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We critically examine the ability of future neutrino telescopes, including Baikal-GVD, KM3NeT,
P-ONE, TAMBO, and IceCube-Gen2, to determine the flavor composition of high-energy astrophys-
ical neutrinos, i.e., the relative number of νe, νµ, and ντ , in light of improving measurements of
the neutrino mixing parameters. Starting in 2020, we show how measurements by JUNO, DUNE,
and Hyper-Kamiokande will affect our ability to determine the regions of flavor composition at
Earth that are allowed by neutrino oscillations under different assumptions of the flavor composi-
tion that is emitted by the astrophysical sources. From 2020 to 2040, the error on inferring the
flavor composition at the source will improve from > 40% to less than 6%. By 2040, under the
assumption that pion decay is the principal production mechanism of high-energy astrophysical
neutrinos, a sub-dominant mechanism could be constrained to contribute less than 20% of the flux
at 99.7% credibility. These conclusions are robust in the nonstandard scenario where neutrino
mixing is non-unitary, a scenario that is the target of next-generation experiments, in particular
the IceCube-Upgrade. Finally, to illustrate the improvement in using flavor composition to test
beyond-the-Standard-Model physics, we examine the possibility of neutrino decay and find that, by
2040, combined neutrino telescope measurements will be able to limit the decay rate of the heavier
neutrinos to below 1.8× 10−5(m/eV) s−1, at 95% credibility.

I. INTRODUCTION

High-energy astrophysical neutrinos in the TeV–PeV
energy range, discovered by the IceCube Neutrino Ob-
servatory [1–7], offer unprecedented insight into astro-
physics [6, 8–12] and fundamental physics [13–16]. On
the astrophysical side, they may reveal the identity of
the most energetic non-thermal sources in the Universe,
located at cosmological-scale distances away from us.
These neutrinos attain energies well beyond the reach
of terrestrial colliders, granting access to a variety of
Standard Model and beyond-the-Standard-Model (BSM)
physics scenarios. Because of their small interaction
cross sections, neutrinos are unlikely to interact en route
to Earth, so the information they carry about distant
sources and high-energy processes reaches us with little
to no distortion. Detecting these neutrinos and extract-
ing that information is challenging for the same reason,
requiring cubic kilometer or larger detectors to overcome
their low detection rate [17].
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The information is encoded in the energies, arrival di-
rections, arrival times, and flavor composition of high-
energy neutrinos, i.e., the proportion of νe, νµ, and ντ in
the flux [6, 8, 10, 12, 15]. The flavor composition has long
been regarded as a particularly versatile probe of astro-
physics [18–34] and fundamental physics [21, 22, 25, 27–
29, 32, 35–65].

The sources of the observed flux of high-energy astro-
physical neutrinos—still unidentified today, save for two
promising instances [66, 67]—are presumably hadronic
accelerators where high-energy protons and nuclei inter-
act with surrounding matter and radiation [68–73] to
make high-energy neutrinos. Different neutrino produc-
tion mechanisms yield different flavor compositions at the
source, and during their journey to Earth over cosmologi-
cal distances, neutrinos oscillate, i.e., they undergo flavor
conversions [74–76]. The standard theory of neutrino os-
cillation allows us to map a given flavor composition at
the source to an expected flavor composition at Earth.
Here, large-scale neutrino telescopes detect them; the
flavor composition of the neutrino flux results from com-
paring the number of events with different morphologies,
which roughly reflects the number of neutrinos of each
flavor [31, 77–87]. Additionally, if there is more than one
mechanism of neutrino production, each producing neu-
trinos with a different flavor composition, constraining
the average flavor composition amounts to asking how
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large the fractional contribution of each mechanism can
be in order to be detected [88].

At present, however, our ability to perform such a pre-
cise flavor reconstruction and recover the flavor compo-
sition at the source is hampered by two important yet
surmountable limitations. First, the prediction of how a
given flavor composition at the source maps to a flavor
composition at Earth relies on our knowledge of the val-
ues of the neutrino mixing parameters that drive the os-
cillations [39]. Because these are not precisely known [89–
91], such predictions are uncertain. Second, measuring
the flavor composition in neutrino telescopes is challeng-
ing, and suffers from large statistical and systematic un-
certainties [79, 80, 82, 87]. This prevents us from distin-
guishing between predictions that are similar but based
on different assumptions of neutrino production.

In this work, we show that these limitations will
be overcome in the next two decades, thanks to new
terrestrial and astrophysical neutrino experiments that
are planned or in construction [92]. Oscillation ex-
periments that use terrestrial neutrinos—JUNO [93],
DUNE [94], Hyper-Kamiokande (HK) [95], and the
IceCube-Upgrade [96]—will reduce the uncertainties in
the mixing parameters and put the standard oscillation
framework to test. Large-scale neutrino telescopes—
Baikal-GVD [97], IceCube-Gen2 [98], KM3NeT [99], P-
ONE [100], and TAMBO [101]—will detect more high-
energy astrophysical neutrinos and improve the measure-
ment of their flavor composition.

To show this, we make detailed, realistic projections
of how the uncertainty in the predicted flavor composi-
tion at Earth of the isotropic flux of high-energy neutri-
nos and its measurement will evolve over the next two
decades. Our main finding is that, by 2040, we will
be able to precisely infer the flavor composition at the
sources, including possibly identifying the contribution
of multiple neutrino-production mechanisms, even if os-
cillations are non-unitary [49, 60, 63, 102–106]. Fur-
ther, we illustrate the upcoming power of flavor mea-
surements to probe BSM neutrino physics using neutrino
decay [35, 45, 47, 52, 55, 107–112].

This article is organized as follows. In Section II we
revisit the basics of neutrino mixing, especially as it per-
tains to high-energy astrophysical neutrinos, and intro-
duce the formalism of neutrino decay and non-unitary
neutrino evolution. In Section III we introduce the future
neutrino experiments that we consider in our analysis and
their measurement goals. In Section IV we present the
statistical method that we use to produce the allowed
regions of flavor composition at Earth. In Section V we
present our results. In Section VI, we summarize and
conclude. In the appendices, we show additional analysis
cases that we do not explore in the main text.

4
8

12
16

Vo
lu
m
e
[k
m

3 ] TAMBO
P-ONE
KM3NeT
Baikal GVD
IceCube-Gen2
IceCube

Year
0.2

0.3

0.4

0.5
0.6
0.7
0.8
0.9
1.0

2.0

M
ix
in
g
pa

ra
m
et
er

JUNO
DUNE

HK
IceCube Upg.

δCP/π

sin2 θ23

sin2 θ12

sin2 θ13(×10)

2015 2020 2025 2030 2035 20400.8

0.9

1.0

∑
3 i=

1
|U

α
i|2

Non-unitarity

α = e α = µ α = τ

FIG. 1. The future of neutrino telescopes, oscillation
experiments, and flavor mixing measurements. Top:
Effective volume of future neutrino telescopes able to probe
the flavor composition of astrophysical neutrinos. Center:
Time evolution of the oscillation parameters. For each pa-
rameter, the dotted white line shows the best-fit value and
the shaded region around it, the 1σ uncertainty. Values up
to and including the year 2020 are obtained from the NuFit
global fit to oscillation data [91, 113–115]; NuFit 5.0 [91] is the
latest fit. Projections from 2020 to 2040 have best-fit values
fixed at the current values from NuFit 5.0, but uncertainties
reduced due to JUNO, DUNE, and Hyper-Kamiokande (HK)
measurements, following our simulations. The boxes at the
top show the start and projected estimated running times for
these experiments. Bottom: Time evolution of the expected
error on the unitarity of the neutrino flavor mixing matrix;
values taken from Refs. [103, 106].

II. FLAVOR COMPOSITION OF
HIGH-ENERGY ASTROPHYSICAL NEUTRINOS

A. Flavor composition at the sources

In astrophysical sites of hadronic acceleration, protons
and heavier nuclei are accelerated to energies well be-
yond the PeV scale. Likely candidate acceleration sites
feature high particle densities, high baryon content, and
matter that moves at relativistic bulk speeds, such as
the jets of gamma-ray bursts and active galactic nu-
clei [6, 8, 116]. There, high-energy protons interact with
ambient matter and radiation [68, 69, 71–73], generating
secondary pions and kaons that decay into high-energy
neutrinos. The physical conditions at the sources de-
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termine what neutrino production channels are available
and affect the maximum energy of the parent protons
and the energy losses of the secondaries. This, in turn,
determines the relative number of neutrinos and anti-
neutrinos produced—i.e., the flavor composition at the
sources.

We parametrize the flavor composition at the source
via the flavor ratios (fe,S, fµ,S, fτ,S), where fα,S ∈ [0, 1] is
the ratio of the flux of να and ν̄α, with α = e, µ, or τ ,
to the total flux. We do not separate neutrinos and
anti-neutrinos because high-energy neutrino telescopes
are unable to make this distinction on an event-by-event
basis, with the exception of the Glashow resonance trig-
gered by high-energy ν̄e [33, 117–120]. Neutrinos and
anti-neutrinos may be distinguished statistically by mea-
suring the inelasticity distribution [121, 122] of detected
events; see Ref. [86] for the first measurement of the flavor
composition using this observable. Henceforth, we use
να to mean both neutrinos and anti-neutrinos of flavor
α. Flavor ratios are normalized to one, i.e.,

∑
α fα,S = 1,

and if there are additional neutrino species, the sum also
includes them; see Section II F for details.

Presently, because the identity of the high-energy as-
trophysical neutrino sources is unknown, there is con-
siderable uncertainty as to the dominant neutrino pro-
duction mechanism and the physical conditions at pro-
duction. In addition, these may be different at differ-
ent neutrino energies. However, because the flavor ratios
reflect the neutrino production mechanism, we can use
them—after accounting for oscillations en route to Earth
as discussed in Section II B—to reveal the production
mechanism and help identify the neutrino sources [34].

In our analysis, we explore all possible flavor ratios
at the sources, but showcase three physically motivated
benchmark scenarios commonly discussed in the litera-
ture: full pion decay, muon damping, and neutron decay.

In the full pion decay scenario, charged pions generate
neutrinos via π+ → µ+ + νµ, followed by µ+ → ν̄µ +
e+ + νe, and their charge-conjugated processes. In this
case, the flavor ratio is

(
1
3 ,

2
3 , 0
)

S
. This is the canonical

expectation for the flavor ratios at the sources.

In the muon-damped scenario, the intermediate muons
cool via synchrotron radiation induced by strong mag-
netic fields harbored by the sources. As a result, only
the νµ coming directly from pion decay have high en-
ergy. In this case, the flavor composition is (0, 1, 0)S.
The flavor composition may transition from the full pion
decay scenario to the muon-damped scenario at an energy
determined by the onset of synchrotron losses; see, e.g.,
Refs. [24, 27, 73]. Observing this transition would reveal
the magnetic field strength of the sources and help iden-
tify them [123, 124]; this might be possible in IceCube-
Gen2 if the transition occurs at PeV energies [98].

