin2 ✓34 cos2 ✓34.

This article presents an update of the search for ster-
ile neutrinos with IceCube in both resonant (“Analysis
I”) and large-�m2

41 (“Analysis II”) scenarios using the
IceCube 8-year high-energy neutrino dataset. The data
comprise of 305,735 ⌫µ events with reconstructed energies
between 500GeV and 10TeV. Relative to earlier analyses,
we use an improved high-e�ciency event selection and
significantly updated detector model and calibration. The
increased sample size over IceCube’s previously published
event selection [94] has mandated a substantial overhaul
of the systematic uncertainty treatment related to the
glacial ice, detector response, incident neutrino flux, and
neutrino interactions in order to achieve systematic con-
trol at the few-percent level. This paper aims to provide
a comprehensive explanation of the search for sterile neu-

trinos with the IceCube 8-year high-energy neutrino data
set presented in Ref. [95]. Further information can be
found in Refs. [96–98].

II. ANALYSIS OVERVIEW

The main results presented in this paper are two inde-
pendent sets of frequentist confidence intervals applied
in distinct analysis sub-spaces, which we will refer to as
Analysis I and Analysis II. The two analysis spaces are
constructed such that the only parameter point shared by
both is the “no sterile neutrinos” hypothesis. For Anal-
ysis I, a Bayesian model comparison is also constructed,
as reported in Ref. [95]. This paper provides detailed
information on both frequentist and Bayesian analysis
techniques and results. These two statistical approaches
aim to answer di↵erent, though often related, questions.
The Bayesian approach informs us about the likelihood of
the model given the observed data and has the advantage
of a unified interpretation of systematic and statistical
uncertainties, whereas the frequentist approach allows
us to construct intervals that encompass the regions of
parameters that best match the data, enabling direct
comparison with other published confidence intervals.

|Uμ4 |2 = sin2 θ24 & |Ue4 |2 = |Uτ4 |2 = 0
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[IceCube, PRL 129 (2022) 1]
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FIG. 3. The result of the frequentist analysis for g
2 = 2.5⇡.

The 90%, 95%, and 99% C.L. contours are shown as blue
dotted, dashed, and solid curves, respectively. The best-fit
point is marked with a blue star. The median sensitivity at
99% C.L., determined from 300 simulated datasets, is shown
as a red curve. The medium and light pink bands indicate the
1� and 2� regions for the sensitivity. The 2D projection of
the SBL fit results from [4] for the range 2.25⇡  g

2  2.75⇡
at 90% C.L., 95% C.L., and 99% C.L. are shown as the solid
yellow, green, and purple islands around �m

2
41 = 1.3 eV2.

parameters �m2
41 and sin2 2✓24 are shown in Fig. 5. Both

analyses find some preference for non-zero g2. In the fre-
quentist analysis, g2 = 0 is disfavored in favor of non-zero
g2 with a p-value of 0.81%. This p-value was obtained us-
ing Wilks’ theorem and 0.26 e↵ective DOF. The e↵ective
DOF was determined by fitting 500 simulated datasets
generated assuming the best-fit 3 + 1 parameters, i.e.,
fixing g2 = 0.

The 95% C.L. allowed region found in this work over-
laps that of the SBL fits, as seen in Fig. 3. This overlap
occurs to some extent for all non-zero values of g2, but is
larger for g2 values above ⇡. This overlap remains fixed in
�m2

41 and sin2 2✓24 for varying g2. At and above g2 = ⇡,
there is some overlap between the 95% C.L. region of this
work and the 90% C.L. allowed region from the SBL fits.

In conclusion, we have found no substantive evidence
for the 3+1+decay model. The null hypothesis of only
three neutrinos is disfavored with a p-value of 2.5%, and
the 3+1 model disfavored with a p-value of 0.81%. The
best-fit parameters are �m2

41 = 6.7+3.9
�2.5 eV2, sin2 2✓24 =

0.33+0.20
�0.17, and g2 = 2.5⇡ ± 1.5⇡. While we have re-

ported valuable new input to global studies, further work
is needed to clarify the picture.

FIG. 4. The result of the Bayesian analysis for g
2 = 2.5⇡.

The color indicates the logarithm of the Bayes factor with
respect to the three-neutrino model; magenta regions have
strong preference for the three-neutrino model, while green re-
gions have preference for the sterile neutrino model. The dot-
ted, dashed, and solid black contours correspond to log10(BF)
equaling ±0.5, ±1.0, and ±1.5, respectively.

FIG. 5. The frequentist and Bayesian results profiled over two
of the sterile parameters, �m

2
41 and sin2 2✓24. The frequentist

test statistic, �2�LLH is shown in black and is plotted on
the left y-axis. The logarithm of the Bayes factor is shown in
red and is plotted on the right y-axis. The diamond markers
joined by the thick lines show the results for the sterile model
as a function of the third sterile parameter, g2. The results
for the null hypothesis – that there are only three neutrino
species – are shown in the dashed horizontal lines at the top
of the plot.

Best-fit contours in for stable (left) and unstable (right) sterile neutrinos.
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FIG. 4. Frequentist analysis result. The 90% and 99%
C.L. contours, assuming Wilks’ theorem, shown as dashed
and solid bold blue lines respectively. The green / yellow band
shows the region where 68% / 95% of the pseudoexperiment
99% C.L. observations lie; the dashed white line corresponds
to the median. Other muon-neutrino disappearance measure-
ments at 99% C.L. are shown in black [22–27, 101]; where re-
sults were not available at 99% C.L., methods of Ref. [20] were
applied using public data releases. Finally, the star marks the
analysis best-fit point location.

experiments, and the 99% contour is stronger than other
exclusion limits at values of �m2 up to 1 eV2.

Fig. 5 shows the corresponding Bayesian result, where
the point-wise Bayes factor is calculated relative to the
no sterile neutrino hypothesis. The best-model location
is at �m2 ⇠ 4.5 eV2 and sin2(2✓24) ⇠ 0.9 and is strongly
preferred, by a factor of 10.7, to the no sterile neutrino
hypothesis. Contours are drawn in logarithmic Bayes
Factor steps of 0.5, quantifying strength of evidence [102].

The best-fit point and inferred confidence regions are
found to be robust under the removal of any one of the
eight years of data, showing only minor changes in the
contour position. This is also the case for removal of any
of the following group of uncertainties: neutrino cross
sections, detector e↵ects, atmospheric flux, and astro-
physical flux. Details can be found in Ref. [44]. Further-
more, a similar best-fit point is obtained when fitting any
one year of data independently, suggesting a small e↵ect
of physical or systematic rather than statistical origin.

The di↵erence in likelihood to the null hypothesis is
4.94, corresponding to a p-value of 8% against the null
hypothesis. The location of this point was found to be
compatible with expectations based on simulated no ster-
ile neutrino pseudoexperiments, which by definition pro-

FIG. 5. Bayesian analysis result. The logarithm of the
Bayes Factor [102] relative to the null hypothesis (color scale).
Red indicates hypotheses preferred over the null hypothesis,
while the blue indicates the null is preferred. Solid lines de-
lineate likelihood ratios of 1 in 10 for a priori equally likely
hypotheses. The best-model location is shown at the white
star with a log10(Bayes Factor) minimum of �1.03.

duce closed contours at 90% C.L. in 10% of trials.
In summary, we have studied 305,735 up-going atmo-

spheric and astrophysical muon-neutrinos to search for
evidence of eV-sterile neutrino signatures. The best-fit
point is consistent with the no sterile neutrino hypothe-
sis at a p-value of 8%. Because of its unique statistical
strength this result is expected to have a substantial im-
pact on the global sterile neutrino landscape.
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We report a search for nonstandard neutrino interactions (NSI) using eight years of TeV-scale at-
mospheric muon neutrino data from the IceCube Neutrino Observatory. By reconstructing incident
energies and zenith angles for atmospheric neutrino events, this analysis presents unified confidence
intervals for the NSI parameter ✏µ⌧ . The best-fit value is consistent with no NSI at a p-value of
25.2%. With a 90% confidence interval of �0.0041  ✏µ⌧  0.0031 along the real axis and similar
strength in the complex plane, this result is the strongest constraint on any NSI parameter from
any oscillation channel to date.

INTRODUCTION

Neutrino oscillations are a phenomenon indicating
mechanisms beyond the current Standard Model (SM) of
particle physics. Experiments have measured the mixing
parameters of neutrino states to excellent precision and
confirm that at least two states have non-zero mass [1–
4]. Neutrino masses are orders of magnitude lighter than
the other SM fermion masses, further suggesting the ex-
istence of beyond-Standard-Model (BSM) physics [5, 6].

When the SM is treated as an effective field theory,
neutrino masses can be introduced through the addition
of a dimension-5 operator to the SM Lagrangian, with
further BSM physics expected through the addition of
dimension-6 operators required for renormalizability [7–
10]. One class of these dimension-6 operators introduces
neutrino non-standard interactions (NSI), which are com-
prised of new neutral-current (NC) and charged-current
(CC) neutrino interactions with charged fermions [11–
15].

This paper presents IceCube’s latest constraints on
the NC NSI parameter ✏µ⌧ using eight years of muon-
neutrino-1induced up-going track data2, with the highest
range of event energies (500 GeV to ⇠10 TeV) employed
for an NSI analysis to date. A likelihood analysis is per-
formed on the binned neutrino event counts to search for
evidence of NSI via modified coherent forward scattering.
The analysis uses the same sample of neutrino events and
techniques as used in the recent IceCube search for sterile

1
“Neutrinos” refers to both neutrinos and antineutrinos unless oth-

erwise stated.
2

The ⌫µ purity of this sample, determined from simulated neu-

trino and cosmic ray event simulation, is > 99.9% [16].

FIG. 1. Muon neutrino oscillogram. An example of how
NSI modify predicted neutrino fluxes. Shown here is the prob-
ability ratio of NSI-modified oscillations to the SM prediction
for atmospheric neutrinos (chosen value is Re(✏µ⌧ ) = 0.0031,
Im(✏µ⌧ ) = 0.0, the 90% CL bound on positive Re(✏µ⌧ )). Ef-
fects include flux disappearance at energies of 1 TeV and
above for events crossing the largest Earth baselines ( cos(✓) =
�1) and flux enhancement at ⇠ 100 GeV. Note that the neu-
trino true energy range corresponds to the stated muon proxy
energy range, and that the maximum disappearance for this
value of ✏µ⌧ is ⇠ 3.4%.

neutrinos through ⌫µ disappearance, which is described
in detail in Refs. [16, 17].

6

FIG. 2. Real-only result. Top: The �2�LLH profile from
the fit to data. Blue-shaded regions correspond to the the CL
regions determined from the �2�LLH values. Bottom: Com-
parison of the 90% CL limits from this analysis to IceCube’s
previous real-only ✏µ⌧ search [25] and the Super-Kamiokande
experiment’s inaugural constraints [58].

spheric ⌫µ and ⌫µ flux has an overall normalization un-
certainty [41] quantified by the �conv parameter.

The astrophysical neutrino spectrum uncertainties are
quantified through the normalization (�astro) and spec-
tral index (��astro) nuisance parameters with correlated
Gaussian priors informed by a confidence region en-
compassing recent IceCube astrophysical flux measure-
ments [51–56], modeled with a ⌫µ : ⌫µ ratio of 1 : 1
assuming a single-power energy law [16, 17].

The optical properties of the bulk glacial ice result from
depth-dependent impurity concentrations. To minimize
the number of relevant parameters and their uncertain-
ties, the absorption and scattering coefficients collected
for each 10 m layer are reparameterized into a Fourier
series up to a finite cutoff, with modes ordered from the
greatest to weakest effects on the propagation of light in
the glacial ice. The SnowStorm software implements an
efficient method of sampling the Fourier parameter space
by perturbing a single central MC set rather than gener-
ating multiple MC sets [57]. Two energy-dependent ba-
sis functions are inferred from correlations between per-
turbed modes, and the amplitudes of these functions ul-
timately serve as the nuisance parameters for the bulk
ice uncertainties. These nuisance parameters have a bi-
variate Gaussian prior.

After deployment, the water in the sensor borehole
refreezes with optical impurities inhomogeneously dis-
tributed relative to the DOM axis, termed "hole ice" [59].

The consequence of hole ice is the effect on the angular
sensitivity in photon detection. This contribution to the
angular efficiency has been modeled empirically with two
additional parameters, p1 and p2. Refs. [16, 17] found
only one parameter (p2) has a significant contribution to
the uncertainty from hole ice such that variations in p2

cover any effects seen in shifts of the negligible parameter
(p1).

The uncertainties associated with the effective sensi-
tivity of DOMs to photons after deployment are charac-
terized by the DOM efficiency nuisance parameter. Fac-
tors contributing to the efficiency include those internal
to the DOM, such as the photocathode efficiency and
wavelength acceptance, and factors external to the DOM,
including the aforementioned hole ice and sensor cable
shadow [16, 17].

The neutrino cross-section determines both the rate of
neutrino absorption in Earth [60, 61] and of observable
interactions [62, 63]. Uncertainties regarding neutrino
interactions at the detector were found by Refs. [64, 65]
to be negligible while the uncertainties of the neutrino
cross-sections on in-Earth absorption are parameterized
through linearly scaling cross-sections �⌫µ and �⌫µ . The
corresponding priors are fixed at the largest uncertainties
found within the sample energy range [63].

The impact of the systematic uncertainties was deter-
mined by calculating the 90% CL sensitivity when se-
lected nuisance parameters were fixed while the others
were fit freely. For these tests, the “Asimov” [66] sensi-
tivity was employed, following its validation against the
true median sensitivity from 1,000 pseudoexperiments.
The most illustrative test fixed categories of parameters
organized into three types: hadronic5, cosmic6, and de-
tector7. Fixed cosmic nuisance parameters resulted in a
⇠ �0.82% relative change in |✏µ⌧ |, while fixed hadronic
parameters have a relative change of ⇠ �1.63%. Lastly,
the largest uncertainty contribution is from the detector
parameters, which have a ⇠ �9.80% relative change from
the central sensitivity radius.

For a review of the systematic uncertainties treated in
this analysis, see Refs. [17] and [16]. The prior and pos-
terior widths for the nuisance parameters at the analysis
best-fit are listed in the supplementary materials.

RESULTS

The analysis real-valued best-fit Re(✏µ⌧ ) = �0.0029.
The strongest nuisance parameter pull is the cosmic ray

5
W/Y/Z parameters (from Ref.[48]), atmospheric density, �conv,

��conv
6 �astro, ��astro
7

DOM efficiency, Ice Gradient 0 and Ice Gradient 1 (SnowStorm),

p2 (column ice)
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[IceCube, PRL 129 (2022) 1]

Hmat(x) = VCC (x)

1 + ϵee ϵeμ ϵeτ

ϵ*eμ ϵμμ ϵμτ

ϵ*eτ ϵ*μτ ϵττ

Hamiltonian including 
nonstandard interactions 

with matter:
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Probe of Fundamental Physics
IceCube neutrinos test new energy and distance regime.
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Figure 1: Tests of fundamental physics accessible with neutrinos of different energies.

How do flavors mix at high energies? Experiments with neutrinos of up to TeV energies
have confirmed that the different neutrino flavors, ne, nµ , and nt , mix and oscillate into each other
as they propagate [33]. Figure 3 shows that, if high-energy cosmic neutrinos en route to Earth
oscillate as expected, the predicted allowed region of the ratios of each flavor to the total flux is
small, even after accounting for uncertainties in the parameters that drive the oscillations and in the
neutrino production process [57]. However, at these energies and over cosmological propagation
baselines [58], mixing is untested; BSM effects could affect oscillations, vastly expanding the
allowed region of flavor ratios and making them sensitive probes of BSM [57, 59–68].