In the neutron decay scenario, ν̄e exclusively are gener-
ated in the beta decay of neutrons or short-lived isotopes
produced by spallation or photodisintegration of cosmic
rays. In this case, the flavor composition is (1, 0, 0)S.
This production scenario is unlikely, since neutrinos from

beta decay are significantly less energetic than those from
pion decay. Already, flavor-ratio measurements disfavor
this production scenario at ≥ 2σ [7, 34, 82]; we keep it
in our discussion because it remains a useful benchmark.

B. Standard neutrino oscillations

Because the neutrino flavor states, |νe〉, |νµ〉, |ντ 〉, and
the energy eigenstates of the free-particle Hamiltonian,
i.e., the mass eigenstates |ν1〉, |ν2〉, |ν3〉 are different,
neutrinos change flavor, or oscillate, as they propagate
from their sources to Earth. Oscillations alter the neu-
trino flavor ratios that reach Earth. Below, we describe
how this occurs within the standard oscillation scenario;
for comprehensive reviews, see Refs. [125, 126]. Later,
in Sections II E and II F, we introduce alternative flavor-
transition mechanisms.

In the standard oscillation scenario, the flavor and
mass states are related via a unitary transformation, i.e.,

|να〉 =
3∑

i=1

U∗αi|νi〉, (1)

where α = e, µ, τ , and U is the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) lepton mixing matrix. We
adopt the standard parametrization [126] of U as a 3× 3
complex “rotation” matrix, in terms of three mixing an-
gles, θ12, θ23, and θ13, and one phase, δCP.If neutrinos
are Majorana fermions, U contains two additional phases
that do not affect oscillations. Neutrino oscillation exper-
iments [127–150] and global fits [89–91] to their data have
determined the values of the mixing angles to the few-
percent level and have started to corner the CP phase.
In this work, we use and build on the recent NuFit 5.0
global fit [91, 151], which uses data from 31 different
analyses of solar, atmospheric, reactor, and accelerator
neutrino experiments [127–150].

The characteristic neutrino oscillation length is Losc =
4πE/∆m2

ij , where E � mi is the neutrino energy, and

∆m2
ij ≡ m2

i−m2
j is the difference between squared masses

of the mass eigenstates, with (i, j = 1, 2, 3). High-energy
astrophysical neutrinos, with energies between 10 TeV
and 10 PeV, have Losc � 1 pc. Thus, compared to the
cosmological-scale distances over which these neutrinos
propagate and the energy resolutions of neutrino tele-
scopes, the oscillations are rapid and cannot be resolved.
Instead, we are sensitive only to the average να → νβ
flavor-transition probability, i.e.,

P std
αβ =

3∑

i=1

|Uαi|2|Uβi|2 . (2)

The average probability depends only on the mixing an-
gles and the CP -violation phase. We adopt this ap-
proximation in our standard oscillation analysis. Our
choice is further motivated by the fact that the isotropic
high-energy neutrino flux is the aggregated contribution
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FIG. 2. Comparison between the status of allowed regions of flavor composition at Earth in 2020 and 2040. Colored regions
are computed separately for the three benchmark flavor compositions at the source (fe : fµ : fτ )S (pion decay, muon damping,
neutron decay), and varying over all possible flavor compositions at the source (gray-shaded regions). Lines show the 99.7%
credibility regions (C.R.) of the astrophysical flux assuming a composition of (0.3, 0.36, 0.34)⊕ at Earth. The overlaid contours
show the 2015 IceCube measurement of the flavor composition [82] and projections for IceCube and IceCube-Gen2 [98] and for
the combination of all TeV–PeV neutrino telescopes available in 2040, derived here. Left: Assuming standard oscillations and
unitarity in the 3×3 flavor mixing matrix. Right: Same as left panel, but without the assumption of unitarity.

of multiple unresolved sources, each located at a differ-
ent distance, so that the individual oscillation patterns
coming from each source are smeared by the spread of
the distribution of distances, leaving the average flavor-
transition probability as the only accessible quantity.

Because the complex phases in U do not contribute to
the average flavor-transition probability, Eq. (2), leptonic
CP -violation does not affect the flavor composition at
Earth [125]. However, in the standard parameterization
of U that we use [126, 152], the value of δCP still impacts
the probability, since

|U |2 =




|Ue1|2 |Ue2|2 |Ue3|2√
X1 + Y cos δCP

√
X2 − Y cos δCP |Uµ3|2√

X3 − Y cos δCP

√
X4 + Y cos δCP |Uτ3|2


 ,

(3)
where X1, X2, X3, X4, and Y are computable functions
of the mixing angles, but not of δCP. In other words,
cos δCP contributes to the content of ν1 and ν2 mass
eigenstates in the νµ and ντ flavor states. However, the
effect of δCP on the flavor-transition probability is weak
because it appears multiplied by sin4 θ13 � 1.

Table I shows the current best-fit values and uncertain-
ties of the mixing parameters from NuFit 5.0. The values
depend on the choice of the unknown neutrino mass or-
dering, which is labeled as normal, if ν1 is the lightest,
or inverted, if ν3 is the lightest. In the main text, our
present-day results and projections are derived assum-
ing the distributions of values of the mixing parameters

under the normal mass ordering; see Section III for de-
tails. Normal ordering has until recently been favored
over inverted ordering at a significance of '3σ [89, 90],
but such preference has weakened in light of the most
recent data [91, 153]. Results of our analyses assuming
an inverted ordering are very similar; we show them in
Appendix A.

The “solar” mixing parameters θ12 and ∆m2
21 are mea-

sured in solar neutrino experiments [135, 154] and the
reactor experiment KamLAND [137]. The angle θ13 is
precisely measured in reactor experiments, e.g., Daya
Bay [145]. The “atmospheric” parameters θ23 and ∆m2

32

are measured in atmospheric and long-baseline acceler-
ator experiments [138, 140, 144, 155, 156]. The phase
δCP is measured in long-baseline experiments [155, 157].
Presently, the only significant correlation among the
mixing angles and δCP is between θ23 and δCP (see
Fig. A1) [91], which we take into account below in our
sampling of values of the mixing parameters.

C. Flavor composition at Earth:
Standard oscillations

For a given flavor composition at the source
(fe,S, fµ,S, fτ,S), the flavor composition of the neutrino
flux that arrives at Earth, under standard oscillations, is

fβ,⊕ =
∑

α=e,µ,τ

P std
αβ fα,S (std. oscillations) . (4)
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Using the best-fit values of the mixing parameters from
Table I, the expected standard flavor composition at
Earth is approximately democratic for the full pion decay
chain: (0.3, 0.36, 0.34)⊕. This becomes (0.17, 0.47, 0.36)⊕
for muon damping, and (0.55, 0.17, 0.28)⊕ for neutron
decay; see Fig. 2. Later, in Section V, we show that
the present-day experimental uncertainties in the mixing
parameters and in the measurement of the flavor ratios
prevent us from distinguishing between these benchmark
scenarios, but that future improvements will allow us to
do so by 2040.

D. Flavor composition measurements in neutrino
telescopes

The flavor composition of a sample of events detected
by a neutrino telescope is inferred from correlations in
their energies, directions, and morphologies. The mor-
phology of an event, i.e., the spatial and temporal dis-
tribution of the collected light associated with it, corre-
lates particularly strongly with the flavor of the neutrino
that triggered it. In ice-based and water-based neutrino
telescopes, the morphologies detected so far are showers
(mainly from νe and ντ ), tracks (mainly from νµ), and
double bangs (from ντ ).
Showers, also known as cascades, are generated by

the charged-current (CC) deep-inelastic neutrino-nucleon
scattering of a νe or a ντ in the ice or water. The scat-
tering produces a particle shower in which charged par-
ticles emit Cherenkov radiation that is detected by pho-
tomultipliers embedded in the detector volume. Neu-
tral current (NC) interactions from all flavors also yield
showers, though their contribution to the event rate is
subdominant to that of CC interactions because the NC
cross section is smaller and because, at a fixed shower
energy, higher-energy neutrinos are required to make a
NC shower than a CC shower.

Tracks are generated by the CC deep-inelastic scat-
tering of a νµ. This creates an energetic final-state muon
that can travel several kilometers, leaving a visible track
of Cherenkov light in its wake. In addition, the mo-
mentum transferred to the nucleon produces a shower
centered on the interaction vertex. Tracks can also be
produced by CC ντ interactions where the tau promptly
decays into a muon, which happens approximately 18%
of the time, and where the showers generated by the pro-
duction and decay of the tau cannot be separated.

Double bangs, or double cascades, are uniquely made
in the CC interaction of ντ . The neutrino-nucleon scat-
tering triggers a first shower and produces a final-state
tau that, if energetic enough, decays far from the first
shower to trigger a second, identifiable shower [78, 158].
The first double-bang events were only recently observed
at IceCube [87].

There are other identifiable, but yet undetected, mor-
phologies associated to ντ CC interactions [159]; e.g.,
when the ντ interacts outside the detector but the de-

cay of the tau is visible.

Identifying flavor on an event-by-event basis is effec-
tively unfeasible. Showers generated by the CC inter-
action of νe and ντ of the same energy look nearly
identical—which leads to a degeneracy in measuring their
flavor ratios—and so do the showers generated by the
NC interaction of all flavors of neutrinos of the same en-
ergy. Tracks may be made by final-state muons from
νµ CC interactions or by the decay into muons of final-
state taus from ντ CC interactions. To address this
limitation, future neutrino telescopes may be able to
use timing information to distinguish νe-induced elec-
tromagnetic showers, from hadronic showers originating
mainly from ντ ’s, by using the difference in their late-
time Cherenkov “echoes” from low-energy muons and
neutrons [84]. This will require using photomultipliers
with a low level of “delayed pulses” [160, 161] that could
mimic muon and neutron echoes. We do not include
echoes in our analyses.

Thus, the flavor composition is reconstructed collec-
tively for a sample of detected events, using statistical
methods. All flavor measurements use starting events,
where the neutrino interacts within the detector vol-
ume [79–81, 83, 86, 87] and all three morphologies are
distinguishable. References [81, 86, 87] reported IceCube
measurements of the flavor composition based exclusively
on starting events using 3, 5, and 7.5 years of data, re-
spectively. These analyses are statistically limited be-
cause of the low event rate of ∼8 neutrinos per km3 per
year above 60 TeV [7], including the background of at-
mospheric neutrinos. Flavor measurements are improved
by complementing them with through-going tracks, which
occur when νµ’s interact outside the instrumented vol-
ume, producing muons that cross part of the detector.
Because through-going tracks are more numerous, when
combined with starting events they appreciably tighten
the flavor measurements. Reference [82] reported the
only IceCube measurement of the flavor composition of
this type to date, based on 4 years of starting events and
2 years of through-going tracks.

Detailed analyses of the flavor-composition sensitivity
that use through-going tracks require knowing the detec-
tor effective areas for these events, that, however, are not
available outside the IceCube Collaboration. Therefore,
we base our analyses instead on the estimated projected
IceCube (and IceCube-Gen2) sensitivities to flavor com-
position from Ref. [98], using combined starting events
and through-going tracks.

Figures 2 and 5 show the present-day estimated Ice-
Cube sensitivity to flavor ratios [98], based on a combina-
tion 8 years of starting events and through-going tracks.
The size of the sensitivity contour is representative of the
present-day sensitivity of IceCube; it has been manually
centered on the most likely best-fit composition assuming
neutrino production in the full pion decay scenario.
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TABLE I. Current best-fit values of the mixing parameters
and their 1σ uncertainties, taken from the global fit to os-
cillation data NuFit 5.0 [91, 151], assuming normal or in-
verted neutrino mass ordering. We include only the param-
eters that affect the average flavor-transition probabilities of
high-energy astrophysical neutrinos: the mixing angles, θ12,
θ23, θ13, and the phase δCP.

Parameter Normal ordering Inverted ordering

sin2 θ12 0.304+0.012
−0.012 0.304+0.013

−0.012

sin2 θ23 0.573+0.016
−0.020 0.575+0.016

−0.019

sin2 θ13 0.02219+0.00062
−0.00063 0.02238+0.00063

−0.00062

δCP (◦) 197+27
−24 282+26

−30

E. Flavor composition at Earth:
Neutrino-decay-like new physics

As an example of physics beyond the standard oscil-
lation picture, we consider the possibility that neutrinos
decay [22, 35, 44, 45, 52, 55, 108, 110–112].

Under decay, the flavor composition at Earth is deter-
mined by the flavor content of the surviving mass eigen-
states, i.e.,

fβ,⊕ =

3∑

i=1

|Uβi|2fi,⊕ (5)

where fi,⊕ is the fraction of surviving νi in the flux that
reaches Earth, and depends on the neutrino lifetimes, en-
ergies, and traveled distances. By comparing the flavor
composition at Earth under decay to the flavor compo-
sition measured in neutrino telescopes, we constrain the
lifetime of the decaying neutrinos.

As illustration, we explore the case of invisible neu-
trino decay [21, 35, 44, 45, 52, 108, 110, 162], in which
the two heaviest mass eigenstates decay to species that
are undetectable in neutrino telescopes, e.g., into a sterile
neutrino or into a low-energy active neutrino. For exam-
ple, if the mass ordering is normal and neutrinos have a
Dirac mass, ν2 and ν3 could decay into a right-handed ν1

and a new scalar; if it is inverted, ν1 and ν2 could decay
into a right-handed ν3 and a new scalar. In our discus-
sion, we focus only on decay in the normal ordering and
we take the lightest neutrino, ν1, to be stable.

Figure 5 shows the flavor content |Uαi|2 of the mass
eigenstates. In the extreme case of complete decay, all
unstable neutrinos have decayed upon reaching Earth,
and the flavor composition of the flux is determined by
the flavor content of ν1, i.e., fβ,⊕ = |Uβ1|2. If a fraction
of the unstable neutrinos survive, the flavor composition
is a combination of their flavor contents, Eq. (5).

In order to estimate bounds on the neutrino lifetime,
we turn to a concrete model, in which we assume that
ν2 and ν3 have the same lifetime-to-mass ratio τ/m and

only ν1 is stable. We calculate the diffuse flux of high-
energy neutrinos produced by a nondescript population
of extragalactic sources, including the effect of neutrino
decay during propagation, following Ref. [55]. We adopt
the formalism of invisible decay from Refs. [45, 55].

We assume that each neutrino source produces neutri-
nos with the same power-law energy spectrum, Jν(E) ≡
E2dNν/dE ∝ E2−γ , where the value of the spectral in-
dex γ is common to neutrinos and anti-neutrinos of all
flavors. We assume γ = 2.5 corresponding to the neu-
trino flux adopted to produce the IceCube projections of
the sensitivity to flavor composition that we use [82]. For
the number density of the neutrino sources at redshift z,
we use the generic parametrization from Ref. [163], i.e.,

ρ(z) ∝
{

(1 + z)n, z < zc
(1 + zc)

n, z ≥ zc , (6)

where different values of n describe different candidate
source populations and zc is a critical redshift above
which their evolution is flat. We take n = 1.5 and
zc = 1.5, which roughly corresponds to the expected dis-
tribution of active galactic nuclei sources [163].

The diffuse flux of νβ with energy E detected at Earth
is the sum of the contributions from all sources [55], i.e.,

E2 dφβ,⊕
dE

=
1

4π

∫ zmax

0

dz
∑

α

P decay
αβ (E, z)fα,S

× ρ(z)

(1 + z)2H(z)
Jν(E(1 + z), z) , (7)

where H(z) = H0

√
ΩΛ + Ωm(1 + z)3 is the Hubble pa-

rameter, H0 = 67.4 km s−1 Mpc−1 is the Hubble con-
stant, Ωm = 0.315 is the energy density of matter, and
ΩΛ = 1 − Ωm is the energy density of vacuum [164].
We integrate over the neutrino sources up to zmax = 4
beyond which we expect negligible contribution to the
neutrino flux. The neutrino flavor oscillation probability
considering invisible decay is

P decay
αβ (E, z) =

∑

i

|Uαi|2|Uβi|2Zi(z)
−miτi

1
H0E , (8)

where Zi is the redshift-dependent decay suppression fac-
tor introduced in Ref. [45]. Since the neutrino mass mi

and lifetime τi appear together in Eq. (8), we perform
our analysis in terms of the ratio mi/τi. Because ν1 is
stable, Z1 = 1, while, for ν2 and ν3,

Z2,3(z) ' a+ be−cz , (9)

where a ' 1.67, b = 1− a, and c ' 1.43 for our choice of
values of the cosmological parameters.

Under decay, the flavor composition changes with neu-
trino energy (see, e.g., Refs. [35, 44, 45, 55]). In our
analysis, we compute the average flavor composition at
Earth over the energy interval from Emin = 60 TeV to
Emax = 10 PeV, i.e.,

fβ,⊕ =

∫ Emax

Emin
dE

dφβ,⊕
dE∑

α

∫ Emax

Emin
dE

dφα,⊕
dE

(neutrino decay) . (10)
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F. Flavor composition at Earth:
Non-unitary mixing

So far, we have assumed that the 3 × 3 mixing ma-
trix U is unitary, i.e., that the flavor states να, and thus
also the mass eigenstates νi, form a complete basis. The
assumption of unitarity imposes constraints on the ele-
ments of U . However, the “true” mixing matrix could be
larger than 3×3, as a result of the three active neutrinos
mixing with additional states, such as a fourth, “sterile”
neutrino. In this case, U is a 3 × 3 submatrix of the
larger, true mixing matrix. Relaxing the assumption of
the unitarity of U leads to a broader range of allowed
flavor composition at Earth due to the active neutrinos
mixing with the new states [49, 63, 102–106, 165–167].
This is true even if the new states are too massive to be
kinematically accessible.

We will examine how much the prediction of the al-
lowed flavor composition at Earth relies on the assump-
tion of the unitarity of neutrino mixing, and how much
it affects the ability of future neutrino telescopes to in-
fer the flavor composition at the source. In the case
of non-unitary mixing, a flavor state can be written
as [106, 165, 168]

|να〉 =
1√
Nα

3∑

i=1

U∗αi|νi〉 , (11)

where the normalization Nα ≡
∑3
i=1 |Uαi|2 ensures that

|να〉 is a properly normalized state, i.e., that 〈να|να〉 = 1.
The non-unitary (NU) average flavor-transition probabil-
ity |〈νβ |να〉|2 is

PNU
αβ =

1

NαNβ

3∑

i=1

|Uαi|2|Uβi|2 . (12)

The flavor ratios at Earth are computed in analogy to
Eq. (4), i.e., for a given flavor composition at the source,
they are

fβ,⊕ =
∑

α=e,µ,τ

PNU
αβ fα,S (non-unitary) . (13)

However, because some active neutrinos oscillate away
into sterile states, the sum over active flavors at Earth
is no longer unity, i.e., fe,⊕ + fµ,⊕ + fτ,⊕ < 1. Since
neutrino telescopes can only measure the flavor compo-
sition of the flux of active neutrinos, we renormalize the
flavor ratios as f̃α,⊕ = fα,⊕/

∑
β=e,µ,τ fβ,⊕. Below, we

show our results in the case of non-unitarity exclusively
in terms of these renormalized flavor ratios. To lighten
the notation, below we refer to them simply as fα,⊕.

III. NEXT-GENERATION EXPERIMENTS

In the next two decades, oscillation experiments that
use terrestrial neutrinos will significantly improve the

precision of mixing parameters. In parallel, future neu-
trino telescopes will precisely measure the flavor compo-
sition of astrophysical neutrinos. Combined, they will
provide the opportunity to pinpoint the flavor composi-
tion at the sources and thus help identify the origin of
the high-energy astrophysical neutrinos. In this section,
we describe how we model these future experiments.

A. Future oscillation experiments

Figure 1 summarizes our projected evolution of the
measurement precision of the mixing parameters using
a combination of next-generation terrestrial neutrino ex-
periments1.

Presently, as seen in Table I, sin2 θ12 and sin2 θ23

are known to within '4%, from the NuFit 5.0 global
fit [91, 151]. We consider the future measurement of
sin2 θ12 by JUNO, and of sin2 θ23 and δCP by HK and
DUNE. We assume there will be no improvement on
sin2 θ13. Presently, sin2 θ13 is measured to ∼3% by Daya
Bay. This is because, while JUNO, HK, and DUNE are
sensitive to sin2 θ13, no single one of them is expected to
achieve better precision than Daya Bay, assuming their
nominal exposures [93, 95, 170]. For example, DUNE will
only reach 7% resolution with its nominal exposure [170].
Below we describe the oscillation experiments that we use
in our predictions.
JUNO, the Jiangmen Underground Neutrino Obser-

vatory [93], will be a 20-kt liquid scintillator detector,
located in Guangdong, China. It will measure the oscil-
lation probability P (ν̄e → ν̄e) of 2–8-MeV reactor neutri-
nos at a baseline of '53 km. JUNO seeks to determine
the neutrino mass ordering and precisely measure sin2 θ12

and ∆m2
21. Its nominal sensitivity on sin2 θ12 is 0.54%

after 6 years of data-taking [93], which is the value we
adopt in this work. JUNO is under construction and will
start taking data in 2022 [171].