What are the fundamental symmetries of Nature? Beyond the TeV scale, the symmetries of
the SM may break or new ones may appear. The effects of breaking lepton-number conservation,
or CPT and Lorentz invariance [69], cornerstones of the SM, are expected to grow with neutrino
energy and affect multiple neutrino observables [70–81]. Currently, the strongest constraints in
neutrinos come from high-energy atmospheric neutrinos [82]; cosmic neutrinos could provide un-
precedented sensitivity [62,71,73,76,78,83–90]. Further, detection of ZeV neutrinos, well beyond
astrophysical expectations, would probe Grand Unified Theories [43, 91–94].

Are neutrinos stable? Neutrinos are essentially stable in the SM [95–97], but BSM physics
could introduce new channels for the heavier neutrinos to decay into the lighter ones [98–100],
with shorter lifetimes. During propagation over cosmological baselines, neutrino decay could leave
imprints on the energy spectrum and flavor composition [65, 101–104]. The associated sensitivity
outperforms existing limits obtained using neutrinos with shorter baselines [103]. Comparable
sensitivities are expected for similar BSM models, like pseudo-Dirac neutrinos [65, 105, 106].

What is dark matter? Cosmic neutrinos can probe the nature of dark matter. Dark matter
may decay or self-annihilate into neutrinos [107–110], leaving imprints on the neutrino energy
spectrum, e.g., line-like features. Searches for these features have yielded strong constraints on
dark matter in the Milky Way [111–113] and nearby galaxies [114]. High-energy cosmic neutrinos

2

2

position at the sources. We extend this work by pro-
viding a refined and explicit formalism to derive unitar-
ity bounds that are easily applicable to arbitrary source
compositions.

Figure 1 shows our results for physically motivated
choices of source flavor composition. The ternary plot
shows the source and Earth flavor fractions, i.e., the rela-
tive contribution of neutrino flavors to the total neutrino
flux. Assuming that the accessible flavor space is con-
vex, i.e., that every intermediate flavor fraction between
any two accessible fractions is also accessible by a suit-
able unitary matrix, our unitarity bounds are maximally
constraining and completely characterize the accessible
flavor space.

The paper is organized as follows. In Sec. II we dis-
cuss the astrophysical processes of neutrino production
and the corresponding flavor composition at the source.
We discuss the resulting flavor composition at Earth af-
ter flavor oscillation with nonstandard neutrino mixing.
In Sec. III we derive general flavor boundaries for the
flavor composition at Earth based on the unitary of the
nonstandard mixing matrix. We conclude in Sec. IV.
Throughout this paper we will work in natural units
with h̄ = c = 1.

II. ASTROPHYSICAL NEUTRINO FLAVORS

High-energy astrophysical neutrinos are products of
cosmic-ray collisions with gas and radiation. The flux
of neutrinos at production can be described as a mixed
state of neutrinos na and antineutrinos na where the in-
dex a = e, µ, t refers to the neutrino flavor eigenstate
produced in weak interactions. The relative number of
initial neutrino states (Ne : Nµ : Nt)S (summed over neu-
trinos and antineutrinos) is determined by the physical
conditions in the source. In the simplest case, pions (or
kaons) produced in cosmic-ray interactions decay via
p+ ! µ+ + nµ followed by µ+ ! e+ + ne + nµ (and
the charge-conjugated processes). This pion decay chain
results in a source composition of (1 : 2 : 0)S. However,
in the presence of strong magnetic fields it is possible
that muons lose energy before they decay and do not
contribute to the high-energy neutrino emission [12]. In
this muon-damped scenario the composition is expected
to be closer to (0 : 1 : 0)S. On the other hand, neutrino
production by beta-decay of free neutrons or short-lived
isotopes produced in spallation or photo-disintegration
of cosmic rays leads to (1 : 0 : 0)S.

After production, astrophysical neutrinos travel over
cosmic distances before their arrival at Earth. The ob-
servable flavor composition is significantly altered by
neutrino oscillations, which are due to neutrino flavor
states being superpositions of propagation states na,

|nai = Â
a

U⇤
aa|nai . (1)

These propagation states are defined as eigenvectors of

the Hamiltonian, including kinetic terms and effective
potentials [38]. In general, the 3 ⇥ 3 unitary mixing ma-
trix U has nine degrees of freedom. However, neutrino
oscillation phenomena only depend on four indepen-
dent parameters, which can be parametrized by three
rotation angles and one phase. Unitarity ensures that
the total number of neutrinos of all flavors is conserved.
Neutrino flavor oscillations of pure or mixed states can
be described in terms of the evolution of the density
matrix r, following the Liouville equation ṙ = �i[H, r]
with Hamiltonian H.

In the case of standard neutrino oscillations and neu-
trino propagation in vacuum, the propagation eigen-
states are identical to the neutrino mass eigenstates ni
(i = 1, 2, 3). The mixing matrix between flavor and mass
eigenstates is the so-called Pontecorvo-Maki-Nagakawa-
Sakata (PMNS) matrix [39–41]. In the relativistic limit,
standard oscillations in vacuum can be introduced via
the Hamiltonian

H0 ' Â
i

m2
i

2En

�
|niihni| + |niihni|

�
, (2)

where En is the neutrino energy and the sum runs over
projectors onto neutrino and antineutrino mass eigen-
states.

The solution of the Liouville equation with H = H0
describes the oscillation of neutrino flavors due to the
nontrivial mixing and mass splitting, Dm2 ⌘ m2

i �
m2

j 6= 0, for i 6= j. The oscillation phases are given
by Dm2`/4En where ` is the distance to the neutrino
source. In the case of astrophysical neutrinos these os-
cillation phases are much larger than unity. Consider-
ing the wide energy distribution of neutrinos at their
sources and the limited energy resolution of neutrino
detectors, flavor transitions from |nai to |nbi (or from
|nai to |nbi) can only be observed by their oscillation-
averaged transition probability given by

Pab = Â
a

|Uaa|2 |Uba|2 . (3)

In the following, we will discuss nonstandard neu-
trino oscillations that can be described by additional ef-
fective Hamiltonian terms eH in the Liouville equation,
so that the total Hamiltonian is H = H0 + eH. These
effective terms can be generated in various ways, in-
cluding nonstandard interactions with matter and Stan-
dard Model extensions that violate the weak equiva-
lence principle, Lorentz invariance, or CPT symmetry.
Concretely, we will study the effect of additional terms
in the Hamiltonian that can be parametrized in the
form [42]

eH =
En

n

Ln Â
a

�
ea|naihna| + ea|naihna|

�
, (4)

with n an integer and L the energy scale of the nonstan-
dard effects. The eigenvalues of this additional Hamil-
tonian, ea and ea, are required to be nondegenerate,

standard Hamiltonian "exotic" contributions?
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of the evolution of the density matrix r, following the
Liouville equation ṙ = �i[H, r] with Hamiltonian H.

On their way to Earth, high-energy astrophysical neu-
trinos propagate in vacuum. In this case, the propa-
gation eigenstates are the neutrino mass eigenstates ni
(i = 1, 2, 3, 4). For illustration, in 3+1 models where the
active-sterile mixing parameters are small, n1, n2, and n3
are made up mostly of the active flavors, ne, nµ, and nt ,
with a small contribution of the sterile flavor ns, while
n4 is mostly made up ns, with a small contribution of
the active flavors. However, our treatment below is not
limited to the case of small active-sterile mixing; it holds
regardless of the size of the mixing parameters.

If neutrinos are relativistic, like in our case, standard
oscillations in vacuum can be introduced via the Hamil-
tonian

H ' Â
i

m2
i

2En

�
|niihni| + |niihni|

�
, (2)

where En is the neutrino energy and the sum runs over
projectors onto neutrino and antineutrino mass eigen-
states. The solution of the Liouville equation then yields
the probability of transition between neutrino flavors
due to their mixing, coming from U, and their mass
splittings, Dm2

ij ⌘ m2
i � m2

j , where i, j = 1, 2, 3, 4. For-
mally, the probability is oscillatory, and the oscillation
phases are given by Dm2

ij`/4En where ` is the distance
to the neutrino source. While standard mass splittings
Dm2

21 and |Dm2
31| are small [67], the large `/En ratio for

astrophysical neutrino sources lead to oscillation phases
much larger than unity. In analogy, while we do not con-
sider specific values of the mass of n4, we assume in the
following that, also in the 3+1 scenario, all mass split-
tings are considerably smaller than `/En. In this case,
considering the wide energy distribution with which
neutrinos are emitted and the limited energy resolu-
tion of neutrino detectors, flavor transitions from |nai
to |nbi (or from |nai to |nbi) can only be described by
their oscillation-averaged transition probability, given
by [58, 68]

Pab = Â
a

|Uaa|2 |Uba|2 . (3)

Global analyses of oscillation data from reactor, solar,
and atmospheric neutrino experiments [69, 70], with en-
ergies in the MeV–GeV scale, confirm the validity of the
three-flavor oscillation phenomenology. However, there
is motivation from theory and experiment to consider
the existence of an additional, sterile neutrino. From
theory, sterile neutrinos appear naturally in the pro-
cess of giving masses to the active neutrinos; see, e.g.,
Refs. [71, 72]. These sterile neutrinos are typically very
heavy; for instance, in type-I seesaw models of mass
generation, they have masses of ⇠ 1025 eV. From exper-
iment, eV-scale sterile neutrinos [51, 52, 55, 56] are mo-
tivated by hints from the short-baseline oscillation ex-
periments LSND [73] and MiniBooNE [74, 75], from the

Gallium neutrino anomaly [76–78], and from anoma-
lies in reactor neutrino experiments [79], while keV-scale
sterile neutrinos are motivated as dark-matter candi-
dates [53, 54] by astrophysical X-ray observations [80].

Concurrently, and in tension with these hints, there
are strong experimental constraints, derived from MeV–
GeV oscillation experiments and GeV–TeV atmospheric
neutrino observations, that limit active-sterile mixing to
be small [55, 56, 81–84]. If these constraints were to hold
also for active-sterile mixing at the TeV–PeV scale, only
small deviations would be possible in the flavor com-
position at Earth of high-energy astrophysical neutri-
nos [61, 62] (unless ns were produced at the sources).

In our treatment, we make no such assumption: we
allow active-sterile mixing in the TeV–PeV scale to be
disconnected from active-sterile mixing in the MeV–TeV
scale. This allows us to study the generic situation
where the mixing parameters are different in different
energy regimes, or where different sterile flavors mix
with active flavors at different energies. As a result, we
circumvent the constraints on the active-sterile mixing
coming from MeV–TeV experiments, and base our con-
straints on the flavor composition at Earth below solely
on the unitarity of the mixing matrix. Later, we point
out how to use our flavor-composition constraints to in-
directly probe the active-sterile mixing parameters.

III. FLAVOR BOUNDARIES

Our goal is to derive the boundary that encloses the
accessible space of flavor compositions at Earth, for a
given flavor composition at the source, based solely on
the unitarity of the 4 ⇥ 4 mixing matrix U. The deriva-
tion of flavor boundaries in the presence of sterile neu-
trinos follows closely that of the three-flavor case de-
scribed in Ref. [13]. We focus only on the 3+1 scenario,
which contains a single sterile flavor, because it is repre-
sentative of the class of 3+n scenarios, with n � 1 sterile
neutrinos. Our formalism below can be extended to sce-
narios with n > 1.

In the 3+1 scenario, the oscillation-averaged fla-
vor transition matrix P defined by Eq. (3) can be
parametrized by its six off-diagonal entries Pab, with
a 6= b. The unitarity of the mixing matrix imposes a
bound on the linear combinations of these transition el-
ements,

uPes + vPµs + wPts + xPµt + yPet + zPeµ

 B(u, v, w, x, y, z) , (4)

where u, v, w, x, y, and z are arbitrary parameters and
B is the boundary function. We discuss its form in Ap-
pendix A. This function can be written as

B(u, v, w, x, y, z) = max
✓ 40[

i=1
Si

◆
, (5)

+

[Ackermann et al., arXiv:1903.04333]
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• Quantum gravity could modify dispersion relations of neutrinos (or 
photons, CRs, etc.) inducing Lorentz Invariance Violation (LIV): 

• Modification of the neutrino velocity: 

• This causes energy-dependent time delays of cosmic neutrinos: 

• TXS 0506+056 -  coincidence constrains  ( ).ν γ Λ ≳ 3 × 1016 GeV n = 1

v(E) =
∂E
∂p

≃ 1 ± n + 1
2 ( E

Λ )
n

[e.g. Alves Batista et al.'23]

E2 = p2 [1 ± ( E
Λ )

n

]

Δt = ± n + 1
2

En
0 − En

1

Λn ∫
z

0
dz′￼

(1 + z′￼)n

H(z′￼)

[Ellis, Mavromatos, Sakharov & Sarkisyan-Grinbaum'18; Laha'18]
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• LIV can also modify neutrino oscillations via an anomalous energy 
dependence of the effective Hamiltonian. 

• For isotropic LIV effects we can make the ansatz for the effective 
Hamiltonian of flavour states: 

• The LIV  matrices  are CPT odd and  are CPT even with 
mass dimension . 

• The flavour eigenstates can now be expressed as superpositions of LIV 
Hamiltonian eigenstates :

3 × 3 a(d) c(d)

4 − d

|ν𝔞⟩

[Kostelecky & Mewes'12]

H ≃
m2

2Eν
+ å(3) − Ec̊(4) + E2å(5) − E3c̊(6) + …

|να⟩ = ∑
𝔞

U*α𝔞(Eν) |ν𝔞⟩
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FIG. 1: Schematic figure of the test of LV with atmospheric
neutrinos in IceCube. Muon neutrinos produced in the upper
atmosphere are detected by IceCube in Antarctica. The po-
tential signal is the anomalous disappearance of muon neutri-
nos, which might be caused by the presence of a hypothetical
LV field that permeates space. The e↵ect can be directional
(arrows), but in this analysis we test the isotropic component.

number in the bracket is the dimension of the operator.
These terms are typically classified as CPT-odd (

�
a
(d))

and CPT-even (
�
c
(d)). Focusing on muon neutrino to tau

neutrino (⌫µ ! ⌫⌧ ) oscillations, all SME terms in Eq. (1)
can be expressed as 2 ⇥ 2 matrices, such as

�
c
(6) =

 
�
c
(6)
µµ

�
c
(6)
µ⌧

�
c
(6)
µ⌧

⇤
��

c
(6)
µµ

!
. (2)

Without loss of generality, we can define the matrices so
that they are traceless, leaving three independent param-

eters, in this case:
�
c
(6)
µµ , Re (

�
c
(6)
µ⌧ ), and Im (

�
c
(6)
µ⌧ ). The o↵-

diagonal Lorentz violating term
�
c
(6)
µ⌧ dominates neutrino

oscillations at high energy, which is the main interest of
this paper. In this formalism, LV can be described by an
infinite series, but higher order terms are expected to be
suppressed. Therefore, most terrestrial experiments fo-
cus on searching for e↵ects of dimension-three and -four
operators;

�
a
(3) and E · �

c
(4) respectively. However, our

analysis extends to dimension-eight, i.e., E
2·�a(5), E

3·�c(6),
E

4 · �
a
(7), and E

5 · �
c
(8). Such higher orders are accessible

by IceCube, which observes high-energy neutrinos where
we expect an enhancement from the terms with dimen-
sion greater than four. In fact, some theories, such as
noncommutative field theory [2] and supersymmetry [3],
allow for LV to appear in higher order operators. As an
example, we expect dimension-six new physics operators
of order ⇠ 1

M2
P

⇠ 10�38 GeV�2 where MP is the Planck

mass which is the natural energy scale of the unification
of all matter and forces including gravity. We assume

that only one dimension is important at any given en-
ergy scale, because the strength of LV is expected to be
di↵erent at di↵erent orders.