To simulate the time evolution of the sensitivity to
sin2 θ12, we simulate JUNO following Ref. [93]. We take
the reactor neutrino flux from Refs. [172–175] and the
inverse-beta-decay cross sections from Ref. [176]. We in-
clude a correlated flux uncertainty of 2%, an uncorrelated
flux uncertainty of 0.8%, a spectrum shape uncertainty
of 1%, and an energy scale uncertainty of 1% [93]. We
do not include matter effects in the computation of the
oscillation probability because they only shift the central
value of sin2 θ12 and not its sensitivity, and we do not
consider backgrounds. With 6 years of collected data,
our simulated sensitivity in sin2 θ12 is 0.46%. We then
take the time evolution of our simulated sensitivity and
scale it by a factor of 1.17, so that our 6-year sensitivity
matches that of Ref. [93].

1 A similar version of the central panel of this figure, showing the
evolution up to 2020 only, was first shown in Ref. [169].
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DUNE, the Deep Underground Neutrino Experi-
ment [94, 177], is a long-baseline neutrino oscillation ex-
periment made out of large liquid argon time projection
chambers. It will measure the appearance and disappear-
ance probabilities, P (νµ → νe) and P (νµ → νµ), in the
0.5–5-GeV range using accelerator neutrinos, in neutrino
and antineutrino modes [170]. DUNE seeks to determine
the mass ordering and measure δCP and sin2 θ23 precisely.
We use the official analysis framework released with the
DUNE Conceptual Design Report [177, 178], which is
comparable to the DUNE Technical Design Report.

DUNE will start taking data in 2026 [179] using a
staged approach [170]. At the start of the beam run,
its far detector will have two modules with a total fidu-
cial volume of 20 kton, with a 1.2 MW beam. After
one year, an additional detector will be deployed, and
then after 3 years of running, the last detector will be in-
stalled, totaling 40 kton of liquid argon. Then, the beam
will be upgraded to 2.4 MW. We follow this timeline and
assume an equal running time for neutrino and antineu-
trino modes to simulate the time evolution of the mixing
parameter measurements. At completion, the nominal
projected sensitivity of DUNE envisions 300 kt·MW·year
exposure, which corresponds to 7 years of collected data.

HK is the multipurpose water Cherenkov successor to
Super-K, with a fiducial mass of 187 kt, under construc-
tion in Kamioka, Japan. This long-baseline experiment
will measure the appearance and disappearance probabil-
ities of accelerator neutrinos [95]. It operates at slightly
lower energies ('0.6 GeV) and with a shorter baseline
(295 km) than DUNE. Like DUNE, HK will also mea-
sure δCP and sin2 θ23 precisely. It will start operation in
2027 [180] with a projected nominal exposure of 10 years
using one Cherenkov tank as far detector [95].

Our simulations of HK are modified from that of
Ref. [181], which follows Refs. [182, 183]. We adjusted
the systematic errors on signal and background normal-
izations to match the official expected sensitivities on
sin2 θ23, ∆m2

32, and δCP. Figure A1 shows our projected
DUNE and HK sensitivities on sin2 θ23 and δCP, using
their nominal exposures.

Beyond the mixing parameters, we will examine how
robust are our results to oscillations being non-unitary.
The lower panel of Fig. 1 shows the global limits on non-
unitarity from current and future experiments by quanti-
fying the deviation from Nα = 1, for the α = e, µ, τ rows.
The 2015 values are taken from Ref. [103], and the 2020
and 2038 values are from Ref. [106]. While future experi-
ments may limit the non-unitarity in the e and µ rows to
the O(1%) level, the non-unitarity in the τ row will re-
main relatively unchanged from its present value of 17%.
The IceCube-Upgrade will extend the current IceCube
detector by 2025, with the addition of seven new closely-
packed strings [96], including a number of calibration
devices and sensors designed to help improve ice mod-
eling [184, 185]. The sensitivity of the IceCube-Upgrade
to ντ appearance will play a major role in constraining∑ |Uτi|2. The ORCA subdetector of KM3NeT [186], to

be deployed in the Mediterranean sea, is expected to per-
form similar measurements.

B. Neutrino telescopes

IceCube is an in-ice Cherenkov neutrino observatory
that has been in operation for nearly a decade [187]. The
experiment comprises a cubic kilometer of clear Antarctic
ice, instrumented with 86 vertical strings, each of which
is equipped with 60 digital optical modules (DOMs)
to detect Cherenkov light from neutrino-nucleon inter-
actions. After 7.5 years of data-taking, IceCube has
seen 103 High-Energy Starting Events (HESEs), of which
48.4 are above 60 TeV and expected to be of astro-
physical origin [7]. In 10 years, IceCube has seen 100–
150 through-going tracks per year of astrophysical origin
above 1 TeV [7, 188].

As mentioned in Section II D, we base our analysis
on projections of the measurement of flavor composi-
tion in IceCube (and IceCube-Gen2), shown originally
in Ref. [98], that estimate the sensitivity obtained by
combining starting events and through-going tracks col-
lected over 8 or 15 years (in the latter case, combined
with 10 years of IceCube-Gen2), as such an analysis has
not been performed on real data yet. Figures 2 and 5
show the 99.7% credible regions (C.R.) 8-year IceCube
contour from Ref. [98].
IceCube-Gen2 is the planned extension of Ice-

Cube [98, 189]. It will add 120 new strings to the ex-
isting experiment, leading to an instrumented volume of
7.9 km3 and an effective area that varies from 7 to 8.5
times that of IceCube between 100 TeV and 1 PeV. Here,
we assume a full array effective start date of 2030. Fig-
ures 2 and 5 show the 99.7% C.R. 15-year IceCube plus
10-year IceCube-Gen2 contour from Ref. [98]. Later we
detail how we use the IceCube and IceCube-Gen2 projec-
tions to estimate projections also for the other neutrino
telescopes.
KM3NeT [99] is the successor to ANTARES [190],

located in the Mediterranean Sea. The high-energy com-
ponent, called KM3Net/ARCA, will be deployed as two
115-string arrays with 18 DOMs each, 100 km off the
coast of Sicily, and should be complete by 2024 [191].
Based on a projected event rate of 15.6 cosmic neutrino-
induced cascades per year [99], we estimate the exposure
of KM3Net to be '2.4 times that of IceCube.
Baikal-GVD [192] is a gigaton volume detector that

expands on the existing NT-200 detector [193] in lake
Baikal, Siberia. The first modules are already installed,
and the detector has been operating since 2018 with an
effective volume of 0.35 km3. This will rise to 1.5 km3

in 2025 when the detector is complete, consisting of 90
strings, with 12 DOMs each. Baikal-GVD has already
seen at least one candidate neutrino cascade event with
reconstructed energy of 91 TeV [194].
P-ONE [100], the Pacific Ocean Neutrino Experi-

ment, is a planned water Cherenkov experiment, to be de-
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ployed in the Cascadia basin off Vancouver Island, using
Ocean Networks Canada infrastructure that is already
in place. P-ONE is expected to be complete in 2030 and
will include 70 strings, with 20 DOMs each, deployed in a
modular array covering a cylindrical volume with a 1 km
height and 1 km radius.

TAMBO [101, 195] the Tau Air-Shower Mountain-
Based Observatory, is a proposed array of water-
Cherenkov tanks to be located in a deep canyon in Peru.
TAMBO will search for Earth-skimming ντ in the 1–
100 PeV range. It is expected to detect approximately
7 ντ per year in the energy range considered here. Be-
cause it is sensitive to a single flavor, TAMBO will be
particularly helpful in breaking the νe-ντ degeneracy in
measuring flavor composition. Unlike the other future
neutrino telescopes, whose projected sensitivity we ob-
tain by scaling the IceCube sensitivity (see below), we
model the contribution of TAMBO to the projected fla-
vor likelihood in 2040 as

− 2 lnLTAMBO =
(Nντ − N̄ντ )2

N̄ντ
, (14)

where N̄ντ ' 70 is the expected number of ντ detected
between 2030 and 2040 and Nντ is the number of ντ
events if fτ,⊕ deviates from the assumed true value of
0.34.

Table II shows what neutrino telescopes are expected
to contribute to flavor measurements in 2020, 2030, and
2040, and their combined exposures. Reference [98] pre-
sented the projected sensitivity of 8 and 15 years of Ice-
Cube, and 15 years of IceCube plus 10 years of IceCube-
Gen2, in the form of iso-contours of posterior density in
the plane of flavor compositions at Earth. We use these
as likelihood functions L(fα,⊕) that represent the sensi-
tivity of the flavor measurements, i.e., LIC8 and LIC15 for
8 and 15 years of IceCube, which we use for our 2020 and
2030 projections, and LIC+Gen2 for 15 years of IceCube
plus 10 years of IceCube-Gen2, which we use for our 2040
projections.

We are interested in assessing the flavor sensitivity
achieved by combining all of the available neutrino tele-
scopes in 2040. However, with the exception of IceCube
and IceCube-Gen2 [98], detailed projections for the sen-
sitivity to flavor composition in upcoming neutrino tele-
scopes are unavailable. Therefore, we estimate 2040 pro-
jections for the other neutrino telescopes ourselves based
on the projections for IceCube-Gen2. First, we single
out the contribution of 10 years of IceCube-Gen2 via
lnLGen2 ≡ lnLIC+Gen2 − lnLIC15. Second, we estimate
the combined sensitivity of Baikal-GVD, KM3NeT, and
P-ONE by rescaling the IceCube-Gen2 contribution by
the exposures Ξ of these telescopes in 2040 (see Table II).
Third, we add to that the contribution of 15 years of
IceCube and of TAMBO, Eq. (14). Thus, in 2040, we
calculate the flavor sensitivity as

lnLcomb = ΞS lnLGen2 + lnLIC15 + lnLTAMBO, (15)

where ΞS is the effective IceCube-Gen2-equivalent expo-
sure defined by

ΞS =
ΞGen2 + ΞGVD + ΞKM3NeT + ΞP−ONE

ΞGen2
. (16)

Based on the projections presented above, the esti-
mated exposures by 2040 for individual experiments are:
ΞGen2 = 81.6 km3 yr for IceCube-Gen2, ΞKM3NeT =
42.1 km3 yr for KM3NeT, ΞGVD = 24.3 km3 yr for
Baikal-GVD, and ΞP−ONE = 31.6 km3 yr for P-ONE.
Figures 2 and 5 show our 99.7% C.R. contour for all neu-
trino telescopes combined in 2040.

All of the projected contours of flavor-composition sen-
sitivity in our analysis are centered on the flavor compo-
sition at Earth corresponding to the full pion decay chain
computed using the best-fit values of the mixing param-
eters from NuFit 5.0, i.e., (0.30, 0.36, 0.34)⊕. While the
position on which the contours are centered may be dif-
ferent in reality, their size is representative of the sen-
sitivity of IceCube in 2020, the combination of IceCube
and IceCube-Gen2 in 2030 and 2040, and the combina-
tion of all available neutrino telescopes in 2040. Later,
in Section V A, we use these likelihoods to infer the sen-
sitivity to flavor composition at the sources based on the
flavor composition measured at Earth.

IV. STATISTICAL METHODS

We present results in a Bayesian framework, as 68%
or 99.7% credible regions (C.R.) or intervals. These
represent the iso-posterior contours within which 68%
or 99.7% of the marginalized—integrated-over nuisance
parameters—posterior mass is located.

In this section, we describe in detail how we obtain the
regions of the neutrino flavor composition at Earth, fff⊕ ≡
(fe,⊕, fµ,⊕, fτ,⊕), given different assumptions about the
flavor composition at the sources, fffS ≡ (fe,S, fµ,S, fτ,S),
and under the three flavor-transition scenarios intro-
duced in Section II: standard oscillations, non-unitary
mixing, and neutrino decay.

We assess the compatibility of a given flavor composi-
tion fff⊕ with the probability distribution of mixing pa-
rameters, either today or in the future, and with our prior
belief about what the flavor composition at the source is.
To do this, we adopt the Bayesian approach first intro-
duced in Ref. [54]. The posterior probability of fff⊕ is

P(fff⊕) =

∫
dϑϑϑ

∫
dfffS det(JJJ(fffS,ϑϑϑ))

×δ(fff⊕ − f̃̃f̃f⊕(fffS,ϑϑϑ))L(ϑϑϑ)π(ϑϑϑ)π(fffS) ,(17)

where JJJ ≡ (∂2fff⊕/∂fffS∂ϑϑϑ)−1 is the Jacobian matrix.
Here, L is the likelihood function, defined as the prob-
ability of obtaining a particular set of measurements EEE
in oscillation experiments conditional on the mixing pa-
rameters being ϑϑϑ ≡ (sin2 θ12, sin

2 θ23, sin
2 θ13, δCP). The

prior on the mixing parameters is π(ϑϑϑ), and the prior on
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Year Neutrino telescopes Oscillation parameters

Flavor ratios at Earth
Flavor ratios at source

(assuming fτ,S = 0)

fe,⊕ fµ,⊕ fτ,⊕ fe,S fµ,S

2020 IC 8 yr NuFit 5.0 0.30+0.13
−0.11 0.36+0.059

−0.053 0.34+0.16
−0.18 0.31+0.08

−0.13 0.69+0.13
−0.08

2040 IC 15 yr+Gen2 10 yr NuFit+JUNO+DUNE+HK 0.30+0.039
−0.037 0.36+0.017

−0.016 0.34+0.049
−0.050 0.33+0.02

−0.02 0.67+0.02
−0.02

2040
IC+Gen2+KM3NeT

+GVD+P-ONE+TAMBO
NuFit+JUNO+DUNE+HK 0.30+0.030

−0.027 0.36+0.011
−0.011 0.34+0.037

−0.039 0.33+0.02
−0.01 0.67+0.01

−0.02

TABLE II. Projected 68% C.R. uncertainties on the allowed flavor ratios at Earth, fα,⊕ (α = e, µ, τ), and on the inferred flavor
ratios at the astrophysical sources, fα,S. For this table, we assume standard oscillations and set the true value of the flavor
ratios at the sources to

(
1
3
, 2
3
, 0
)
S
, coming from the full pion decay chain (see Section II C).

the flavor ratios at the source is π(fffS) . Below, we de-
scribe how to compute these functions. The Dirac delta
ensures that we account for all combinations of fffS and ϑϑϑ
that produce the specific flavor ratios fff⊕ at Earth. Inside

the Dirac delta, the flavor ratios at Earth, f̃̃f̃f⊕(fffS,ϑϑϑ), are
computed using Eq. (4) for standard oscillations, Eq. (5)
for neutrino decay, and Eq. (13) for non-unitary mix-
ing. In the case of neutrino decay, fff⊕ also depends on
the νi fractions, fi,⊕ (see Section II E), while in the case
of non-unitary mixing, ϑϑϑ represents the elements of the
non-unitary mixing matrix instead of the standard mix-
ing parameters (see Section II F).

To compute the likelihood L in Eq. (17), we construct a
χ2 test-statistic that incorporates the combined informa-
tion from future oscillation experiments—JUNO, DUNE,
HK—on the mixing parameters ϑϑϑ. We fix the best-fit
values of the mixing parameters to the current NuFit 5.0
best fit (see Table I); for these, we assume normal mass
ordering in the main text and inverted mass ordering in
our appendices. In our projections, we assume that the
measurement of each mixing parameter ϑi will have a
normal distribution, and that the measurement of dif-
ferent mixing parameters will be uncorrelated except for
δCP and sin2 θ23. With this, the sensitivity associated to
each experiment E is

χ2
E =

∑

i,j

(ϑi − ϑ̄i)Σ−1
E,ij(ϑj − ϑ̄j) , (18)

where Σij is the covariance matrix for parameters ϑi, ϑj .
The likelihood of the combined set of future experiments
is

− 2 lnL(ϑϑϑ) =
∑

E
χ2
E , (19)

where the sum runs over NuFit 5.0 [91, 151] and each
of the relevant experiments described above. For the
prior π(ϑϑϑ) in Eq. (17), we sample uniformly from sin2 θ12,
sin2 θ13 and sin2 θ23.

For the prior on the flavor composition at the source,
π(fffS) in Eq. (17), we explore two alternatives separately.
In both, we ensure that the prior is normalized by de-

manding that

∫ 1

0

dfe,S

∫ 1−fe,S

0

dfµ,Sπ(fffS) = 1 . (20)

We only need to integrate over fe,S and fµ,S because
fτ,S = 1− fe,S − fµ,S. The two alternatives are:

1. Every flavor composition at the source is equally
likely, and we let it vary over all the possibilities.
In this case, π(fffS) = 2.

2. The flavor composition is fixed to one of the three
benchmark scenarios: pion decay (fffπS ≡ ( 1

3 ,
2
3 , 0)),

muon-damped (fffµS ≡ (0, 1, 0)), or neutron decay
(fffnS ≡ (1, 0, 0)). In this case, π(fffS) = δ(fffS−fffπS) for
pion decay, and similarly for the other benchmarks.

In practice, we build the posterior function, Eq. (17),
by randomly sampling values of ϑϑϑ and fffS from their re-
spective priors, computing the corresponding value of

f̃̃f̃f⊕(fffS,ϑϑϑ), and assigning it a weight L(ϑϑϑ). Using the

sampled values of f̃̃f̃f⊕, we build a kernel density estima-
tor that is proportional to the posterior distribution.

V. RESULTS AND DISCUSSION

A. Finding the sources of the high-energy
astrophysical neutrinos

Allowed regions of flavor composition at Earth.— The
left panel of Figure 2 shows the 99.7% C.R. of flavor
composition at Earth for the years 2020 and 2040, as-
suming standard oscillations, obtained using the statisti-
cal method outlined above. The larger gray regions are
sampled from a flat prior in source composition, while
each of the colored regions assumes 100% pion decay
(red), muon-damped π decay (orange), or neutron de-
cay (green). Table II shows the 68% C.R. sensitivity
to each of the flavor ratios for the different combina-
tions of neutrino telescopes. These are shown for the
year 2020—using the distribution of mixing parameters
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from NuFit 5.0—and for the years 2030 and 2040—using
the projected sensitivity to the mixing parameters of the
combined JUNO, DUNE, and HK, with their true values
fixed at the best-fit values of NuFit 5.0.

Figure 2 shows that, for a given flavor composition at
the source, the allowed region of flavor composition at
Earth shrinks approximately by a factor of ten between
2020 and 2040. When allowing the flavor composition at
the source to vary over all possible combinations instead,
the allowed flavor region at Earth shrinks approximately
by a factor of 5 between 2020 and 2040. In this case,
the improvement is smaller because the prior volume is
larger since, in addition to sampling over the mixing pa-
rameters, we sample also over all possible values of fffS.

The reduction in the size of the allowed flavor regions
from 2020 to 2040 stems mainly from the improved mea-
surement of sin2 θ12 by JUNO, which shrinks the regions
along the fe,⊕ direction, and of sin2 θ23 by DUNE and
HK, which shrinks the regions along the fτ,⊕ direction.

We keep the uncertainty on sin2 θ13 fixed at its current
value (see Section III). While we account for improve-
ments in the measurement of δCP over time, the effect of
δCP on flavor transitions is weak (see Section II B).

In Fig. 2, we also include the estimated 2020 Ice-
Cube 8-year flavor sensitivity, the projected 2040 Ice-
Cube 15-year + IceCube-Gen2 10-year flavor sensitiv-
ity, and an “all-telescope” sensitivity that additionally
includes the contributions of Baikal-GVD, KM3NeT, P-
ONE, and TAMBO. These contours are produced under
the assumption of a “true” flavor ratio at Earth of about
(0.30, 0.36, 0.34)⊕ coming from the full pion decay chain;
see Section III B for details. The uncertainty in flavor
measurement shrinks by roughly a factor of 2 between
2020 and 2040. This improvement stems from the larger
event sample size and, to a lesser extent, the inclusion of
TAMBO, which measures the ντ -only neutrino flux. For
the remaining neutrino telescopes, which are sensitive to
all the neutrino flavors, these projections use the same
morphology confusion matrix as recent IceCube analy-
ses [7, 87]. This is a conservative assumption, as these
rates are expected to improve for IceCube thanks to the
calibration devices of the IceCube-Upgrade [96, 196] and
are expected to be better in Baikal-GVD, KM3NeT, and
P-ONE due to the reduced scattering of Cherenkov pho-
tons in water compared to ice. Additional improvement
may come from combining all of the available neutrino
telescopes in a global observatory [197].

The change from 2020 to 2040 is most striking when
we focus on the two most likely neutrino production sce-
narios: full pion decay and muon damping. In 2020, their
99.7% C.R. overlap, which makes it challenging to distin-
guish between them, especially because of the large un-
certainty with which IceCube currently measures flavor
composition. In contrast, by 2040, their flavor regions
will be well separated, at the level of many standard
deviations. This, combined with the roughly factor-of-
two reduction in the uncertainty of flavor measurements,
will allow IceCube-Gen2 to unequivocally distinguish be-

tween the full-pion-decay and muon-damped scenarios,
and realistically help identify the population of sources
at the origin of the high-energy astrophysical neutrinos,
as we will discuss in Sec. V A.

Robustness against non-unitary mixing.— The right
panel of Fig. 2 shows that our conclusions hold even if
neutrino mixing is non-unitary. The allowed regions with
and without unitarity in the mixing—in the left vs. right
panels of Fig. 2—have approximately the same size. This
means that our ability to pinpoint the dominant mecha-
nism of neutrino production is not affected by the exis-
tence of additional neutrino mass states.

Our analysis of non-unitarity assumes that the new
mass eigenstates are too heavy to be produced in weak
interactions [106]. This is not the case for additional
neutrinos motivated by the short-baseline oscillation
anomalies [198–202], in which case large deviations from
the allowed standard-oscillation flavor regions are possi-
ble [104, 105], because light (< 100 MeV) sterile neutri-
nos could be produced at the sources, and so the sum in
Eq. (11) would then be over all mass states, active and
sterile, with masses smaller than the mass of the parent
pion.