We use the ⌫µ ! ⌫⌧ two-flavour oscillation scheme fol-
lowing Ref. [29]. This is appropriate because we assume
there is no significant interference with ⌫e. Details of the
model used in this analysis are given in Methods. The
oscillation probability is given by

P (⌫µ ! ⌫⌧ ) = �4Vµ1Vµ2V⌧1V⌧2 sin2

 
�2 � �1

2
L

!
, (3)

where V↵i are the mixing matrix elements of the e↵ective
Hamiltonian (Eq. (1)), and �i are its eigenvalues. Both
mixing matrix elements and eigenvalues are a function
of energy, ⌫SM oscillation parameters, and SME coe�-
cients. Full expressions are given in Supplementary ma-
terial Appendix A.

THE ICECUBE NEUTRINO OBSERVATORY

The IceCube Neutrino Observatory is located at the
geographic South Pole [30, 31]. The detector volume is
one cubic kilometer of clear Antarctic ice. Atmospheric
muon neutrinos interacting on surrounding ice or bedrock
may produce high-energy muons, which emit photons
that are subsequently detected by digital optical mod-
ules (DOMs) embedded in the ice. The DOMs consist
of a 25 cm diameter Hamamatsu photomultiplier tube,
with readout electronics, contained within a 36.5 cm glass
pressure housing. These are installed in holes in the ice
with roughly 125 m separation. There are 86 holes in the
ice with a total of 5160 DOMs, which are distributed at
depths of 1450 m to 2450 m below the surface, instru-
menting one gigaton of ice. The full detector description
can be found in Ref. [31].

This detector observes Cherenkov light from muons
produced in charged-current ⌫µ interactions. Photons de-
tected by the DOMs allow for the reconstruction of the
muon energy and direction, which is related to the energy
of the primary ⌫µ. Because the muons are above criti-
cal energy, their energy can be determined by measuring
the stochastic losses that produce Cherenkov light. See
Ref. [28] for details on the muon energy proxy used in this
analysis. In the TeV energy range, these muons traverse
distances of order kilometers, and have small scattering
angle due to the large Lorentz boost, resulting in 0.75�

resolution on the reconstructed direction at 1 TeV [32].
We use up-going muon data of TeV-scale energy from two
years of detector operation [28] representing 34975 events
with a 0.1% atmospheric muon contamination.
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Limits on LIV operators using atmospheric neutrinos 7

dim. method type sector limits ref.

3 CMB polarization astrophysical photon ⇠ 10�43 GeV [5]
He-Xe comagnetometer tabletop neutron ⇠ 10�34 GeV [10]

torsion pendulum tabletop electron ⇠ 10�31 GeV [12]
muon g-2 accelerator muon ⇠ 10�24 GeV [13]

neutrino oscillation atmospheric neutrino |Re (
�
a
(3)
µ⌧ )|, |Im (

�
a
(3)
µ⌧ )|

< 2.9⇥ 10�24 GeV (99% C.L.)
< 2.0⇥ 10�24 GeV (90% C.L.)

this work

4 GRB vacuum birefringence astrophysical photon ⇠ 10�38 [6]
Laser interferometer LIGO photon ⇠ 10�22 [7]

Sapphire cavity oscillator tabletop photon ⇠ 10�18 [8]
Ne-Rb-K comagnetometer tabletop neutron ⇠ 10�29 [11]

trapped Ca+ ion tabletop electron ⇠ 10�19 [14]

neutrino oscillation atmospheric neutrino |Re (
�
c
(4)
µ⌧ )|, |Im (

�
c
(4)
µ⌧ )|

< 3.9⇥ 10�28 (99% C.L.)
< 2.7⇥ 10�28 (90% C.L.)

this work

5 GRB vacuum birefringence astrophysical photon ⇠ 10�34 GeV�1 [6]
ultra-high-energy cosmic ray astrophysical proton ⇠ 10�22 to 10�18 GeV�1 [9]

neutrino oscillation atmospheric neutrino |Re (
�
a
(5)
µ⌧ )|, |Im (

�
a
(5)
µ⌧ )|

< 2.3⇥ 10�32 GeV�1 (99% C.L.)
< 1.5⇥ 10�32 GeV�1 (90% C.L.)

this work

6 GRB vacuum birefringene astrophysical photon ⇠ 10�31 GeV�2 [6]
ultra-high-energy cosmic ray astrophysical proton ⇠ 10�42 to 10�35 GeV�2 [9]

gravitational Cherenkov radiation astrophysical gravity ⇠ 10�31 GeV�2 [15]

neutrino oscillation atmospheric neutrino |Re (
�
c
(6)
µ⌧ )|, |Im (

�
c
(6)
µ⌧ )|

< 1.5⇥ 10�36 GeV�2 (99% C.L.)
< 9.1⇥ 10�37 GeV�2 (90% C.L.)

this work

7 GRB vacuum birefringence astrophysical photon ⇠ 10�28 GeV�3 [6]

neutrino oscillation atmospheric neutrino |Re (
�
a
(7)
µ⌧ )|, |Im (

�
a
(7)
µ⌧ )|

< 8.3⇥ 10�41 GeV�3 (99% C.L.)
< 3.6⇥ 10�41 GeV�3 (90% C.L.)

this work

8 gravitational Cherenkov radiation astrophysical gravity ⇠ 10�46 GeV�4 [15]

neutrino oscillation atmospheric neutrino |Re (
�
c
(8)
µ⌧ )|, |Im (

�
c
(8)
µ⌧ )|

< 5.2⇥ 10�45 GeV�4 (99% C.L.)
< 1.4⇥ 10�45 GeV�4 (90% C.L.)

this work

TABLE I: Comparison of attainable best limits of SME coe�cients in various fields.

is an attractive possibility to produce neutrino masses,
and dimension-six operators represent new physics inter-
actions which can, for example, mediate proton decay.

Although LV dimension-six operators, such as
�
c
(6)
µ⌧ , are

well motivated by certain theories including noncommu-
tative field theory [2] and supersymmetry [3], they have
so far not been probed with elementary particles due to
the lack of available high-energy sources. Thus, our work
pushes boundaries on new physics beyond the Standard
Model and general relativity.

CONCLUSION

We have presented a test of Lorentz violation with
high-energy atmospheric muon neutrinos from IceCube.
Correlations of the SME coe�cients are fully taken into
account, and systematic errors are controlled by the fit.
Although we did not find evidence for LV, this analysis
provides the best attainable limits on SME coe�cients in
the neutrino sector along with limits on the higher order
operators. Comparison with limits from other sectors re-
veals that this work provides among the best attainable
limits on dimension-six coe�cients across all fields: from
tabletop experiments to cosmology. This is a remarkable
point that demonstrates how powerful neutrino interfer-

ometry can be in the study of fundamental space-time
properties.

Further improvements on the search for LV in the neu-
trino sector using IceCube will be possible when the
astrophysical neutrino sample is included [44]. Such
analyses [45, 46] will require a substantial improve-
ment of detector and flux systematic uncertainty evalu-
ations [47, 48]. In the near future, water-based neutrino
telescopes such as KM3NeT [49] and the ten-times-larger
IceCube-Gen2 [50] will be in a position to observe more
astrophysical neutrinos. With the higher statistics and
improved sensitivity, these experiments will have an en-
hanced potential for discovery of Lorentz violation.

Data availability

The data that were used in this study are avail-
able in the IceCube Public Data Access “Astrophysical
muon neutrino flux in the northern sky with 2 years
of IceCube data [28]” at http://icecube.wisc.edu/
science/data/.

⇤ Corresponding authors email: analysis@icecube.wisc.edu.

[IceCube, Nature Phys. 14 (2018) 9]
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Cosmic neutrinos visible via their oscillation-averaged flavour. 7
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FIG. 4. Measured flavor composition of IceCube HESE events
with ternary topology ID and extended multi-dimensional
analysis of the double cascades (black). Contours show the 1�
and 2� confidence intervals assuming Wilks’ theorem holds.
The shaded regions show previously published results [28, 49]
without direct sensitivity to the tau neutrino component. Fla-
vor compositions expected from various astrophysical neu-
trino production mechanisms are marked, and the entire ac-
cessible range of flavor compositions assuming standard 3-
flavor mixing is shown.

flavor components for the first time, and the degeneracy438

between the ⌫e and ⌫⌧ fraction is broken. The small sam-439

ple size in this analysis leads to an increased uncertainty440

on the ⌫µ fraction as compared to [28] and [49].441

The test statistic TS = �2
�
lnL(�0

⌫⌧
) � lnL(�b.f.

⌫⌧
)
�

com-442

pares the likelihood of a fit with a ⌫⌧ flux normalization443

fixed at a value �0
⌫⌧

to the free fit where �⌫⌧ assumes444

its best-fit value �b.f.
⌫⌧

. Evaluated at �0
⌫⌧

= 0 and using445

Wilks’ theorem, it gives the significance at which a van-446

ishing astrophysical tau neutrino flux can be disfavored.447

The test statistic is expected to follow a half-�2
k distri-448

bution with k = 1 degree of freedom [50]. See the Sup-449

plemental Material for a discussion. The observed test450

statistic is TS = 6.5, which translates to a significance451

of 2.8�, or a p-value of 0.005. A one-dimensional scan452

of the astrophysical ⌫⌧ flux normalization is performed453

with all other components of the fit profiled over. The454

1� confidence intervals are defined by TS  1, and the as-455

trophysical tau neutrino flux normalization is measured456

to457

�⌫⌧ = 3.0+2.2
�1.8 · 10�18 GeV�1 cm

�2
s�1 sr�1. (5)458

This constitutes the first non-zero measurement of the459

astrophysical tau neutrino flux.460

461

Summary and outlook. 7.5 years of HESE events462

were analyzed with new analysis tools. The previously463

shown data set was reprocessed using an improved de-464

tector calibration. Using a ternary topology classifica-465

tion directly sensitive to tau neutrinos, a flavor compo-466

sition measurement was performed. This analysis found467

the first two double cascades, indicative of ⌫⌧ interac-468

tions, with an expectation of 1.5 ⌫⌧ -induced signal events469

and 0.8 ⌫e,µ-induced background events at the best-470

fit single-power-law spectrum with flavor equipartition,471

�6⌫ = 6.4·10�18·GeV�1 cm
�2

s�1 sr�1, and �astro = 2.87,472

[30]. The first event, “Big Bird,” has a short double cas-473

cade length for its energy, and an energy asymmetry at474

the boundary of the selected interval for double cascades.475

No firm conclusion can be drawn about the nature of the476

neutrino interaction. The second event, “Double Double”,477

shows an energy asymmetry and double cascade length478

expected from the simulation of ⌫⌧ . The photon arrival479

pattern is well described with a double cascade hypothe-480

sis, but not with a single cascade hypothesis. An a poste-481

riori analysis was performed to determine the compati-482

bility of each of the events with a background hypothesis,483

based on targeted MC. The a posteriori analysis confirms484

the compatibility of “Big Bird” with a single cascade, in-485

duced by a ⌫e interaction, at the 25% level. A “Big Bird”-486

like event is ⇠ 3 (15) times more likely to be induced by a487

⌫⌧ than a ⌫e (⌫µ), the result being only weakly dependent488

on the astrophysical spectral index. “Double Double” is489

⇠ 80 times more likely to be induced by a ⌫⌧ than either490

a ⌫e or a ⌫µ. All background interactions have a com-491

bined probability of ⇠ 2%, almost independent of the492

spectral index of the astrophysical neutrino flux. While493

the a posteriori analysis was ongoing, two complemen-494

tary analyses using the “double pulse” method to search495

for tau neutrinos have been performed. Both also iden-496

tify “Double Double” as a candidate tau neutrino event497

[51, 52].498

Using an extended likelihood for double cascades which499

allows for the incorporation of a multi-dimensional PDF500

as evaluated by a kernel density estimator, the flavor501

composition was measured. The best fit is ⌫e : ⌫µ : ⌫⌧ =502

0.20 : 0.39 : 0.42, consistent with all previously pub-503

lished results by IceCube [28, 49], as well as with the ex-504

pectation for astrophysical neutrinos assuming standard505

3-flavor mixing. The astrophysical tau neutrino flux is506

measured to:507

d�⌫⌧

dE
=3.0+2.2

�1.8

✓
E

100 TeV

◆�2.87[�0.20,+0.21]

· 10�18 · GeV�1 cm
�2

s�1 sr�1,

(6)508

with a zero ⌫⌧ flux disfavored with a significance of 2.8�,509

or, p = 0.005.510

A limitation of the analysis presented here is the small511
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FIG. 4. Measured flavor composition of IceCube HESE events
with ternary topology ID and extended multi-dimensional
analysis of the double cascades (black). Contours show the 1�
and 2� confidence intervals assuming Wilks’ theorem holds.
The shaded regions show previously published results [28, 49]
without direct sensitivity to the tau neutrino component. Fla-
vor compositions expected from various astrophysical neu-
trino production mechanisms are marked, and the entire ac-
cessible range of flavor compositions assuming standard 3-
flavor mixing is shown.

flavor components for the first time, and the degeneracy438

between the ⌫e and ⌫⌧ fraction is broken. The small sam-439

ple size in this analysis leads to an increased uncertainty440

on the ⌫µ fraction as compared to [28] and [49].441
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= 0 and using445
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The test statistic is expected to follow a half-�2
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bution with k = 1 degree of freedom [50]. See the Sup-449
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statistic is TS = 6.5, which translates to a significance451
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with all other components of the fit profiled over. The454

1� confidence intervals are defined by TS  1, and the as-455

trophysical tau neutrino flux normalization is measured456

to457

�⌫⌧ = 3.0+2.2
�1.8 · 10�18 GeV�1 cm
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s�1 sr�1. (5)458

This constitutes the first non-zero measurement of the459

astrophysical tau neutrino flux.460
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Summary and outlook. 7.5 years of HESE events462
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shown data set was reprocessed using an improved de-464
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the first two double cascades, indicative of ⌫⌧ interac-468

tions, with an expectation of 1.5 ⌫⌧ -induced signal events469

and 0.8 ⌫e,µ-induced background events at the best-470

fit single-power-law spectrum with flavor equipartition,471

�6⌫ = 6.4·10�18·GeV�1 cm
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s�1 sr�1, and �astro = 2.87,472