Inferring the flavor composition at the sources.— Ul-
timately, we are interested in learning about the identity
of the sources of high-energy neutrinos and the physical
conditions that govern them.

To illustrate the improvement over time in the recon-
struction of the flavor composition at the source, we com-
pute the posterior probability of fffS as

P(fffS) =

∫
dϑϑϑL(ϑϑϑ)L(fff⊕(fffS, ϑ))π(ϑϑϑ)π(fffS), (21)

where L(fff⊕(fffS , ϑ)) is the (projected) constraint on the
flavor composition at Earth from neutrino telescope ob-
servations, π(fffS) is the prior on the flavor composition
at the source. We assume fτ,S = 0 and put a uniform
prior on fe,S.

Our results update those from Ref. [34], by improving
in four different ways. First, for the 2015 and 2020 re-
sults, we use L(θθθ) taken directly from the NuFit 5.0 χ2

profiles, which include two-parameter correlations, com-
pared to Ref. [34], which assumed Gaussian, uncorrelated
likelihoods centered around the NuFit 3.2 [114, 203] best-
fit values. Second, for the 2020 and 2040 projections, we
use more recent and accurate projections of L(fff⊕) for
IceCube and IceCube-Gen2, from Ref. [98], instead of the
early estimate from Ref. [204] used in Ref. [34]. Third,
for the 2040 projections, we build detailed projected like-
lihoods L(θθθ) by combining the results of simulating dif-
ferent oscillation experiments (see Section III A), versus
Ref. [34], which assumed an estimated reduction in the
parameter uncertainties in the near future and perfect
knowledge of the parameters in the far future. Finally,
we now include in our projection not only IceCube-Gen2,
as in Ref. [34], but also the combination of all upcoming
TeV–PeV neutrino telescopes.

Figure 3 shows our results. We assume that ντ are not
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2020 (measured):
IC (ApJ 1, 98) ⊗ NuFit 5.0
fe,S = 0.05+0.71

−0.05 ([0.00, 1.00])

2020 (projected):
IC 8 yr ⊗ NuFit 5.0
fe,S = 0.31+0.08

−0.13 ([0.00, 0.52])

2040 (projected):
(IC 15 yr+IC-Gen2 10 yr) ⊗
(NuFit 5.0+JUNO+DUNE+HK)
fe,S = 0.33± 0.02 ([0.26, 0.40])

2040 (projected):
(Combined ν telescopes) ⊗
(NuFit 5.0+JUNO+DUNE+HK)
fe,S = 0.33+0.02

−0.01 ([0.28, 0.38])

FIG. 3. Fraction of νe produced in astrophysical sources,
inferred from the flavor composition measured at Earth, in
IceCube (IC), IceCube-Gen2 (IC-Gen2), and future neutrino
telescopes combined, and accounting for the uncertainties in
the mixing parameters. In each case, we show the best-fit
value of fe,S, its 68% C.R. interval and, in parentheses, its
99.7% C.R. interval. The 2020 (measured) curve is based
on the measurement of flavor composition L(fff⊕) reported
by IceCube in Ref. [82] (following Ref. [34], we convert the
frequentist likelihood reported therein into a probability den-
sity) and mixing-parameter likelihood L(θθθ) from NuFit 5.0
[91]. The curves for 2020 (projected) and 2040 are based on
projections of Lexp from Ref. [98], and L(θθθ) built by combin-
ing projections of different oscillation experiments, as detailed
in Section IV. For the 2020 and 2040 curves, we assume that
the real value of fe,S = 1/3, coming from the full pion decay
chain. We fix fτ,S = 0, i.e., we assume that sources do not
produce ντ .

produced in the sources, i.e., that fτ,S = 0, as in the
full-pion-decay and muon-damped scenarios, since that
would require producing rare mesons in the sources, like
D±s . Using the 2015 IceCube measurements of flavor
composition [82], the preferred value is fe,S ' 0, favor-
ing muon-damped production, as was first reported in
Ref. [34]. To produce our 2020 and 2040 projections, we
assume that the true flavor composition at Earth is that
from the full pion decay chain (see Section III B), and
attempt to recover it. Figure 3 shows that, by 2040, us-
ing the projected sensitivity to flavor composition in 15
years IceCube plus 10 years of IceCube-Gen2, and the
projected reduction in the uncertainty in mixing param-
eters, we should be able to recover the true value of fe,S,
to within 2% at 68% C.R., or within 21% at 99.7% C.R.
By combining all of the available TeV–PeV neutrino tele-
scopes in 2040, fe,S could be measured to within 15% at

the 99.7% C.R. The improvement in the precision of fe,S
is driven by larger sample size of the future neutrino tele-
scopes as discussed in Section III B.

Revealing multiple production mechanisms.— It is con-
ceivable that the diffuse flux of high-energy astrophysical
neutrinos is due to more than one population of sources
and that each population generates neutrinos with a dif-
ferent flavor composition. Alternatively, even if there is
a single population of neutrino sources, each one could
produce neutrinos via multiple mechanisms, each yield-
ing its own flavor composition. Given the expected im-
provements in the precision of the mixing parameters and
flavor measurements, we study whether we can identify
subdominant neutrino production mechanisms by mea-
suring the flavor composition.

The left panel of Fig. 4 shows the 2040 projected sen-
sitivity to the fractions of the diffuse flux that can be
attributed to each of the three benchmark production
scenarios: full pion decay (kπ), muon-damped (kµ), and
neutron decay (kn), where kπ + kµ + kn = 1. The fla-
vor composition at the source combining all these three
contributions is fffS = kπfff

π
S + kµfff

µ
S + knfff

n
S . To produce

Fig. 4, we assume that kπ = 1, and compute how well
we can recover that value, given the projected combined
sensitivity L(fff⊕) of all the neutrino telescopes, and the
projected combined likelihood L(θθθ) of all the oscillation
experiments. The posterior probability of the fractions
kkk = (kπ, kµ, kn) at the source is

P(kkk) =

∫
dϑϑϑL(ϑϑϑ)L(fff⊕(fffS(kkk),ϑϑϑ))π(ϑϑϑ)π(kkk) , (22)

where π(kkk) is a uniform prior in kkk.
The left panel of Fig. 4 shows that, while the “true”

value of kπ = 1 is within the favored region, lower val-
ues of kπ are also allowed, with the same significance, at
the cost of increasing the contribution of muon-damped
and neutron-decay production. The value of kπ is anti-
correlated with the values of kµ and kn: lowering the con-
tribution of pion-decay production to kπ < 1 decreases
fe,S and fµ,S, but the former is compensated by the cor-
related increase in kn and the latter, by the correlated
increase in kµ. Remarkably, the contribution of neutron-
decay production cannot be larger than 40%.

In some astrophysical sources, especially the ones that
do not accelerate hadrons past PeV energies, the produc-
tion of TeV–PeV neutrinos via neutron decay might be
strongly suppressed, since beta decay yields neutrinos of
lower energy than pion decay. Below we explore the sen-
sitivity to kkk in the limit of no neutrino production via
neutron decay.

The right panel of Fig. 4 shows our results if we restrict
production to only the pion decay and muon-damped
scenarios, i.e., to kπ and kµ = 1 − kπ. At present,
using the 2015 IceCube measurements of flavor compo-
sition [82] and the NuFit 5.0 measurements of mixing
parameters [91, 151], the entire range of kπ is allowed
even at 68% C.R. By 2040, the constraints are signifi-
cantly stronger: kπ can be measured to within 5% at the
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(IC 15 yr+IC-Gen2 10 yr) ⊗
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kπ = 0.99+0.00

−0.06 ([0.73, 1.00])

2040 (projected):
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(NuFit 5.0+JUNO+DUNE+HK)
kπ = 0.99+0.00

−0.05 ([0.81, 1.00])

FIG. 4. Sensitivity to the fraction of the diffuse flux of high-energy neutrinos that is contributed by the three benchmark
scenarios. The real value is assumed to be kπ = 1, i.e., production only via full pion decay. Left: Allowing for production via
the three benchmark scenarios. Right: Allowing for production only via the full pion decay and muon-damped scenarios, in
IceCube (IC), IceCube-Gen2 (IC-Gen2), and future neutrino telescopes combined, and accounting for the uncertainties in the
mixing parameters. In each case, we show the best-fit value of kπ, its 68% C.R. interval and, in parentheses, its 99.7% C.R
interval.

68% C.R. and to within 20% at the 99.7% C.R.
In practice, searches for the neutrino production mech-

anism will use not only the flavor composition but also
the energy spectrum. In the muon-damped scenario, the
synchrotron losses of the muons would leave features in
the energy spectrum that are not expected in the full pion
decay scenario, and which may indicate the strength of
the magnetic field of the sources [123, 124]. Presently,
there is little sensitivity to these features in the energy
spectrum [124], but improved future sensitivity may help
break the degeneracy between kπ and kµ.

B. Testing new neutrino physics: neutrino decay

Figure 5 shows that, by 2040, the higher precision to
which we will know the mixing parameters will also allow
us to perform more precise tests of new physics, which
we illustrate by considering the case neutrino decay (see
Section II E) [35, 45, 47, 52, 55, 107–112]. The flavor
contents |Uαi|2 of the mass eigenstates νi are required to
compute the flavor composition at the Earth under de-
cay, Eq. (5). Figure 5 shows the uncertainty in them,
in 2020 and 2040. If all the eigenstates but one decay
completely en route to Earth, the allowed flavor com-
position at Earth matches the flavor content of the one
remaining eigenstate. If multiple eigenstates survive, the
flavor composition is a combination of the flavor contents

of the surviving eigenstates. Figure 5 shows the allowed
region of flavor composition that results from all possi-
ble combinations k1|Uα1|2 + k2|Uα2|2 + k3|Uα3|2, where
k1+k2+k3 = 1 and each ki ∈ [0, 1]. Reference [32] showed
an earlier version this region, generated using the 2015
uncertainties of the mixing parameters from Ref. [113].

Under the assumption that ν2 and ν3 decay into in-
visible products with the same decay rate m/τ (see Sec-
tion II E), we estimate upper limits on their common de-
cay rate, or, equivalently, lower limits on their common
lifetime, for the years 2020 with IceCube 2015 measure-
ment or with projected 8 year IceCube data, and 2040 us-
ing IceCube data or the flavor measurement at all future
neutrino telescopes. To do this, we compare the expected
flavor composition at Earth computed for different values
of the decay rate to a “no decay” scenario, where the fla-
vor composition is computed under standard oscillations
under different choices of the flavor composition at the
source. We use the likelihood of the mixing parameters,
L(ϑϑϑ), and the likelihood of flavor measurements in neu-
trino telescope, L(fff⊕), to translate any decay-induced
deviation of fff⊕ away from the “no decay” scenario into
a bound on the decay rate. The posterior probability of
the decay rate m/τ is

P
(m
τ

)
=

∫
dϑϑϑL(ϑϑϑ)L

(
fff⊕

(m
τ
,ϑϑϑ
))

π(ϑϑϑ)π
(m
τ

)
, (23)

where π(m/τ) is a uniform prior on the decay rate and
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FIG. 5. Comparison of the regions of flavor content |Uαi|2
(α = e, µ, τ) of the neutrino mass eigenstates ν1 (blue), ν2
(mustard) and ν3 (aubergine) in 2020 and 2040. The over-
laid contours denote the sensitivity to flavor measurement, as
in Fig. 2. If all but one eigenstate decays completely while
propagating to Earth, the allowed flavor composition at Earth
matches the flavor content of the one remaining eigenstate.
Otherwise, the flavor composition is a combination (gray) of
the flavor contents of the surviving ν1, ν2, and ν3.

the flavor composition at Earth is computed following
Eq. (10).

The left panel of Fig. 6 shows the resulting posterior
distributions computed assuming that the flavor compo-
sition at the source is fffS = fffπS ≡

(
1
3 : 2

3 : 0
)

S
. The pos-

teriors reach their peak as m/τ → 0, favoring longer
lifetimes; we thus place upper limits on the decay rates.
These become more constraining over time, as L(ϑϑϑ) and
L(fff⊕) become narrower. They translate into lower limits
on the lifetimes of τ/m ≥ 2.4× 103(eV/m) s, using 2015
data, to 5.6 × 105(eV/m) s in 2040. The right panel of
Fig. 6 shows the corresponding lower limits on the life-
time as a function of neutrino mass. We have highlighted
the allowed interval of masses assuming normal ordering
by shading out the regions that are respectively disfa-
vored for each of the mass eigenstates due to constraints
on the mass splitting from oscillation experiments, and
limits on the sum of the masses from by the latest global
fit including cosmological observations and terrestrial ex-
periments [205].

A realistic analysis needs to take into account the un-
certainties on the flavor compositions. To this end, we
explore two alternative choices of the flavor composition
at the source: varying over all possible values of fffS (“fffS

free”); and production via full pion decay, but allowing
its contribution to the neutrino flux to vary below its
nominal value of 100%, with a half-Gaussian prior with

a 10% width (“fffS constr.”) and the rest of the flux comes
from the muon damped scenario.

Table III shows the 95% C.R. upper limits on the de-
cay rate for the three cases. In the most conservative
case, “fffS free,” we see the same decay rate limit with
2020 and 2040 data, m/τ ' 2 × 10−4. This corresponds
to a transition energy between fully-decay and no-decay
at E ' m/τH0 ' 100 TeV, close to the lower limit of our
energy window. For any smaller decay rates, only a small
fraction (exponentially suppressed, see Eq. (8)) of neu-
trinos in the energy window would have decayed during
the propagation, thus causing negligible changes to the
flavor composition integrated over energy. This leads to
strong degeneracy between the flavor composition at the
source and the decay rate. By choosing instead the “fffS

constr.”, the degeneracy is largely lifted. This illustrates
that any future bounds for neutrino decay will need to
be carefully weighed against our understanding of the
flavor composition at the source. However, note that we
only use the flavor information to test decay. If there
are indeed hints for neutrino decay, the measured energy
spectrum will also provide crucial information [110].

The limits that we find are for the case of invisible de-
cays and are, therefore, more conservative than the case
of visible decay. For visible decays [35, 55, 112], the heav-
ier mass eigenstates decay into the lightest one and can
still be detected in neutrino telescopes. In the normal
mass ordering, where ν1 is the lightest neutrino, visible
decay leads to a larger surviving fraction of ν1, moving
the flavor composition further away from the flavor com-
position expected from full pion decay, and potentially
strengthening the limits on the decay rate. However, by
2040, and assuming that the measured flavor composi-
tion is centered on fffπ⊕—as in the projected measurement
contours in Fig. 5—then only decays that leave ν2 as the
dominant surviving neutrino in the flux will still be al-
lowed. For a detailed treatment of the nuances of visible
decay, see Ref. [112].

The right panel of Fig. 6 shows that our lower limits on
the neutrino lifetime are far from the lower limit stem-
ming from early-Universe constraints [162]. Although
those limits assume a scalar-mediated decay from heav-
ier to lighter mass eigenstates, decays to completely in-
visible products should not produce appreciably weaker
bounds [206] owing to the self-interactions induced by
such a new mediator. Our limits are independent of
early-Universe cosmology and are thus not susceptible
to modifications to ΛCDM nucleosynthesis or recombi-
nation. For example, models in which a late-time phase
transition leads to neutrino decay [207, 208] easily evade
the cosmological limits, making our constraints domi-
nant.

VI. SUMMARY AND CONCLUSIONS

The flavor composition of TeV–PeV astrophysical neu-
trinos, i.e., the proportion of νe, νµ, and ντ in the neu-
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FIG. 6. Left: Posterior probability density of the neutrino lifetime τ/m ≡ τ2/m2 = τ3/m3, extracted assuming invisible
decay, and a fixed flavor composition at the source of ( 1

3
, 2
3
, 0)S, with the diffuse flux calculated as described in Section II E.

Right: Comparison of the estimated 95% C.R. lower limits on the lifetime derived here. Low masses are excluded by the
measurement of ∆m2

i1 ≡ m2
i −m2

1 (i = 2, 3) in oscillation experiments [90, 151]; high masses, by cosmological limits on the
sum of neutrino masses [205] (see Ref. [55] for details), where we have assumed normal ordering. The early-Universe limit of
τ > 4× 105 s (m/50 meV)5 [162] is from CMB and LSS constraints.

Year Neutrino telescopes Oscillation parameters
Upper limit m/τ [eV s−1] (95% C.R.)

fffS =
(
1
3
, 2
3
, 0
)

fffS free fffS constr.

2020 (measured) IC 2015 NuFit 5.0 (2020) 4.1 × 10−4 4.4× 10−2 6.4× 10−3

2020 (projected) IC 8 yr NuFit 5.0 (2020) 7.4 × 10−5 2.2× 10−4 9.1× 10−5

2040 (projected) IC 15 yr + IC-Gen2 10 yr NuFit + JUNO + DUNE + HK 2.5 × 10−5 2.4× 10−4 5.3× 10−5

2040 (projected) Combined ν telescopes NuFit + JUNO + DUNE + HK 1.8 × 10−5 2.4× 10−4 4.6× 10−5

TABLE III. Estimated upper limits on the common decay rate of ν2 and ν3 into an invisible ν1, assuming a population of
sources evolving in redshift with m = 1.5 (see Eq. (6)) and producing neutrinos assuming spectral index of γ = 2.5, via the full
pion decay chain (fourth column, fffS =

(
1
3
, 2
3
, 0
)
), and allowing the source flavor composition to vary freely (fifth column, fffS

free). The last column assumes a pion decay fraction of 100%, with 10% (half) Gaussian uncertainty at the source, with the
remaining neutrino flux from the muon-damped scenario.

trino flux, has long been regarded as a versatile tool
to learn about high-energy astrophysics and test funda-
mental physics. However, in practice, present-day un-
certainties in the neutrino mixing parameters and in
the measurement of flavor composition in neutrino tele-
scopes limit its reach. Fortunately, this situation will
change over the next two decades, thanks to the signif-
icant progress that is expected from terrestrial neutrino
experiments. We have found that the full potential of
flavor composition will finally be fulfilled over the next
20 years, thanks to a host of new neutrino oscillation ex-
periments that will improve the precision of the mixing

parameters using terrestrial neutrinos and neutrino tele-
scopes that will improve the measurement of the flavor
composition of high-energy neutrinos.

Regarding neutrino mixing parameters, by 2040, im-
proved measurements of θ12 by JUNO [93] and of θ23

by DUNE [94] and Hyper-Kamiokande [95] will reduce
the size of the allowed flavor regions at Earth predicted
by standard oscillations by a factor of 5–10 compared
to today. Additionally, the IceCube-Upgrade, together
with the previously mentioned experiments, will provide
improved constraints on non-unitarity of the PMNS ma-
trix. This will clearly separate the flavor composition
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predicted by different neutrino production mechanisms,
at a credibility level well in excess of 99.7%, and will
also sharpen the distinction between expectations from
standard and nonstandard oscillations.

Regarding the measurement of the flavor composition
of high-energy neutrinos, the deployment of new neu-
trino telescopes will increase the precision of the measure-
ment of flavor composition thanks to the larger sample
of high-energy neutrinos that they will detect. Beyond
the continuing operation of IceCube, Baikal-GVD [192]
and KM3NeT/ARCA should already be in operation by
2025 [99], P-ONE [100] and IceCube-Gen2 [98] by 2030—
at which point the combined effective volume of neutrino
telescopes exceeds the present one by more than an or-
der of magnitude—and TAMBO [101, 209], dedicated to
measuring the ντ flux. From their combined measure-
ments, the uncertainty in flavor composition is expected
to shrink by a factor of 2 from 2020 to 2040. Our pro-
jections are conservative: they rely mainly on statistical
improvements due to larger exposures and the inclusion
of TAMBO as a dedicated tau-neutrino experiment. Any
improvement in the methods use to reconstruct flavor,
which we have not considered, will only improve the pro-
jections further.

Combining these two improvements, by 2040 we will
be able to distinguish with high confidence between sim-
ilar predictions of the flavor composition at Earth ex-
pected from different neutrino production mechanisms.
Notably, we will be able to robustly differentiate the fla-
vor composition expected from neutrino production due
to full pion decay from the composition expected from
muon-damped pion decay, the two most likely production
scenarios. The combined effect of smaller allowed flavor
regions and more precise flavor measurements anticipate
that progress in using flavor measurements to identify
the still-unknown sources of the bulk of the high-energy
diffuse neutrino flux will be not merely incremental but
transformative.

Further, by 2040 we will be able to use the mea-
sured flavor composition, and our precise knowledge of
the mixing parameters, to infer the flavor composition
at the source with high precision. In particular, the av-
erage νe fraction at the source will be known to within
6%, a marked improvement over the 42% precision to
which it is known today (see Table II). Moreover, if high-
energy neutrinos are produced by a variety of produc-
tion mechanisms, each yielding a different flavor compo-
sition, we will be able to identify the dominant and sub-
dominant mechanisms. We find that if production via
pion decay is the dominant mechanism, this constrains
the contribution from production via neutron decay to
be smaller than 40%. If production only via pion decay
and muon-damped decay are allowed, the dominant pro-
duction mechanism can be pinned down to less than 20%
at 99.7% credible level.

The presence of new physics effects, specifically non-
unitarity in the PMNS mixing matrix, only modestly
affects the flavor triangle: by 2040, all three canonical

source compositions will be distinguishable even in the
presence of non-unitary mixing.