[30]. The first event, “Big Bird,” has a short double cas-473

cade length for its energy, and an energy asymmetry at474

the boundary of the selected interval for double cascades.475

No firm conclusion can be drawn about the nature of the476

neutrino interaction. The second event, “Double Double”,477

shows an energy asymmetry and double cascade length478

expected from the simulation of ⌫⌧ . The photon arrival479

pattern is well described with a double cascade hypothe-480

sis, but not with a single cascade hypothesis. An a poste-481

riori analysis was performed to determine the compati-482

bility of each of the events with a background hypothesis,483

based on targeted MC. The a posteriori analysis confirms484

the compatibility of “Big Bird” with a single cascade, in-485

duced by a ⌫e interaction, at the 25% level. A “Big Bird”-486

like event is ⇠ 3 (15) times more likely to be induced by a487

⌫⌧ than a ⌫e (⌫µ), the result being only weakly dependent488

on the astrophysical spectral index. “Double Double” is489

⇠ 80 times more likely to be induced by a ⌫⌧ than either490

a ⌫e or a ⌫µ. All background interactions have a com-491

bined probability of ⇠ 2%, almost independent of the492

spectral index of the astrophysical neutrino flux. While493

the a posteriori analysis was ongoing, two complemen-494

tary analyses using the “double pulse” method to search495

for tau neutrinos have been performed. Both also iden-496

tify “Double Double” as a candidate tau neutrino event497

[51, 52].498

Using an extended likelihood for double cascades which499

allows for the incorporation of a multi-dimensional PDF500

as evaluated by a kernel density estimator, the flavor501

composition was measured. The best fit is ⌫e : ⌫µ : ⌫⌧ =502

0.20 : 0.39 : 0.42, consistent with all previously pub-503

lished results by IceCube [28, 49], as well as with the ex-504

pectation for astrophysical neutrinos assuming standard505

3-flavor mixing. The astrophysical tau neutrino flux is506

measured to:507
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FIG. 4. Measured flavor composition of IceCube HESE events
with ternary topology ID and extended multi-dimensional
analysis of the double cascades (black). Contours show the 1�
and 2� confidence intervals assuming Wilks’ theorem holds.
The shaded regions show previously published results [28, 49]
without direct sensitivity to the tau neutrino component. Fla-
vor compositions expected from various astrophysical neu-
trino production mechanisms are marked, and the entire ac-
cessible range of flavor compositions assuming standard 3-
flavor mixing is shown.
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between the ⌫e and ⌫⌧ fraction is broken. The small sam-439

ple size in this analysis leads to an increased uncertainty440

on the ⌫µ fraction as compared to [28] and [49].441
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statistic is TS = 6.5, which translates to a significance451
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with all other components of the fit profiled over. The454
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trophysical tau neutrino flux normalization is measured456
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were analyzed with new analysis tools. The previously463

shown data set was reprocessed using an improved de-464
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sition measurement was performed. This analysis found467

the first two double cascades, indicative of ⌫⌧ interac-468

tions, with an expectation of 1.5 ⌫⌧ -induced signal events469

and 0.8 ⌫e,µ-induced background events at the best-470

fit single-power-law spectrum with flavor equipartition,471
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[30]. The first event, “Big Bird,” has a short double cas-473

cade length for its energy, and an energy asymmetry at474

the boundary of the selected interval for double cascades.475

No firm conclusion can be drawn about the nature of the476

neutrino interaction. The second event, “Double Double”,477

shows an energy asymmetry and double cascade length478

expected from the simulation of ⌫⌧ . The photon arrival479

pattern is well described with a double cascade hypothe-480

sis, but not with a single cascade hypothesis. An a poste-481

riori analysis was performed to determine the compati-482

bility of each of the events with a background hypothesis,483

based on targeted MC. The a posteriori analysis confirms484

the compatibility of “Big Bird” with a single cascade, in-485

duced by a ⌫e interaction, at the 25% level. A “Big Bird”-486

like event is ⇠ 3 (15) times more likely to be induced by a487
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A limitation of the analysis presented here is the small511

Likelihood contours  
of observed  

flavour ratios

[IceCube, Eur. Phys. J. C 82, 1031 (2022)]
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Unitarity Bounds of Astrophysical Neutrinos
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The flavor composition of astrophysical neutrinos observed at neutrino telescopes is related to the
initial composition at their sources via oscillation-averaged flavor transitions. If the time evolution of
the neutrino flavor states is unitary, the probability of neutrinos changing flavor is solely determined
by the unitary mixing matrix that relates the neutrino flavor and propagation eigenstates. In this pa-
per we derive general bounds on the flavor composition of TeV–PeV astrophysical neutrinos based
on unitarity constraints. These bounds are useful for studying the flavor composition of high-energy
neutrinos, where energy-dependent non-standard flavor mixing can dominate over the standard mix-
ing observed in accelerator, reactor, and atmospheric neutrino oscillations.

PACS numbers: 14.60.Pq, 14.60.St, 95.55.Vj

Introduction.—The high-energy astrophysical neutri-
nos discovered by IceCube [1–7] are key to revealing
the unknown origin of high-energy cosmic rays and the
physical conditions in their sources [8]. They also pro-
vide a unique opportunity to study fundamental neu-
trino properties in an entirely new regime: their energy
and baseline far exceed those involved in reactor, accel-
erator, and atmospheric neutrino experiments. Effects of
non-standard neutrino physics — even if they are intrin-
sically tiny — can imprint themselves onto the features
of astrophysical neutrinos, including their energy spec-
trum, arrival directions, and flavor composition, i.e., the
proportion of neutrinos of each flavor.

At the sources, the flavor composition is determined
by the neutrino production process; after that, oscil-
lations modify the composition en route to Earth [11–
18]. Assuming standard oscillations, we predict the ob-
servable flavor composition. However, non-standard
neutrino oscillations can alter the composition drasti-
cally [19–25]. Non-standard effects can originate, e.g.,
from neutrino interactions with background matter [26–
28] and dark matter [29, 30] or from Standard Model
extensions that violate the weak equivalence principle,
Lorentz invariance, or CPT symmetry [31–37]. A key
property of these models is that the flavor transitions
between sources and Earth are entirely determined by a
new unitary mixing matrix that connects neutrino flavor
and propagation eigenstates.

We will discuss the regions in flavor space that can be
expected from this class of models. The unitarity of the
new mixing matrix allows us to compute the boundary
of the region that encloses all possible flavor composi-
tions at the Earth, in spite of not knowing the values of
the matrix elements. Previous work [20] derived a set
of unitarity bounds for specific choices of flavor com-
position at the sources. We extend this work by pro-
viding a refined and explicit formalism to derive unitar-
ity bounds that are easily applicable to arbitrary source

compositions.
Figure 1 shows our results for physically motivated

choices of source flavor composition. The ternary plot
shows the source and Earth flavor fractions, i.e., the rela-
tive contribution of neutrino flavors to the total neutrino
flux. Assuming that the accessible flavor space is con-
vex, i.e., that every intermediate flavor fraction between
any two accessible fractions is also accessible by a suit-
able unitary matrix, our unitarity bounds are maximally
constraining and completely characterize the accessible
flavor space.
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FIG. 1. Unitarity bounds of astrophysical neutrino flavors for
three source compositions indicated by filled symbols. The
corresponding open symbols indicate the expected composi-
tion at Earth under standard oscillations using the best-fit mix-
ing parameters for normal mass ordering [9]. We include the
best-fit flavor composition from IceCube [10] as a black star
and the 68% and 95% confidence levels as grey-shaded areas.
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Flavors of Astrophysical Neutrinos with Active-Sterile Mixing
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We revisit the flavor composition of high-energy astrophysical neutrinos observed at neutrino tele-
scopes. Assuming unitary time evolution of the neutrino flavor states, the flavor composition ob-
servable at Earth is related to the initial composition at their sources via oscillation-averaged flavor
transitions. In a previous study we derived general bounds on the flavor composition of TeV–PeV
astrophysical neutrinos assuming three-flavor unitary mixing. We extend these bounds to the case of
active-sterile neutrino mixing. Our bounds are analytical, derived based only on the unitarity of the
mixing, and do not require sampling over the values of the unknown active-sterile mixing parameters.
These bounds apply to any extended active-sterile neutrino mixing scenario where energy-dependent
nonstandard flavor mixing dominates over the standard mixing observed in accelerator, reactor, and
atmospheric neutrino oscillations.

PACS numbers: 14.60.Pq, 14.60.St, 95.55.Vj

I. INTRODUCTION

The high-energy astrophysical neutrinos observed by
IceCube [1–7] provide a unique probe of fundamental
neutrino properties under extreme conditions. These
neutrinos have energies of TeV–PeV and travel distances
of up to a few Gpc, far exceeding those accessible to re-
actor, accelerator, or atmospheric neutrino experiments,
that make them susceptible to tiny effects of nonstan-
dard high-energy neutrino physics [8–11]. The observ-
able features that could reveal the presence of nonstan-
dard physics [11, 12] include alterations of their energy
spectrum, arrival direction distribution, arrival times,
and flavor composition, i.e., the proportion of neutrinos
of each flavor in the neutrino flux. The latter is a par-
ticularly robust measure of nonstandard physics, since
there are clear expectations for what the standard flavor
composition should be, as predicted by Standard-Model
interactions and oscillations between only the three ac-
tive neutrino flavors, ne, nµ, and nt .

High-energy astrophysical neutrinos are produced in
interactions of high-energy cosmic rays, i.e., protons and
nuclei, with gas and radiation in astrophysical sources.
(The identity of these sources remains so far unknown,
save for two promising instances [7, 15].) The relative
number of initial neutrino flavor states is determined by
the physical conditions in the source and is dominated
by electron and muon neutrinos ne, n̄e, nµ, and n̄µ. Af-
ter emission from the source, neutrinos undergo flavor
oscillations en route to Earth, which change the flavor
composition with which they arrive at the detector [16–
23]. Assuming standard three-flavor neutrino oscilla-
tions, the detected flavor composition can be corrected
for these oscillation effects to infer the flavor composi-
tion at the source [24].

However, nonstandard neutrino oscillations can al-
ter the flavor composition at Earth drastically [13, 25–
31]. These effects can originate from a large class of
models of new unitary neutrino physics, e.g., from neu-

trino interactions with background matter [32], dark
matter [33, 34] or dark energy [34, 35] or from Stan-
dard Model extensions that violate the weak equiv-
alence principle, Lorentz invariance, or CPT symme-
try [36–43]. A key common property of these models
is that, if the nonstandard effects dominate at high en-
ergies, the flavor transitions between the sources and
Earth are entirely determined by a new unitary mix-
ing matrix that connects neutrino flavor states and new,
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FIG. 1. Unitarity bounds of high-energy astrophysical neu-
trino flavors for three benchmark flavor compositions at the
source indicated by filled symbols. The solid lines and shaded
areas show the case of 3+1 active-sterile neutrino mixing,
whereas the dashed lines show the case of mixing only be-
tween the three active flavors [13]. We include the best-fit fla-
vor composition measured by IceCube [14] as a black star, and
the 68% and 95% confidence levels (C.L.) as grey-shaded areas.

ar
X

iv
:2

00
9.

01
25

3v
1 

 [h
ep

-p
h]

  2
 S

ep
 2

02
0

Cosmic Neutrinos & LIV

42

4

where the individual subset Si corresponds to a class of
candidate maxima of the left-hand side of Eq. (4) that
are related to one another by flavor transformations. In
total, we consider 40 classes of candidate maxima that
are listed in Table I of Appendix A.

As in the three-flavor case [13], it is possible to use the
family of unitarity bounds in Eq. (A6) of Appendix A to
derive boundaries that enclose the accessible region of
flavor compositions at Earth. We first define the flavor
ratio of na as fa ⌘ Na/ Âb Nb. For a fixed source flavor
ratio fa,S, the flavor ratio at Earth fa,� is

fa,� = Â
b

Pab fb,S . (6)

In the trivial case where there is no mixing, U = I, the
oscillation-averaged transition probability is also triv-
ial, i.e., Pab = dab, and so fa,� = fa,S. Therefore, the
original flavor composition at the source is always part
of the accessible space of flavor composition at Earth.
Since there is a continuous parametrization of the tran-
sition matrix P in terms of mixing angles and phases, the
accessible space of flavor composition at Earth must be
connected (although not necessarily simply connected).
This means that, within that space, it is possible to trans-
form continuously between fa,� = fa,S and any other
flavor composition. Therefore, to find the boundary that
encloses the accessible flavor space at Earth, we look for
the boundary of the flavor shift defined as

D fa ⌘ fa,� � fa,S . (7)

Due to 3+1 unitarity, we have Âa D fa = 0 and can there-
fore parametrize the total flavor shift by only three pa-
rameters, which we choose to be D fe, D fµ, and D fs.

We can now look at hyper-surfaces in the three-
dimensional flavor space of D fe, D fµ, and D fs, defined
via bn · (D fe, D fµ, D fs) = const., where bn is a three-
dimensional unit vector in an arbitrary direction, which
we vary later in order to scan the flavor space in all di-
rections. The projection of the flavor shift (D fe, D fµ, D fs)
onto bn can be written as on the left-hand side of Eq. (4)
with the coefficients

u = ( fe,S � fs,S)(bns � bne) , (8)
v = ( fµ,S � fs,S)(bns � bnµ) , (9)
w = (1 � fe,S � fµ,S � 2 fs,S)bns , (10)
x = (1 � fe,S � 2 fµ,S � fs,S)bnµ , (11)
y = (1 � 2 fe,S � fµ,S � fs,S)bne , (12)
z = ( fe,S � fµ,S)(bnµ � bne) . (13)

In other words, given an arbitrary direction bn in flavor
space, the boundary in Eq. (4) translates into a hyper-
surface boundary in flavor space in that direction.

Because neutrino telescopes detect only active flavors,
we project the three-dimensional hyper-surface bound-
aries in the flavor space of D fe, D fµ, and D fs onto the
corresponding boundaries in the two-dimensional sub-
space of active flavors. To connect to the observations of

neutrino telescopes, we define the flavor fraction of ac-
tive neutrinos, f 0

a, which is related to the flavor fraction
of all neutrinos, fa, as

f 0
a ⌘ fa

1 � fs
. (14)

With this definition we have f 0
e + f 0

µ + f 0
t = 1 and, for a

given arbitrary source flavor composition, we are able to
derive boundaries in the subspace of active flavor frac-
tions f 0

e and f 0
µ, and show them in a ternary plot. The

procedure is outlined in Appendix B.
Figure 1 shows the resulting boundaries of the ac-

cessible active flavor fractions at Earth for our three
benchmark cases of flavor composition at the source.
The gray-shaded areas in Fig. 1 indicate the 68% and
95% confidence levels (C.L.s) from a flavor-composition
analysis carried out by IceCube [14]. Due to the dif-
ficulty in distinguishing between events induced by ne
and nt in the IceCube data [85, 86], the likelihood con-
tour is presently rather flat along the fµ direction, lead-
ing to almost horizontal confidence levels in the ternary
plot of Fig. 1 [87–90]. This degeneracy could be lifted
with future data by the observation of characteristic
n̄e [91–95] and nt events [16, 68, 96, 97]. Under the as-
sumption of standard three-flavor oscillations, the mea-
sured flavor composition disfavors the source compo-
sition (1 : 0 : 0)S [24]. However, the unitarity bounds in
Fig. 1 indicate that there are nonstandard unitary os-
cillation scenarios in the three-flavor and 3+1 scenarios
that can be consistent with the IceCube measurements
within the 68% C.L.

By construction, the boundary in Eq. (4) encloses a
convex space and, therefore, its projection onto the sub-
space of active flavor fractions is a convex boundary,
i.e., one in which every line segment between any two
points is contained in the subspace. It is a nontrivial
question if every flavor combination within the bound-
ary can be actually realized by at least one unitary mix-
ing matrix. For the three-flavor mixing discussed in
Ref. [13], we showed that our convex unitarity bound-
ary in Eq. (4) accurately represents the accessible fla-
vor space for the three benchmark production scenarios
shown in Fig. 1. For comparison, we show also these
three-flavor boundaries in Fig. 1. However, even in the
simpler three-flavor case there are other flavor composi-
tions at the source, different from the benchmark cases,
for which the space of flavor composition at the Earth
is not convex and, therefore, the boundary is not max-
imally constraining. The same is also true in the 3+1
scenario.

In the case of 3+1 flavor mixing, an additional compli-
cation arises from the existence of local extrema that lie
on the boundary implied by the quadrilateral inequali-
ties that come from the off-diagonal elements of the uni-
tarity condition U†U = 1, Eq. (A4) in Appendix A. We
did not find a simple algorithmic way to derive these
additional extrema within the formalism that we use to
include the diagonal unitarity conditions, via Lagrange

+ 1 sterile neutrino

active flavor ratios
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[IceCube, Nature 18 (2022) 11]

4

initiate electromagnetic showers in ice that look like an ap-
proximately isotropic emission of photons (cascade); muons
emit light along their straight trajectories (track); and some
taus produce an isotropic emission with a slight elongation,
reflecting bursts of photon emission from the production of the
tau and its subsequent decay (double cascade). However, most
taus from CC interactions and hadronic showers from neutral-
current (NC) interactions also lead to cascades. A likelihood
function is constructed from the time and charge distributions
of DOMs to estimate the energies, directions, and flavours of
neutrinos. Charged leptons and charged anti-leptons have in-
distinguishable light emission profiles in ice.

In this analysis, we use the high-energy starting event
(HESE) sample with 7.5 years of data collection during 2010
to 2018 [10]. A total of 60 events are observed above 60 TeV.
Among them, 41, 17, and two events are classified as cas-
cades, tracks, and double cascades, respectively. Cascades
and tracks are distributed in 10 incoming zenith angle bins,
in the range cos ✓z = [�1.0,+1.0], with cos ✓z = +1.0 pointing
to the celestial south pole. We use 20 natural logarithmic bins
in deposited energy in the range E = [60 TeV, 2 PeV]. For the
double cascade events, there are 10 bins in the reconstructed
distance between two cascade signals L = [10 m, 100 m] in-
stead of zenith angle bins.

The expected number of events in each bin is computed
through a Monte Carlo (MC) simulation. First, the astrophys-
ical neutrino flux is modeled as a single power-law spectrum.
This is weighted with the assumed flavour ratio at the source
and the mixing probability derived from the e↵ective Hamilto-
nian including new physics operators (Eq. 1). The foreground
flux due to atmospheric neutrinos from ⇡ and K-decays [18],
charm meson decays [19], and atmospheric muons [20], is
added to simulate the complete flux arriving at the detector.
Neutrino absorption in the Earth is modeled using a standard
Earth density profile [21]. Particles produced by neutrino in-
teractions [22] are computed using specialised MC [23] to
output photon signals.

Fig. 2 shows a comparison of the HESE 7.5-yr flavour ratio
measurement [11] with model predictions. This flavour tri-
angle diagram represents astrophysical neutrino flavour ratios
where one point in this diagram shows the energy-averaged
flavour composition at Earth. The pink region near the cen-
tre denotes the so-called standard scenarios. This represents
all possible flavour ratios at Earth from standard astrophysi-
cal neutrino production mechanisms via neutrino mixing [24].
As shown, all of the standard flavour ratios are enclosed in
the 95% confidence level (C.L.) contour, which implies that,
at this moment, all models within standard scenarios are al-
lowed. In other words, the IceCube HESE flavour measure-
ment is consistent with the standard scenarios, given current
statistics and systematic errors. However, current data ex-
cludes certain QG models that produce flavour compositions
far away from the standard region because any new structure
in the vacuum would produce detectable anomalous flavour
ratios, shown by lines in Fig. 2.

In order to make quantitative statement on these scenarios,

FIG. 2. Astrophysical neutrino flavour triangle, including illus-
trations of new physics e↵ects and data contours. The figure rep-
resents the flavour ratio (⌫e : ⌫µ : ⌫⌧) of given compositions at the
source (S ), where the corners indicate pure ⌫e, ⌫µ, or ⌫⌧ composi-
tion. The blue solid and dashed lines show 68% and 95% C.L. con-
tours [11] from IceCube data. The pink region represents expected
flavour ratios from the standard astrophysical neutrino production
models, where the neutrinos at the production source are all possi-
ble combinations of ⌫e and ⌫µ with the neutrino oscillation parameter
errors given in [15]. The lines explained in the lower legend illustrate
the e↵ects of the �c(6) new physics (NP) operators. Three astrophysi-
cal neutrino production models are highlighted by� symbols, a ⌫µ
dominant source (0 : 1 : 0)S (top), a ⌫e dominant source (1 : 0 : 0)S
(bottom), and a preferred model (1/3 : 2/3 : 0)S (middle). When NP
operators are small ( m2/2E), they are distributed within the cen-
tral region. If the values of NP operators are increased, predicted
flavour ratios start to move away from the centre, and they reach to� symbols with the large NP such as �c(6) = E�2

P . For simplicity we
concentrate on real, positive new physics potentials.

we perform a likelihood analysis and report results using a
Bayesian method. Our analysis includes all of the flux com-
ponents previously discussed in the text and implements their
systematics according to the prescription given in [10]. Our
analysis likelihood includes: nuisance parameters to incorpo-
rate the flux and detector uncertainties, standard oscillation
parameters and neutrino mass di↵erences, and parameters that
incorporate the QG e↵ective operators. Appendix B includes
technical details of the fit methods and on the systematic er-
rors.

Figure 3 shows results for the dimension-six operators.
Results of other operators are summarized in Appendix C.
These represent new physics interactions and we expect the
QG-motivated physics operator to be of order E�2

P = 6.7 ⇥
10�39 GeV�2. Limits are shown on a log-scale. The right

5

FIG. 3. Limits on the dimension-six new physics operator. The
QG-motivated physics signal region is defined by log10( �c(6) ·E2

P) < 0.
The hatched region is the limit obtained from the atmospheric neu-
trino data analysis on Re ( �c(6)

µ⌧ ) [9]. Limits are presented as a function
of the assumed astrophysical neutrino flavour ratio at the production
source. The leftmost scenario is ⌫µ dominant (0 :1 :0)S and the right-
most is ⌫e dominant (1 : 0 : 0)S . The preferred scenario corresponds
to (1/3 : 2/3 : 0)S (dashed vertical line). Limits on Re ( �c(6)

ee ) (orange),
Re ( �c(6)

eµ ) (red), Re ( �c(6)
e⌧ ) (green), Re ( �c(6)

µµ ) (yellow), Re ( �c(6)
µ⌧ ) (purple),

and Re ( �c(6)
⌧⌧ ) (blue) are shown.

axis incorporates an additional E2
P factor where below zero

corresponds to the QG-motivated physics signal region. For
the first time, we reach the QG-motivated signal region of
the dimension-six operator with neutrinos. The limits are a
function of the astrophysical neutrino production model at the
source. Strong limits are obtained for ⌫µ dominant (0 : 1 : 0)S
and ⌫e dominant (1 : 0 : 0)S scenarios. Weaker limits for the
preferred scenario (1/3 : 2/3 : 0)S are also obtained. This
can be inferred from Fig. 2 because (1/3 : 2/3 : 0)S with new
physics scenarios described by the green region, is almost cov-
ered by the 95% C.L. contour.

In Table I, limits obtained from Bayes factor > 31.6 are
quoted for three source flavour ratio scenarios. Although the
motivation of this analysis is to look for evidence of QG, the
formalism we have used is model-independent, and our results
can set limits on various new physics models [25]. For ex-
ample, the limits for dimension three operators shown in the
first group of Table I can be interpreted as a limit on a new
long-range force [26], neutrino-dark energy coupling [27],
neutrino-dark matter scattering [28], etc.

In summary, we have performed the seminal work using
astrophysical neutrino flavour information to search for the
footprint of QG. We have not found any evidence of QG, but
for the first time, we have reached QG-motivated parameter
space for dimension six operators. In doing so, we have placed
the strongest limits on e↵ective operators that parameterize
QG e↵ects across all fields of science.

The IceCube collaboration acknowledges the significant

dim coe�cient limit dim coe�cient limit (�i
e : �i

µ : �i
⌧)S

3 Re ( �a(5)
eµ ) 6 ⇥ 10�26 GeV 4 Re (�c(6)

eµ ) 2 ⇥ 10�31 (0 :1 :0)S

Re ( �a(5)
e⌧ ) 3 ⇥ 10�27 GeV Re (�c(6)

e⌧ ) 7 ⇥ 10�33 (0 :1 :0)S

Re ( �a(5)
µµ ) 3 ⇥ 10�27 GeV Re (�c(6)

µµ ) 4 ⇥ 10�33 (0 :1 :0)S

Re ( �a(5)
⌧⌧ ) 5 ⇥ 10�27 GeV Re (�c(6)

⌧⌧ ) 1 ⇥ 10�32 (0 :1 :0)S

Re ( �a(3)
ee ) 4 ⇥ 10�28 GeV Re (�c(4)

ee ) 6 ⇥ 10�33 (1 :0 :0)S

Re ( �a(3)
µ⌧ ) 6 ⇥ 10�27 GeV Re (�c(4)

µ⌧ ) 7 ⇥ 10�34 (1 :0 :0)S

Re ( �a(3)
⌧⌧ ) 2 ⇥ 10�27 GeV Re (�c(4)

⌧⌧ ) 8 ⇥ 10�34 (1 :0 :0)S

5 Re ( �a(5)
eµ ) 3⇥10�36 GeV�1 6 Re (�c(6)

eµ ) 4⇥10�41 GeV�2 (0 :1 :0)S

Re ( �a(5)
e⌧ ) 9⇥10�39 GeV�1 Re (�c(6)

e⌧ ) 3⇥10�44 GeV�2 (0 :1 :0)S

Re ( �a(5)
µµ ) 8⇥10�39 GeV�1 Re (�c(6)

µµ ) 7⇥10�45 GeV�2 (0 :1 :0)S

Re ( �a(5)
⌧⌧ ) 3⇥10�38 GeV�1 Re (�c(6)

⌧⌧ ) 1⇥10�43 GeV�2 (0 :1 :0)S

Re ( �a(5)
⌧⌧ ) 2⇥10�35 GeV�1 Re (�c(6)

⌧⌧ ) 3⇥10�36 GeV�2 (1/3:2/3:0)S

Re ( �a(5)
ee ) 7⇥10�40 GeV�1 Re (�c(6)

ee ) 2⇥10�44 GeV�2 (1 :0 :0)S

Re ( �a(5)
µ⌧ ) 4⇥10�39 GeV�1 Re (�c(6)

µ⌧ ) 6⇥10�45 GeV�2 (1 :0 :0)S

Re ( �a(5)
⌧⌧ ) 2⇥10�38 GeV�1 Re (�c(6)

⌧⌧ ) 6⇥10�45 GeV�2 (1 :0 :0)S

7 Re ( �a(7)
eµ ) 5⇥10�46 GeV�3 8 Re (�c(8)

eµ ) 1⇥10�50 GeV�4 (0 :1 :0)S

Re ( �a(7)
e⌧ ) 4⇥10�50 GeV�3 Re (�c(8)

e⌧ ) 6⇥10�56 GeV�4 (0 :1 :0)S

Re ( �a(7)
µµ ) 4⇥10�50 GeV�3 Re (�c(8)

µµ ) 5⇥10�56 GeV�4 (0 :1 :0)S

Re ( �a(7)
⌧⌧ ) 2⇥10�49 GeV�3 Re (�c(8)

⌧⌧ ) 6⇥10�55 GeV�4 (0 :1 :0)S

Re ( �a(7)
⌧⌧ ) 3⇥10�45 GeV�3 Re (�c(8)

⌧⌧ ) 3⇥10�49 GeV�4 (1/3:2/3:0)S

Re ( �a(7)
ee ) 8⇥10�51 GeV�3 Re (�c(8)

ee ) 3⇥10�55 GeV�4 (1 :0 :0)S

Re ( �a(7)
µ⌧ ) 2⇥10�49 GeV�3 Re (�c(8)

µ⌧ ) 5⇥10�55 GeV�4 (1 :0 :0)S

Re ( �a(7)
⌧⌧ ) 3⇥10�49 GeV�3 Re (�c(8)

⌧⌧ ) 8⇥10�56 GeV�4 (1 :0 :0)S

TABLE I. Limits on new physics operators extracted from this
analysis. These limits on new physics operators are derived from
Bayes factor > 31.6 which corresponds to 1 in 31.6 likelihood ratio
for an equal prior. They are for characteristic source flavour ratios;
(1 :0 :0)S and (0 :1 :0)S . We list only operators where limits are set.
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initiate electromagnetic showers in ice that look like an ap-
proximately isotropic emission of photons (cascade); muons
emit light along their straight trajectories (track); and some
taus produce an isotropic emission with a slight elongation,
reflecting bursts of photon emission from the production of the
tau and its subsequent decay (double cascade). However, most
taus from CC interactions and hadronic showers from neutral-
current (NC) interactions also lead to cascades. A likelihood
function is constructed from the time and charge distributions
of DOMs to estimate the energies, directions, and flavours of
neutrinos. Charged leptons and charged anti-leptons have in-
distinguishable light emission profiles in ice.

In this analysis, we use the high-energy starting event
(HESE) sample with 7.5 years of data collection during 2010
to 2018 [10]. A total of 60 events are observed above 60 TeV.
Among them, 41, 17, and two events are classified as cas-
cades, tracks, and double cascades, respectively. Cascades
and tracks are distributed in 10 incoming zenith angle bins,
in the range cos ✓z = [�1.0,+1.0], with cos ✓z = +1.0 pointing
to the celestial south pole. We use 20 natural logarithmic bins
in deposited energy in the range E = [60 TeV, 2 PeV]. For the
double cascade events, there are 10 bins in the reconstructed
distance between two cascade signals L = [10 m, 100 m] in-
stead of zenith angle bins.

The expected number of events in each bin is computed
through a Monte Carlo (MC) simulation. First, the astrophys-
ical neutrino flux is modeled as a single power-law spectrum.
This is weighted with the assumed flavour ratio at the source
and the mixing probability derived from the e↵ective Hamilto-
nian including new physics operators (Eq. 1). The foreground
flux due to atmospheric neutrinos from ⇡ and K-decays [18],
charm meson decays [19], and atmospheric muons [20], is
added to simulate the complete flux arriving at the detector.
Neutrino absorption in the Earth is modeled using a standard
Earth density profile [21]. Particles produced by neutrino in-
teractions [22] are computed using specialised MC [23] to
output photon signals.

Fig. 2 shows a comparison of the HESE 7.5-yr flavour ratio
measurement [11] with model predictions. This flavour tri-
angle diagram represents astrophysical neutrino flavour ratios
where one point in this diagram shows the energy-averaged
flavour composition at Earth. The pink region near the cen-
tre denotes the so-called standard scenarios. This represents
all possible flavour ratios at Earth from standard astrophysi-
cal neutrino production mechanisms via neutrino mixing [24].
As shown, all of the standard flavour ratios are enclosed in
the 95% confidence level (C.L.) contour, which implies that,
at this moment, all models within standard scenarios are al-
lowed. In other words, the IceCube HESE flavour measure-
ment is consistent with the standard scenarios, given current
statistics and systematic errors. However, current data ex-
cludes certain QG models that produce flavour compositions
far away from the standard region because any new structure
in the vacuum would produce detectable anomalous flavour
ratios, shown by lines in Fig. 2.

In order to make quantitative statement on these scenarios,

FIG. 2. Astrophysical neutrino flavour triangle, including illus-
trations of new physics e↵ects and data contours. The figure rep-
resents the flavour ratio (⌫e : ⌫µ : ⌫⌧) of given compositions at the
source (S ), where the corners indicate pure ⌫e, ⌫µ, or ⌫⌧ composi-
tion. The blue solid and dashed lines show 68% and 95% C.L. con-
tours [11] from IceCube data. The pink region represents expected
flavour ratios from the standard astrophysical neutrino production
models, where the neutrinos at the production source are all possi-
ble combinations of ⌫e and ⌫µ with the neutrino oscillation parameter
errors given in [15]. The lines explained in the lower legend illustrate
the e↵ects of the �c(6) new physics (NP) operators. Three astrophysi-
cal neutrino production models are highlighted by� symbols, a ⌫µ
dominant source (0 : 1 : 0)S (top), a ⌫e dominant source (1 : 0 : 0)S
(bottom), and a preferred model (1/3 : 2/3 : 0)S (middle). When NP
operators are small ( m2/2E), they are distributed within the cen-
tral region. If the values of NP operators are increased, predicted
flavour ratios start to move away from the centre, and they reach to� symbols with the large NP such as �c(6) = E�2

P . For simplicity we
concentrate on real, positive new physics potentials.

we perform a likelihood analysis and report results using a
Bayesian method. Our analysis includes all of the flux com-
ponents previously discussed in the text and implements their
systematics according to the prescription given in [10]. Our
analysis likelihood includes: nuisance parameters to incorpo-
rate the flux and detector uncertainties, standard oscillation
parameters and neutrino mass di↵erences, and parameters that
incorporate the QG e↵ective operators. Appendix B includes
technical details of the fit methods and on the systematic er-
rors.

Figure 3 shows results for the dimension-six operators.
Results of other operators are summarized in Appendix C.
These represent new physics interactions and we expect the
QG-motivated physics operator to be of order E�2

P = 6.7 ⇥
10�39 GeV�2. Limits are shown on a log-scale. The right

Limits on LIV operators 
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FIG. 3. Limits on the dimension-six new physics operator. The
QG-motivated physics signal region is defined by log10( �c(6) ·E2

P) < 0.
The hatched region is the limit obtained from the atmospheric neu-
trino data analysis on Re ( �c(6)

µ⌧ ) [9]. Limits are presented as a function
of the assumed astrophysical neutrino flavour ratio at the production
source. The leftmost scenario is ⌫µ dominant (0 :1 :0)S and the right-
most is ⌫e dominant (1 : 0 : 0)S . The preferred scenario corresponds
to (1/3 : 2/3 : 0)S (dashed vertical line). Limits on Re ( �c(6)

ee ) (orange),
Re ( �c(6)

eµ ) (red), Re ( �c(6)
e⌧ ) (green), Re ( �c(6)

µµ ) (yellow), Re ( �c(6)
µ⌧ ) (purple),

and Re ( �c(6)
⌧⌧ ) (blue) are shown.

axis incorporates an additional E2
P factor where below zero

corresponds to the QG-motivated physics signal region. For
the first time, we reach the QG-motivated signal region of
the dimension-six operator with neutrinos. The limits are a
function of the astrophysical neutrino production model at the
source. Strong limits are obtained for ⌫µ dominant (0 : 1 : 0)S
and ⌫e dominant (1 : 0 : 0)S scenarios. Weaker limits for the
preferred scenario (1/3 : 2/3 : 0)S are also obtained. This
can be inferred from Fig. 2 because (1/3 : 2/3 : 0)S with new
physics scenarios described by the green region, is almost cov-
ered by the 95% C.L. contour.

In Table I, limits obtained from Bayes factor > 31.6 are
quoted for three source flavour ratio scenarios. Although the
motivation of this analysis is to look for evidence of QG, the
formalism we have used is model-independent, and our results
can set limits on various new physics models [25]. For ex-
ample, the limits for dimension three operators shown in the
first group of Table I can be interpreted as a limit on a new
long-range force [26], neutrino-dark energy coupling [27],
neutrino-dark matter scattering [28], etc.

In summary, we have performed the seminal work using
astrophysical neutrino flavour information to search for the
footprint of QG. We have not found any evidence of QG, but
for the first time, we have reached QG-motivated parameter
space for dimension six operators. In doing so, we have placed
the strongest limits on e↵ective operators that parameterize
QG e↵ects across all fields of science.

The IceCube collaboration acknowledges the significant
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FIG. 4. Test statistic distributions. 90% CL sensitivity
(dashed) and data (solid) -2�LLH distributions for phase per-
turbation (top) and state selection (bottom). Frequentist re-
gions for 95% and 68% of 1,000 pseudoexperiment trials are
also included (shaded region). The corresponding models of
n = 0, 1, 2, 3 are from right to left. Coherence distances at 1
TeV are shown relative to the Earth diameter L�.

decoherence model. The likelihood test statistic follows
Ref. [44] and is constructed to account for both data and
Monte Carlo statistical uncertainties.

We constrain �0 for n=0,1,2,3 using events binned log-
arithmically in reconstructed muon energy, log(Eµ

reco) (13
bins, E

µ
reco 2 [500 GeV , 9976 GeV]), and uniformly in

zenith angle (20 bins, cos(✓µreco) 2 [�1.0 , 0.0]).

NEW CONSTRAINTS ON ANOMALOUS
DECOHERENCE

The analysis was developed blindly using simulated
data and then applied to real data following a staged un-
blinding protocol developed for IceCube oscillation mea-
surements. Prior to unblinding, the median analysis sen-
sitivity in the event of a null signal and its 68% and
95% envelopes were established using 1,000 Monte Carlo
pseudoexperiments. The expected analysis performance
in the event of an injected signal was also tested. Sig-
nals beyond the 90% contour were recovered exactly in
un-fluctuated fits and with the expected level of accuracy
when data fluctuations were included.

A multi-stage blind fit procedure was followed, first

FIG. 5. Comparison to previous results, from [34, 35].
Top: Comparison of limits from both analyses on the phase
perturbation interaction model to previous results. Bottom:
Comparison of limits from both analyses on the state selection
interaction model to previous results.

checking energy and zenith pull distributions and then
1D histograms at the best-fit point, followed by nuisance
parameter pulls, the joint [energy,zenith] distribution and
pulls, and finally unblinding the full result. The result
is consistent with the null hypothesis for all decoherence
models. The p-value, defined as the fraction of simulated
decoherence-free pseudoexperiments with test statistic
larger than that observed in the data, is in the range
0.59-0.61 for each tested decoherence model and energy
scaling power n. The final upper limits on the decoher-
ence parameter � in all cases fall within the 68% enve-
lope of values expected if no decoherence is present, as
shown in Fig. 4. Feldman-Cousins ensemble tests were
performed at the 90% Confidence Level (CL) positions
to check for proper coverage [45]. The 90% CL locations
from Wilks’ theorem were found to be slightly weaker
than the Feldman Cousins values, with a maximal devi-
ation of 28.2% in the value of � at 90% CL. This di↵er-
ence is imperceptible on the logarithmic � axes of Figs. 4
and 5. The 90% confidence limits from this analysis
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The analysis was developed blindly using simulated
data and then applied to real data following a staged un-
blinding protocol developed for IceCube oscillation mea-
surements. Prior to unblinding, the median analysis sen-
sitivity in the event of a null signal and its 68% and
95% envelopes were established using 1,000 Monte Carlo
pseudoexperiments. The expected analysis performance
in the event of an injected signal was also tested. Sig-
nals beyond the 90% contour were recovered exactly in
un-fluctuated fits and with the expected level of accuracy
when data fluctuations were included.

A multi-stage blind fit procedure was followed, first

FIG. 5. Comparison to previous results, from [34, 35].
Top: Comparison of limits from both analyses on the phase
perturbation interaction model to previous results. Bottom:
Comparison of limits from both analyses on the state selection
interaction model to previous results.

checking energy and zenith pull distributions and then
1D histograms at the best-fit point, followed by nuisance
parameter pulls, the joint [energy,zenith] distribution and
pulls, and finally unblinding the full result. The result
is consistent with the null hypothesis for all decoherence
models. The p-value, defined as the fraction of simulated
decoherence-free pseudoexperiments with test statistic
larger than that observed in the data, is in the range
0.59-0.61 for each tested decoherence model and energy
scaling power n. The final upper limits on the decoher-
ence parameter � in all cases fall within the 68% enve-
lope of values expected if no decoherence is present, as
shown in Fig. 4. Feldman-Cousins ensemble tests were
performed at the 90% Confidence Level (CL) positions
to check for proper coverage [45]. The 90% CL locations
from Wilks’ theorem were found to be slightly weaker
than the Feldman Cousins values, with a maximal devi-
ation of 28.2% in the value of � at 90% CL. This di↵er-
ence is imperceptible on the logarithmic � axes of Figs. 4
and 5. The 90% confidence limits from this analysis

• Quantum gravity could also induce 
decoherence in the evolution of   
the neutrino density operator:  

• The non-unitary decoherence term 
 can be parametrized via 

Lindblad operators. 

• For instance, uniform decoherence 
in the basis of mass eigenstates:

𝒟[ρ]
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·ρ = − i[H, ρ] − 𝒟[ρ]

𝒟(ρ) = Γ0 ( Eν

E0 )
n 0 ρ12 ρ13

ρ21 0 ρ23

ρ31 ρ32 0

5

FIG. 2. Decoherence of an oscillating neutrino ensem-
ble. Non-unitary oscillation behaviour can emerge from vari-
ous types of interactions between neutrinos and VBHs, includ-
ing absorption with emission in a random flavor eigenstate
(top row), absorption of a neutrino with emission in a ran-
dom mass eigenstate (middle row), or a random perturbation
to the neutrino phase (bottom row). The full phenomenology
of these models is described in Ref. [10].

DECOHERENCE IN NEUTRINO OSCILLATIONS

Calculating the flavor oscillations of neutrinos detected
by IceCube requires consideration of a plethora of e↵ects,
including vacuum oscillations [18], coherent forward-
scattering from matter [19], neutrino absorption [20, 21],
and ⌧ regeneration [22, 23]. Because the ensemble of neu-
trinos is subject to both unitary and non-unitary e↵ects
such as absorption and re-interaction, the problem must
be approached through the master equation formalism.
We perform this calculation using the NuSquids software
package [24], by adding decoherence terms to the neu-
trino oscillation master equation governing time evolu-
tion of the neutrino reduced density matrix ⇢(t). Our
parameterization is explained in detail in Ref. [10] and
briefly reviewed below.

Atmospheric neutrinos are produced predominantly
through decays of charged pions and kaons [25]. Pro-
duction of ⌫⌧/⌫̄⌧ is highly suppressed, inhibited by the
large mass of the ⌧

±, lepton which can only be created

through decays of heavy hadrons [26]. Decoherence ef-
fects introduce muon neutrino disappearance (⌫µ ! ⌫e

and ⌫µ ! ⌫⌧ ), and also increased fluxes of ⌫⌧ at all en-
ergies that exhibit a complex oscillation phenomenology.
High-energy ⌫⌧ undergoing CC interactions produce a ⌧

±

lepton, which decays weakly to a lower energy ⌫⌧ as well
as producing secondary neutrinos of all flavors, includ-
ing additional ⌫µ [23, 27]. These secondary neutrinos
also oscillate, and in the case of the secondary ⌫⌧ lead
to further regeneration. Because the neutrino flux is a
steeply falling function of energy, the disappearance of ⌫µ
through decoherence is a significantly larger e↵ect than
the appearance of ⌫µ through re-generation from higher-
energy ⌫⌧ , though both are included in our calculations.
An example oscillogram for a representative set of pa-
rameters, showing the change in ⌫µ flux as a function of
energy and zenith angle across the high-energy IceCube
⌫µ sample is shown in Fig. 3.
The evolution of a neutrino system with Hamiltonian

H and decoherence superoperator D [⇢] is described by
(in natural units with ~ = c = 1),

⇢̇ = �i[H, ⇢]�D [⇢] . (1)

The first term encodes the standard unitary time evolu-
tion that drives neutrino oscillations, and the second en-
capsulates the potentially non-unitary contributions that
may be introduced through quantum gravitational ef-
fects. A convenient, general form of D [⇢] is an expansion
in the SU(3) basis [10, 28–31] where

D(⇢) = (Dµ⌫⇢
⌫)bµ, (2)

with ⇢
⌫ as the density matrix projection along SU(3)

basis vector b
µ (the Gell-Mann matrices). Dµ⌫ is a 9 ⇥

9 matrix that parameterizes the decoherence e↵ects on
the neutrino system. In the phase perturbation model
(Fig. 2, bottom), the outgoing neutrino state emerges
with one or two of the phases of the mass basis states
distinctly perturbed. The e↵ect on the average oscillation
probability corresponds to a damping that follows

Dphase perturbation = diag(0,�,�, 0,�,�,�,�, 0), (3)

where � is the decoherence parameter, with dimensions
of energy. At distances long relative to 1/�, this model
predicts a flux that tends towards an incoherent sum of
mass eigenstates.
The loss of neutrino flavor or mass information

in a ⌫VBH interaction is expected on the basis of
non-conservation of global quantum numbers by black
holes [32]. This motivates models whereby ⌫ emerging
from VBH interactions are emitted in states collapsed
randomly into a given mass or flavor basis state. State
selection in either the mass or flavor bases (Fig. 2, top
and middle) impose equivalent overall damping e↵ects,
leading to a flux equally weighted in all neutrino flavors
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FIG. 2. Flavor content of mass eigenstates ⌫1, ⌫2, and ⌫3, in
the NH (results for the IH are very similar [24]). The regions
are generated using the best-fit value of the mixing param-
eters (light yellow), and their 1� (darker) and 3� (darkest)
uncertainty ranges from Ref. [31]. IceCube astrophysical fla-
vor composition measurements [8] are shown. Values are read
parallel to their ticks. Figure modified from Fig. 1 in Ref. [24].

similar; see Fig. A.1 in Ref. [24].

The size of the short sides of the regions in Fig. 2 is
determined by the small uncertainties in ✓12 and ✓13; the
size of the long sides is determined by the larger uncer-
tainties in ✓23 and �CP. Future reduced uncertainties in
the mixing angles will shrink the flavor-content regions
in Fig. 2, sharpening the separation between them; see
Fig. C.1 in Ref. [24] and Figs. 5 and 8 in Ref. [26].

C. Summary

Because the neutrino flux — a power law, as indicated
by data — has a normalization that is a priori unknown,
under complete decay there is no sensitivity to whether
or not daughter neutrinos are active and to what fraction
of the parent neutrino energy they receive. As a result,
there is no sensitivity to di↵erent decay modes. This
lack of sensitivity is exploited here to estimate model-
independent sensitivities to neutrino lifetime. Addition-
ally, uncertainties in mixing parameters are small enough
for the flavor-content regions of ⌫1 and ⌫3, corresponding
to complete decay in the NH and IH, to be well separated.

IV. MANAGING UNCERTAINTIES IN SOURCE

PROPERTIES

A. Introducing cosmological e↵ects on decay

So far in our discussion, we have neglected two phys-
ical e↵ects: the scaling of energy with redshift due to
cosmological expansion and the dependence on redshift
of the time traveled by the neutrino, as measured by its
own clock, via the look-back distance [12]. Taking them
into account, the fraction of ⌫i, emitted by a source with
redshift z, that remains upon reaching Earth, is

D (E0, z, ⌧/m) = [Z (z)]�
m

⌧
·LH

E0 , (3)

where E0 is the received neutrino energy, while the energy
at emission was E0 (1 + z), and LH ⇡ 3.89 Gpc is the
Hubble length. The redshift-dependent part is Z (z) '
a + be

�cz, with a ⇡ 1.71, b = 1 � a, and c ⇡ 1.27 for
a ⇤CDM cosmology with ⌦m = 0.27 and ⌦⇤ = 0.73.
For stable eigenstates, D = 1; for unstable ones, D < 1.
If D ⌧ 1 for all unstable neutrinos, decay is complete.
Eq. (3) was first derived in Ref. [12] (see Ref. [63] for a
related application to neutrino oscillations).
Figure 3 shows the cumulative e↵ect of decay, for a

fixed received energy of 1 PeV. For a lifetime of 103 s
eV�1, D ⇡ 1 for the most important redshifts, which
means that reaching the ultimate IceCube sensitivity will
be challenging. For our projected sensitivity of 10 s eV�1,
decay would leave a strong imprint, since it would be
complete (D ⌧ 1) for all but local sources.
Figure 4 shows how the decay damping varies with

lifetime, for di↵erent values of received energy in the Ice-
Cube range. For a lifetime of 10 s eV�1, decay is essen-
tially complete for most of the range.

B. Introducing decay in the flavor composition

Decay occurs along flavor oscillations. However, they
have very di↵erent length scales. Neutrinos either leave
a source as incoherent mass eigenstates due to mat-
ter e↵ects or nearly immediately become so with vac-
uum mixing due to the short oscillation length, ⇠
10�15 Mpc (E/TeV). After a few oscillation lengths,
the ⌫↵ ! ⌫� flavor-transition probability averages out

to P↵� =
P

i
|U↵i|2 |U�i|2. The decay length is orders of

magnitude larger, ⇠ 0.01 Mpc (⌧/s)/(m/eV)(E/TeV).
With decay, the flavor-transition probability becomes

energy- and redshift-dependent: P↵� (E0, z, ⌧i/mi) =P
i
|U↵i|2 |U�i|2 D (E0, z, ⌧i/mi). See Appendix A.

The flavor ratios of astrophysical neutrinos can reveal
information about conditions at production, propaga-
tion, and detection [17, 24, 64–78]. The neutrino produc-
tion mechanisms determine the flavor ratios that leave
the source, f↵,S (with fe,S + fµ,S + f⌧,S = 1). If neutri-
nos are produced in the decay of pions made in proton-

6

through-going muons that crossed it — yields an all-
flavor normalization �0 = 6.7+1.1

�1.2
· 10�18 GeV�1 cm�2

s�1 sr�1 and spectral index � = 2.50 ± 0.09 [8]. Using
only through-going muons, which reach lower energies,
yields a harder spectrum, with a muon-flavor-only nor-
malization �0 = 0.90+0.30

�0.27
· 10�18 GeV�1 cm�2 s�1 sr�1

and � = 2.13±0.13 [11]. Above 200 TeV, these fluxes are
compatible, assuming flavor equipartition at Earth [11].
Below and in Section VIB, we show that decay e↵ects
could be detectable for either value of the spectral index.

Figure 5 shows the di↵use neutrino fluxes at Earth,
without and with decay, normalized to the two IceCube
analyses; see Appendix B for details. In a fit to data, the
normalization would be left as a free parameter, but here
we have fixed it for illustration purposes. For � = 2.50,
our all-flavor flux is normalized to the IceCube combined-
likelihood flux [8]. For � = 2.13, our ⌫µ+⌫̄µ flux, without
decay, is normalized to the IceCube through-going muon
flux [11]; the fluxes of other flavors receive the same nor-
malization, modulated by their flavor ratios. For our
choice of ⌧/m = 10 s eV�1, the transition from no de-
cay to complete decay occurs mostly above the energy
range we consider. Under complete decay in the NH, the
flavor ratios equal the flavor content of ⌫1 (in the IH, of
⌫3). In Fig. 5, the ⌫µ and ⌫⌧ fluxes are not equal because
the best-fit values of ✓23 6= 45�, �CP 6= 0, and ✓13 6= 0
[31]. In this plot, daughter neutrinos receive the full par-
ent neutrino energy; di↵erent energy fractions will a↵ect
somewhat the fluxes inside the transition region, but not
for complete decay. While the e↵ects of decay shown
here are stark, realities of detection make things more
di�cult, as described below.

With more data, the assumption of a pure power law
could be tested. If the parent spectrum contains a high-
energy cut-o↵, then active daughters could shift it to
lower energies. However, unless the cut-o↵ were sepa-
rately known, it would be hard to test decay this way.

Because of low statistics and because measurements
of the di↵use neutrino flux are not sensitive to all fla-
vors equally [8], using only neutrino data to infer both
the flavor ratios and the normalization of the flux is chal-
lenging. However, under the assumption that the sources
of neutrinos are gamma-ray transparent to either photo-
hadronic or hadronuclear interactions, one can supple-
ment IceCube neutrino measurements with Fermi-LAT
measurements of the gamma-ray background [80], which
directly probes the normalization of the neutrino flux
[81, 82]. If the assumption of decay increased the in-
ferred normalization of the neutrino flux by too much,
the associated gamma-ray background would exceed the
measurements by Fermi-LAT, hinting at the e↵ect of de-
cay on the flavor ratios.

E. Managing uncertainties in source flavor ratios

Since neutrino production mechanisms and conditions
are largely unknown, there are large uncertainties in the
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FIG. 5. Di↵use neutrino fluxes �↵ (↵ = e, µ, ⌧) as func-
tions of energy, without and with decay. The fluxes of anti-
neutrinos are identical. The flavor ratios at the sources are�
1
6 : 2

6 : 0
�
S
separately for neutrinos and anti-neutrinos. Mix-

ing parameters are fixed to their best-fit values [31]. A lifetime
of ⌧/m = 10 s eV�1 applies to ⌫2, ⌫3 (NH), and ⌫1, ⌫2 (IH).
The “no decay” lines for ⌫µ and ⌫⌧ cover each other. See text
for details.

flavor ratios at the sources. In spite of them, if decay
is complete, it will leave an unmistakable imprint on the
flavor ratios at Earth.
The region of allowed flavor ratios at Earth, under

standard mixing, is generated by varying flavor ratios
at the sources freely and mixing parameters within al-
lowed ranges. It is surprisingly small. It was first shown
in Fig. 2 of Ref. [24] (see also Fig. 1 of Ref. [77]); the
3� contour is shown here as the “no decay” region of
Fig. 6. This region and the flavor-content regions of pure
⌫1 and pure ⌫3 are well-separated, at > 3�. Therefore,
barring detection aspects, flavor ratios under standard
mixing and under complete decay cannot be confused.
This conclusion holds whether or not di↵erent sources

emit with di↵erent flavor ratios. It also holds if flavor
ratios at the sources vary with energy — as long as flavor
ratios at Earth are measured using events binned in a
single, wide energy bin, on account of limited statistics;
see the Supplemental Material of Ref. [24] for details.

F. Summary

Sources of high-energy astrophysical neutrinos, while
undetected, likely trace the redshift distribution of other
objects. Hence, most of the di↵use flux originates from
z ⇡ 0.5�1, which naturally allows decay to have a strong
e↵ect. Additionally, uncertainties in the spectral index of

Slow decay of neutrino mass states  over cosmological  
time scales impacts neutrino flavour fractions (left) and spectra (right).

νi → νj + X
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Neutrino decay with NGC 1068 Victor B. Valera
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Figure 4: Neutrino flavor composition at Earth with and without neutrino decay for three different cases of
initial flavor composition at the source.

include information of showers, made up of all a flavor, it is not possible to simultaneously rescale
the flux to be consistent with the tracks observation, make of a`, and the shower observation, make
of all a, at the same time.
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THE ICECUBE-GEN2 NEUTRINO OBSERVATORY

Figure 32: Flavor composition at Earth of high-energy cosmic neutrinos, indicating the “theoretically palatable” [277,
410] regions accessible with standard oscillations, with new physics similar to neutrino decay, and with new physics
similar to Lorentz-invariance violation [411, 412]. To generate the colored regions, the neutrino mixing parameters
are varied within their uncertainties at 3�, and the flavor ratios at the sources are varied over all possible values.
The colored contours indicate the expected constraints from IceCube-Gen2, if neutrinos are produced with ratios of
(⌫e ⇥ ⌫µ ⇥ ⌫⌧ ) = (1 ⇥ 2 ⇥ 0) at the source and assuming Standard Model neutrino oscillations. See Figure 9 for an
overview of current flavor composition constraints obtained from IceCube data.

from IceCube-Gen2 on the flavor composition of cosmic neutrinos, assuming standard
neutrino oscillations and a 1:2:0 production ratio at the sources. IceCube-Gen2 will
allow substantially more sensitive searches for, and constraints on, BSM effects us-
ing the flavor ratio than the current generation of neutrino telescopes. The improved
statistics will also permit searches for a potential energy dependence of mixing (cf.
Section 2.2.6), which could also point to the presence of BSM effects [277, 417].

2.4.4 Sterile neutrinos

A detector of the size of IceCube-Gen2 opens the possibility to search for heavy sterile
neutrino decay. For example, an active, light neutrino might scatter off a target nucleon
producing a heavy, sterile neutrino [422], which has a variety of interesting decay
channels [423–425]. Several of these decay signatures will only be observable in the
larger instrumented volume of IceCube-Gen2. One such example is the sterile neutrino
decaying into pairs of muons; characteristically, this muon pair would be emitted from
a secondary vertex that is displaced from the initial neutrino-nucleon interaction.

Such double muon tracks can also point to new physics via neutrino trident interac-
tions [426–428]. This very rare process is mediated by the W, Z, or a virtual photon
in the Standard Model. But if it is additionally mediated by a new vector or scalar bo-
son, the final state of a neutrino interaction in the detector—a double muon track and
a particle cascade simultaneously produced from the same vertex—would be a very

52
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Figure 9. Limits on the coupling strength of neutrino self-interactions, gαβ , as a function of the mediator mass, M . We show
limits from the propagation of neutrinos from SN 1987A [147, 150], from inside the SN 1987A core [147, 150], CMB [108] (see
also Ref. [173]), BBN [38], laboratory measurements of particle decays [37], double beta decay (φββ) [174], stellar cooling [168],
IceCube High Energy Starting Events (HESE) [158], and a high-energy neutrino detected by IceCube from the blazar TXS
0506+056 [156]. Figure modified from Ref. [158].

mechanism, as well as nucleosynthesis of heavy elements. This is a topic of intense investigation, and the final word is
yet to be determined.

Finally, νSI can also manifest themselves through the interactions of the SN neutrinos with the cosmic neutrino
background (CνB). During propagation, neutrinos from a SN can scatter with the CνB and lose energy, and/or get
deflected causing a time delay. Knowing the distance at which the SN occurred (e.g., SN1987A occurred roughly at
a distance of 50 kpc in the Large Magellanic Cloud), one can estimate the time delay, and change in spectral shape
due to these scatterings to put tight constraints on νSI [147, 150, 157]. The same operator giving rise to νSI can
also cause neutrinos to decay if the mediator is light enough. This can cause spectral distortions, which can be used
to put bounds on such couplings, and consequently on νSI [175, 176]. Refs. [148, 177] explored the possibility of
sterile neutrinos undergoing secret interactions on the diffuse supernova neutrino background. A collection of various
limits on the νSI coupling, as discussed, is depicted in Fig. 9. The possible observation of neutrinos from a CCSN at
similar/closer distances to SN1987A with current/next-generation neutrino experiments promises exciting prospects
for extending these searches across this parameter space.

4.2 High-Energy and Ultra-High-Energy Neutrinos

Complementary to neutrinos emitted in SNe, many astrophysical sources (across a vast span of distances from Earth)
exist that produce neutrinos across orders of magnitudes of energies. With the advent of gigaton-scale neutrino
telescopes (such as IceCube [178] and ANTARES [179]), more and more neutrinos from these sources are being observed
and being identified as extragalactic. Even with these first observations, fundamental properties of neutrinos are
capable of being explored with unprecedented precision. Moreover, future neutrino telescope proposals, including
Baikal-GVD [180], KM3NeT [181], P-ONE [182], TAMBO [183], IceCube-Gen2 [184], and their combination [185],
are capable of even deeper understanding of neutrino properties. By measuring the properties of these astrophysical

– 20 –

4

104 105 106 107 108

Neutrino energy E� [GeV]

10�13

10�12

10�11

10�10

10�9

10�8

10�7

Pe
r-

fla
vo

r
� �

flu
x,

Ea
rt

h
E2 �

J �
[G

eV
cm

�
2

s�
1

sr
�

1 ]

g = 0.1 (best fit)
g = 0.03
IceCube HESE 6 years

M = 4 MeV 14.26 MeV
(best fit)

50 MeV

� = 2.74

FIG. 2. Di↵use per-flavor flux of high-energy astrophysical
neutrinos at the surface of the Earth, including the e↵ect
of ⌫SI on the C⌫B, for illustrative choices of the mediator
mass M and coupling g, including their best-fit values from
our analysis (see Table I). In this plot, the spectral index
with which neutrinos are emitted by their sources is fixed to
� = 2.74 (see Table I), and the flux is normalized to E2

⌫J� =
2.46·10�8 GeV cm�2 s�1 sr�1 at 100 TeV [51], for illustration.

we expand on this below.
The third and fourth terms in Eq. (2) account for ⌫SI.

The third term in Eq. (2) accounts for the attenuation of
the flux around Eres. The fourth term accounts for the
regeneration of neutrinos of initial energy E

0
⌫ at a new

energy E⌫ , due to the down-scattering of high-energy as-
trophysical neutrinos and the up-scattering of low-energy
C⌫B neutrinos. The number density of one neutrino
species in the C⌫B is nC⌫B(z) = 56(1 + z)3 cm�3 [72],
and the ⌫SI cross section �⌫⌫ is given by Eq. (1).

We assume that neutrinos are emitted by a popula-
tion of extragalactic sources whose number density, W,
evolves with redshift following the star formation rate
[73], so that most sources lie at z ⇡ 1, corresponding to a
distance of a few Gpc. This assumption holds for promis-
ing classes of candidate sources [74]. Following theory ex-
pectations, we assume that each source emits neutrinos
with a power-law luminosity, i.e., L0(E⌫) / E

��
⌫ .

We solve Eq. (2) numerically, by integrating from
zmax = 4 down to z = 0, with the initial condition
ñ(zmax, E⌫) = 0. The contribution of sources past zmax is
negligible. Later, when computing fluxes for our analysis
(see Section V), we treat M , g, and � as free parameters
and let their values be set by a fit to IceCube data.

Figure 2 shows the di↵use neutrino flux at Earth, for
a few illustrative choices of �, M , and g. Upon reaching
Earth, the neutrino spectrum has acquired a deficit, or

dip, around Eres and a pile-up of down-scattered neu-
trinos at lower energies. Although the ⌫SI cross sec-
tion, Eq. (1), has a sharply defined resonance at Eres,
the dip and pile-up are less sharply defined. This is be-
cause sources emit neutrinos over a relatively wide energy
range, not just around Eres, and because the adiabatic
cosmological expansion reduces the energy of neutrinos.

For M = 1–100 MeV, the dip and pile-up lie in the
TeV–PeV range, where IceCube is sensitive (see Sec-
tion III). Therefore, our analysis is sensitive to this mass
range. However, Fig. 2 illustrates that the pile-up is too
small to be detected for any value of M and g in the en-
ergy range of interest, so our analysis is sensitive only to
the existence of the dip. Because the decay width of the
mediator is � / g

2
M , the energy width of the dip grows

strongly with the coupling. For g & 10�3, the dip is wide
and deep, and, in principle, detectable. For g . 10�3,
the dip is shallow and narrow, the spectrum is indistin-
guishable from the power law expected in the absence of
⌫SI, and hence our analysis has no sensitivity.

While propagating to Earth, neutrinos change flavor.
We assume that an equal number of astrophysical ⌫e, ⌫µ,
and ⌫⌧ arrives at Earth, in agreement with expectations
from standard flavor-mixing [75–80] and with IceCube
results [59, 81]. We also assume equal fluxes of neutrinos
and anti-neutrinos, since presently they are indistinguish-
able in IceCube. Equal neutrino and anti-neutrino fluxes
are expected, for instance, from neutrino production via
proton-proton interactions [82, 83].

B. Propagating neutrinos inside the Earth

Neutrinos with energies above 10 TeV have a signifi-
cant chance of scattering o↵ nucleons as they propagate
inside the Earth. The longer their path inside the Earth,
the higher the chance that they scatter [84, 85]. As a re-
sult, while the flux of astrophysical neutrinos is isotropic
at the surface of the Earth, the flux that arrives at Ice-
Cube, after traveling inside the Earth along di↵erent di-
rections, is no longer isotropic.

At these energies, a neutrino typically interacts with a
nucleon N via deep inelastic scattering [86, 87]: the neu-
trino scatters o↵ the partons of the nucleon and breaks
it up. The CC channel of this interaction attenuates
the flux by removing neutrinos, i.e., ⌫↵ + N ! ↵ + X,
where X are final-state hadrons. In the case of ⌫⌧ , a
CC interaction produces a tau that propagates for some
distance before decaying again into a ⌫⌧ ; as a result of
this regeneration, the flux of ⌫⌧ that reaches IceCube is
less attenuated than that of ⌫e and ⌫µ. The NC channel
dampens the energy of neutrinos, i.e., ⌫↵ +N ! ⌫↵ +X,
where the final-state neutrino carries, on average, 70% of
the energy of the parent neutrino [88].

We propagate all flavors of astrophysical and atmo-
spheric (see below) neutrinos through the Earth and up
to IceCube, in the direction of the HESE events, using
nuSQuIDS [89–91], which takes into account the afore-

[Bustamante, Rosenstroem, Shalgar & Tamborra'20]

Neutrino self interactions can modify cosmic neutrino 
emission, for instance, by resonant scattering on the C B.ν
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[Murase & Shoemaker '19]

Figure 10. Present constraints on neutrino self-interactions from the IceCube HESE diffuse neutrino flux [solid green], together
with the Gen2 sensitivity [dashed]. Also shown is the Moderately Interacting neutrino mode (labelled as “MIν solution”) and,
more generically, the scale above which neutrinos self-scatter in the Early Universe at times relevant for CMB observations.
The constraints here assume self-interactions only in the ντ sector to avoid strong constraints from K decay, but comparable
sensitivity should apply to all flavors. Figure from Ref. [190].

“echoes” are produced via the lengthened path scattered neutrinos follow en route to the Earth. Neutrino-bright
multimessenger transient sources will then allow for the sensitivity to a time delay induced by the neutrino self-
interaction.
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panel) Constraints on a vector model of neutrino self-interactions in the coupling versus mediator mass plane. The transient
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4.3 Sterile Neutrino Secret Interactions

Neutrino secret interactions may also couple active neutrinos of the Standard Model with additional sterile (non-weakly-
interacting) species. Indeed, sterile neutrinos have been proposed at various energy scales, from the eV to the Grand
Unification scale at 1015 GeV. Such additional species are motivated either by theoretical expectations, for example in
the case of the seesaw mechanism and leptogenesis with a heavy sterile neutrino, or by experimental observation, as
light sterile neutrinos at masses of eV and keV which could explain neutrino oscillation anomalies and dark matter,
respectively.
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FIG. 2: Expected neutrino echo constraints on secret neutrino
interactions via a scalar mediator. The distance and neutrino
mass are D = 3 Gpc andmν = 0.1 eV, respectively, and Nν =
10 is used for the small optical depth limit. The parameter
space relaxing the Hubble parameter tension for the cosmic
microwave background (CMB) [40, 44] is shown together with
constraints assuming ΛCDM cosmology (shaded regions).
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FIG. 3: Expected constraints on secret neutrino interactions
via a vector mediator in the presence of DM. The neutrino
energy is set to Eν = 0.1 PeV, andD, mν andNν are the same
as in Fig. 2. Lyman-α constraints from the kinetic decoupling
for neutrino-DM scatterings are shown as conservative limits
for different DM masses. The parameter space proposed to
solve the small-scale structure abundance problem [30] is also
indicated (light shaded regions). The CMB constraints shown
in Fig. 2 are applied to the neutrino-neutrino scattering.

terings, and the resulting constraints are shown in Fig. 3.
As in the previous case, if a bright neutrino transient
with short duration is observed, we may place strong
constraints even in the small optical depth limit, which
can be more stringent than previous ones [92, 101, 109–
112]. Here the coupling should be regarded as an effec-
tive parameter. The real coupling to the Standard Model

can be made neutrinophilic via coupling the gauge boson
to heavy sterile neutrinos. However, their effect is still
felt as they effectively endow the active neutrinos with a
mixing suppressed coupling to the new mediator. Such
models have been explored in Refs. [113–115].

For the t channel, we find that the multiple scattering
limit may not be applicable to most transients due to
large values of ⟨θ2⟩ for relatively heavy DM. The cases
for ∆T = 30 s are shown in Fig. 3, where the constraint
is given for the small optical depth limit (but with the
replacement of nν with nX). As we see, the limits are
more stringent for lower-mass mediators. The resulting
constraint is comparable to that expected from detailed
analyses with spatial and spectral information [101].

We note that the time delay from neutrino-DM
scatterings receives contributions from both the Milky
Way DM halo and extragalactic DM components.
As known for decaying DM signals, the DM located
in the line of sight is almost comparable because of
RMWϱlocalX ∼ H−1

0 ϱX ! DϱX , where RMW ∼ 10 kpc
is the typical size of the Milky Way. For the Galac-
tic contribution, the condition ∆T ! RMW⟨θ2⟩/8 is
more easily satisfied, which may lead to σνX " 5.4 ×
10−24 cm2 (∆T/1 d)(RMW/10 kpc)−2C−2 (Eν/0.1 PeV).
Here C depends on ∼ mV /

√
s for the t channel. For

models that lead to sufficiently small scattering an-
gles, the time delay in the large optical depth limit
becomes independent of the DM mass, implying σνX "
10−28 cm2 (∆T/1 d)(D/1 Gpc)−2C−2 (Eν/0.1 PeV).
Although such limits would be weaker than the cosmol-
ogy limits, σνX " 10−33 cm2 [116], it takes place at
much higher center-of-momentum energies.

Finally, we comment on other constraints that can be
relevant. If neutrino-DM scatterings are efficient in the
early Universe it can inject energy and potentially “heat”
the cold DM such that Lyman-α bounds on the small-
scale structure are violated [30, 116–118]. This effect
can be used to explain small-scale structure problems of
cold DM [30], and the region favored by this argument is
shown in Fig. 3. Couplings above these regions are ex-
cluded. Additionally, note that neutrinophilic DM should
not thermalize for DM masses at the MeV scale [119], al-
though a narrow window of thermal neutrinophilic DM
exists below a MeV [120, 121]. Finally, in models with di-
rect couplings to active neutrinos laboratory constraints
from Z and meson decays can be strong [48, 103, 104].

Summary and discussion.— We proposed detailed
time delay signatures as a novel probe of BSM neutrino
interactions. Notably, BSM-induced neutrino echoes gen-
erally predict ∆t ∝ E−1

ν C2. This is distinct from predic-
tions of other BSM signatures such as LIV and WEP
violation (see a review [8]). For example, LIV shifts the
light velocity by (Eν/ζnMpl)

n (where Mpl is the Planck
mass), leading to ∆t = D(Eν/ζnMpl)n (e.g., [98, 122]).
For neutrino-neutrino scatterings, cosmological time de-
lays are dominant. On the other hand, the Milky Way
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interactions via a scalar mediator. The distance and neutrino
mass are D = 3 Gpc andmν = 0.1 eV, respectively, and Nν =
10 is used for the small optical depth limit. The parameter
space relaxing the Hubble parameter tension for the cosmic
microwave background (CMB) [40, 44] is shown together with
constraints assuming ΛCDM cosmology (shaded regions).
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energy is set to Eν = 0.1 PeV, andD, mν andNν are the same
as in Fig. 2. Lyman-α constraints from the kinetic decoupling
for neutrino-DM scatterings are shown as conservative limits
for different DM masses. The parameter space proposed to
solve the small-scale structure abundance problem [30] is also
indicated (light shaded regions). The CMB constraints shown
in Fig. 2 are applied to the neutrino-neutrino scattering.
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As in the previous case, if a bright neutrino transient
with short duration is observed, we may place strong
constraints even in the small optical depth limit, which
can be more stringent than previous ones [92, 101, 109–
112]. Here the coupling should be regarded as an effec-
tive parameter. The real coupling to the Standard Model

can be made neutrinophilic via coupling the gauge boson
to heavy sterile neutrinos. However, their effect is still
felt as they effectively endow the active neutrinos with a
mixing suppressed coupling to the new mediator. Such
models have been explored in Refs. [113–115].

For the t channel, we find that the multiple scattering
limit may not be applicable to most transients due to
large values of ⟨θ2⟩ for relatively heavy DM. The cases
for ∆T = 30 s are shown in Fig. 3, where the constraint
is given for the small optical depth limit (but with the
replacement of nν with nX). As we see, the limits are
more stringent for lower-mass mediators. The resulting
constraint is comparable to that expected from detailed
analyses with spatial and spectral information [101].

We note that the time delay from neutrino-DM
scatterings receives contributions from both the Milky
Way DM halo and extragalactic DM components.
As known for decaying DM signals, the DM located
in the line of sight is almost comparable because of
RMWϱlocalX ∼ H−1

0 ϱX ! DϱX , where RMW ∼ 10 kpc
is the typical size of the Milky Way. For the Galac-
tic contribution, the condition ∆T ! RMW⟨θ2⟩/8 is
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gles, the time delay in the large optical depth limit
becomes independent of the DM mass, implying σνX "
10−28 cm2 (∆T/1 d)(D/1 Gpc)−2C−2 (Eν/0.1 PeV).
Although such limits would be weaker than the cosmol-
ogy limits, σνX " 10−33 cm2 [116], it takes place at
much higher center-of-momentum energies.

Finally, we comment on other constraints that can be
relevant. If neutrino-DM scatterings are efficient in the
early Universe it can inject energy and potentially “heat”
the cold DM such that Lyman-α bounds on the small-
scale structure are violated [30, 116–118]. This effect
can be used to explain small-scale structure problems of
cold DM [30], and the region favored by this argument is
shown in Fig. 3. Couplings above these regions are ex-
cluded. Additionally, note that neutrinophilic DM should
not thermalize for DM masses at the MeV scale [119], al-
though a narrow window of thermal neutrinophilic DM
exists below a MeV [120, 121]. Finally, in models with di-
rect couplings to active neutrinos laboratory constraints
from Z and meson decays can be strong [48, 103, 104].

Summary and discussion.— We proposed detailed
time delay signatures as a novel probe of BSM neutrino
interactions. Notably, BSM-induced neutrino echoes gen-
erally predict ∆t ∝ E−1

ν C2. This is distinct from predic-
tions of other BSM signatures such as LIV and WEP
violation (see a review [8]). For example, LIV shifts the
light velocity by (Eν/ζnMpl)

n (where Mpl is the Planck
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lays are dominant. On the other hand, the Milky Way
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v = 10-3 c, λ = 1 cm v = 0.4 c

v = 0.6 c v = 0.97 c

Figure 1. Left: Light yield of monopole signatures at different speeds compared to the light yield of a bare
muon (black solid). The luminescence yield is varied between 0.2 γ/MeV [11] (green dashed) and 1.0 γ/MeV
[12] (green solid). Right: Event views of simulated monopole signatures showing light emission due to proton
decay (top left) [13], luminescence (top right), indirect Cherenkov (bottom left), and direct Cherenkov radiation
(bottom right). The position of the IceCube DOMs are shown with gray spheres. Hit DOMs are visualized with
colored spheres, scaling with the recorded charge. The color denotes the time from early (red) to late (blue). The
simulated track of the monopole is shown with a solid line. The event view at the top left is simulated using
a mean free path of 1 cm for proton decay catalysis and includes hits produced by photomultiplier noise and
passing muons during the long event duration over long millisecond event duration.

constrained by astrophysical arguments [9] or by direct searches. Special purpose detectors for
monopoles, such as MACRO or MoEDAL [7, 10], use induction, visible damage of plastic targets,
and time of flight measurement. Generically, light yield from a monopole is much greater than for
particles with electronic charges as shown in Fig. 1 (left). As a result, large aperture general purpose
detectors of high energy particles (e.g. IceCube, ANTARES, Baikal) provide the best limits on the
flux of monopoles.

2 Monopole signatures

IceCube is a cubic-kilometer neutrino detector installed in the ice at the geographic South Pole be-
tween depths of 1450 m and 2450 m [14]. It consists of 86 strings, each with 60 digital optical modules
(DOMs). Neutrino reconstruction relies on the optical detection of Cherenkov radiation emitted by
secondary particles produced in neutrino interactions in the ice or the nearby bedrock. The DeepCore
sub-array, as used in this work, includes the 8 more densely instrumented strings, optimized for low
energies, plus 7 adjacent standard strings [15]. The large volume of IceCube and its generic detection
method relying on light production is beneficial for rare event searches, such as magnetic monopole
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[Pollmann'18]

Magnetic monopoles visible via characteristic electromagnetic 
interactions or via monopole-catalyzed baryon decays in GUTs.
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[IceCube PRL 128 (2022) 5]

an update to the diffuse high-energy muon-neutrino flux
using 10 years of data [31] (yielding a background of
9.4þ7.3

−3.9 events after step I and 0.25þ0.19
−0.11 events after step II)

and an analysis of high-energy starting events using
7.5 years of data [32] (resulting in 1.1þ1.7

−0.6 background
events after step I and 0.03þ0.05

−0.02 background events after
step II). These two assumptions represent extremes of the
current allowed range of normalization and spectral index
of the astrophysical neutrino flux obtained from IceCube
data, assuming a one component power-law fit without
cutoff. Each of the evaluated fluxes are compatible with
zero events over the full analysis live time within uncer-
tainties. The flux assumed in this work predicts the highest
number of events and represents an upper estimation of the
astrophysical neutrino background.
Results.—Table I shows the number of observed events,

expected signal events, and background events from the
online filter level to the final cut level. The number of
expected signal events is given for illustration, assuming a
monopole flux at the level of the previous upper limit
published in [14]. The number of background and observed
events determine the limit on the cosmic relativistic
monopole flux that can be set. Since zero events are
observed, consistent with the background expectation,
we assume a zero background hypothesis. This assumption
produces a conservative upper limit on the monopole
flux. The limit has been obtained including systematic
uncertainties following the method in Refs. [14,33], and
it is shown as a function of monopole speed in Fig. 4,
along with results from previous IceCube analyses and
other experiments. Using the background expectation of
0.27þ0.27

−0.14 events would result in a more stringent limit by

about 10% due to the underfluctuation of the observation
with respect to the expected background. Searches for
magnetic monopoles have also been performed by RICE
[34], ANITA [35], and Auger [36]. These limits are valid in
the ultrarelativistic region, γ ∼ 107−13, which would corre-
spond to a single point at the rightmost end of the β axis of
Fig. 4. The most stringent limit between γ ∼ 107 and γ ∼
109 is provided by the RICE Collaboration, at a level of
about 10−19 cm−2 s−1 sr−1, while the Auger limit reaches
down to about 2 × 10−21 cm−2 s−1 sr−1 for γ > 1011. The
limit presented in this Letter is the strictest constraint on the
flux of magnetic monopoles above β ≳ 0.80 and up to β ∼
0.995 for monopole masses above 108−10 GeV (depending
on zenith angle) and complements existing limits on the
flux of nonrelativistic and ultrarelativistic monopoles.
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FIG. 4. 90% confidence level upper limit on the cosmic flux of
relativistic monopoles as a function of true particle β obtained in
the present analysis assuming zero background (dark green
curve). Also included are previous results of IceCube [14,15],
ANTARES [16], and Baikal [17]. The limits are valid for
monopoles with the given β at the detector. The Parker bound
[37,38] is shown as reference.
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Neutrino telescopes sets meaningful limits on primordial monopoles 
below the Parker bound (short-circuit of Galactic magnetic fields).
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• High-energy cosmic radiation has been a powerful probe of particle 
physics in the 20th century (discovery of positron, muon, pion, ...).  

• Neutrino astronomy offers complementary and unique probes of 
fundamental physics. 

• Long propagation baselines and large neutrino energies beyond the reach 
of accelerator facilities. 

• This allows us to study: 
• atmospheric neutrino oscillations and neutrino interactions in SM 
• dark matter in Milky Way, Sun, Earth, nearby galaxies, etc. 
• neutrino decay, feeble interactions, non-standard oscillations 
• etc. 

• We only highlighted a few selected topics and probes!