We explore neutrino decay into invisible products to il-
lustrate the improvement that we will achieve in testing
beyond-the-Standard-Model neutrino physics using the
flavor composition. Complete neutrino decay to ν3 or ν1

is strongly disfavored today, and will be excluded at more
than 5σ by 2040. Under certain conservative assump-
tions, we have shown that future observations will be
able to constrain the lifetime of the heavier neutrinos to
nearly ∼ 105(eV/m) s if only ν1 is stable. This is nearly
eight orders of magnitude stronger than the limits set by
solar neutrino observations [210], and competitive with
bounds that could be obtained from observing a Galac-
tic supernova [55]; however they are significantly weaker
than the constraints for early universe observables [162]

Approximately fifty years have passed since the
original proposal by Markov to build large detectors
to observe high-energy neutrinos. The last ten years
have brought us the discovery of the diffuse high-energy
astrophysical neutrino flux by IceCube, the discovery
of the potential first few astrophysical sources of high-
energy neutrinos, and first measurements of the flavor
composition. We have shown that these efforts will come
to dramatic fruition in the next two decades, yielding
a more complete picture of the Universe as seen with
high-energy neutrinos. The future is bright for neutrino
hunters.
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[161] L. Köpke and A. Steuer, “Neutron Echo in IceCube?”
(2019), talk at 4th Uppsala workshop on Particle

Physics with Neutrino Telescopes.
[162] G. Barenboim, J. Z. Chen, S. Hannestad, I. M.

Oldengott, T. Tram, and Y. Y. Wong, (2020),
arXiv:2011.01502 [astro-ph.CO].

[163] A. van Vliet, R. Alves Batista, and J. R. Hörandel,
Phys. Rev. D 100, 021302 (2019), arXiv:1901.01899
[astro-ph.HE].

[164] N. Aghanim et al. (Planck), Astron. Astrophys. 641, A6
(2020), arXiv:1807.06209 [astro-ph.CO].

[165] S. Antusch, C. Biggio, E. Fernández-Mart́ınez,

https://doi.org/10.1088/1126-6708/2008/07/064
http://arxiv.org/abs/0803.2050
http://arxiv.org/abs/1508.01698
https://doi.org/10.1103/PhysRevLett.121.121802
https://doi.org/10.1103/PhysRevLett.121.121802
http://arxiv.org/abs/1805.05950
http://arxiv.org/abs/2004.06844
http://arxiv.org/abs/2004.06844
https://doi.org/10.1103/PhysRevD.102.023018
https://doi.org/10.1103/PhysRevD.102.023018
http://arxiv.org/abs/2005.07200
https://doi.org/10.1007/JHEP11(2014)052
http://arxiv.org/abs/1409.5439
https://doi.org/10.1007/JHEP01(2017)087
https://doi.org/10.1007/JHEP01(2017)087
http://arxiv.org/abs/1611.01514
https://doi.org/10.1007/JHEP01(2019)106
https://doi.org/10.1007/JHEP01(2019)106
http://arxiv.org/abs/1811.05487
https://doi.org/10.1146/annurev-nucl-101918-023510
https://doi.org/10.1146/annurev-nucl-101918-023510
http://arxiv.org/abs/1907.12506
https://doi.org/10.1103/PhysRev.118.316
https://doi.org/10.1088/1475-7516/2011/10/017
http://arxiv.org/abs/1108.3163
http://arxiv.org/abs/1108.3163
http://arxiv.org/abs/1209.2422
https://doi.org/10.1088/1475-7516/2020/03/005
http://arxiv.org/abs/1912.02976
https://doi.org/10.1016/0927-6505(96)00008-4
http://arxiv.org/abs/hep-ph/9512364
https://doi.org/10.1103/PhysRevD.83.113009
https://doi.org/10.1103/PhysRevD.83.113009
http://arxiv.org/abs/1102.0691
https://doi.org/10.1103/PhysRevD.88.083007
http://arxiv.org/abs/1307.2793
https://doi.org/10.1103/PhysRevD.102.123008
https://doi.org/10.1103/PhysRevD.102.123008
http://arxiv.org/abs/2009.01306
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1086/305343
https://doi.org/10.1103/PhysRevD.73.112001
https://doi.org/10.1103/PhysRevD.73.112001
http://arxiv.org/abs/hep-ex/0508053
https://doi.org/10.1103/PhysRevD.78.032002
https://doi.org/10.1103/PhysRevD.78.032002
http://arxiv.org/abs/0803.4312
https://doi.org/10.1103/PhysRevD.82.033006
https://doi.org/10.1103/PhysRevD.82.033006
http://arxiv.org/abs/0808.2868
https://doi.org/10.1103/PhysRevC.80.015807
https://doi.org/10.1103/PhysRevC.80.015807
http://arxiv.org/abs/0901.2200
https://doi.org/ 10.1016/j.physletb.2010.01.030
http://arxiv.org/abs/1001.2731
https://doi.org/10.1103/PhysRevD.83.052010
https://doi.org/10.1103/PhysRevD.83.052010
http://arxiv.org/abs/1010.0118
https://doi.org/10.1103/PhysRevLett.107.141302
http://arxiv.org/abs/1104.1816
https://doi.org/ 10.1103/PhysRevC.88.025501
https://doi.org/ 10.1103/PhysRevC.88.025501
http://arxiv.org/abs/1109.0763
https://doi.org/10.1103/PhysRevLett.110.171801
https://doi.org/10.1103/PhysRevLett.110.171801
http://arxiv.org/abs/1301.4581
https://doi.org/10.1103/PhysRevD.88.033001
https://doi.org/10.1103/PhysRevD.88.033001
http://arxiv.org/abs/1303.4667
https://doi.org/10.1103/PhysRevLett.110.251801
https://doi.org/10.1103/PhysRevLett.110.251801
http://arxiv.org/abs/1304.6335
https://doi.org/10.1038/nature13702
https://doi.org/10.1103/PhysRevD.91.072004
https://doi.org/10.1103/PhysRevD.91.072004
http://arxiv.org/abs/1410.7227
https://doi.org/ 10.1103/PhysRevD.92.023004
http://arxiv.org/abs/1502.03916
https://doi.org/ 10.1088/1674-1137/41/1/013002
https://doi.org/ 10.1088/1674-1137/41/1/013002
http://arxiv.org/abs/1607.05378
https://doi.org/ 10.3847/1538-4357/835/2/202
https://doi.org/ 10.3847/1538-4357/835/2/202
http://arxiv.org/abs/1611.09867
https://doi.org/10.1103/PhysRevD.97.072001
https://doi.org/10.1103/PhysRevD.97.072001
http://arxiv.org/abs/1710.09126
https://doi.org/10.1103/PhysRevLett.121.241805
https://doi.org/10.1103/PhysRevLett.121.241805
http://arxiv.org/abs/1809.02261
https://doi.org/10.5281/zenodo.4157464
https://doi.org/10.5281/zenodo.4157464
https://doi.org/10.5281/zenodo.4123573
https://doi.org/10.5281/zenodo.3959558
https://doi.org/10.5281/zenodo.3959558
https://doi.org/10.5281/zenodo.3959581
https://doi.org/10.5281/zenodo.3959581
https://doi.org/10.5281/zenodo.3959640
https://doi.org/10.5281/zenodo.3959640
http://www.nu-fit.org/?q=node/228
http://arxiv.org/abs/2006.09384
http://arxiv.org/abs/2006.09384
http://arxiv.org/abs/2007.08526
https://doi.org/10.1103/PhysRevD.94.052010
https://doi.org/10.1103/PhysRevD.94.052010
http://arxiv.org/abs/1606.07538
https://doi.org/ 10.1103/PhysRevLett.123.151803
https://doi.org/ 10.1103/PhysRevLett.123.151803
http://arxiv.org/abs/1906.04907
http://arxiv.org/abs/2008.07921
https://doi.org/ 10.1038/s41586-020-2177-0
http://arxiv.org/abs/1910.03887
https://doi.org/10.1103/PhysRevD.62.093010
https://doi.org/10.1103/PhysRevD.62.093010
http://arxiv.org/abs/hep-ph/0006123
https://doi.org/ 10.1088/1742-6596/60/1/048
https://doi.org/10.22323/1.301.1008
https://doi.org/10.22323/1.301.1008
http://indico.uu.se/event/600/contributions/1019/attachments/1002/1386/KoepkeNeutronEcho.pdf
http://indico.uu.se/event/600/contributions/1019/attachments/1002/1386/KoepkeNeutronEcho.pdf
http://arxiv.org/abs/2011.01502
https://doi.org/10.1103/PhysRevD.100.021302
http://arxiv.org/abs/1901.01899
http://arxiv.org/abs/1901.01899
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
http://arxiv.org/abs/1807.06209


20
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Phys. Rev. D 92, 073003 (2015), arXiv:1411.0308 [hep-
ph].

https://doi.org/10.1088/1126-6708/2006/10/084
http://arxiv.org/abs/hep-ph/0607020
http://arxiv.org/abs/2004.13719
http://arxiv.org/abs/2008.09730
http://arxiv.org/abs/hep-ph/0402217
http://peterdenton.github.io/Talks/20.04.APS.April.pdf?fbclid=IwAR1AriorOf751rHT_RG7Ng3WFow0S1bAGdbN5aCjgOCA8XP1sSuCcMHymo0
http://peterdenton.github.io/Talks/20.04.APS.April.pdf?fbclid=IwAR1AriorOf751rHT_RG7Ng3WFow0S1bAGdbN5aCjgOCA8XP1sSuCcMHymo0
http://arxiv.org/abs/2002.03005
http://arxiv.org/abs/2002.03005
https://doi.org/10.5281/zenodo.3959622
https://doi.org/10.1103/PhysRevC.83.054615
http://arxiv.org/abs/1101.2663
https://doi.org/10.1103/PhysRevC.85.029901, 10.1103/PhysRevC.84.024617
http://arxiv.org/abs/1106.0687
http://arxiv.org/abs/1106.0687
https://doi.org/ 10.1088/1674-1137/37/1/011001
https://doi.org/ 10.1088/1674-1137/37/1/011001
http://arxiv.org/abs/1210.6327
https://doi.org/10.1103/PhysRevD.89.013001
https://doi.org/10.1103/PhysRevD.89.013001
http://arxiv.org/abs/1309.1638
https://doi.org/10.1016/S0370-2693(03)00616-6
http://arxiv.org/abs/astro-ph/0302055
http://arxiv.org/abs/1512.06148
http://arxiv.org/abs/1512.06148
http://arxiv.org/abs/1606.09550
http://arxiv.org/abs/1606.09550
https://doi.org/10.5281/zenodo.1286764
https://doi.org/10.5281/zenodo.3959585
https://doi.org/10.1016/S0550-3213(02)00825-8
https://doi.org/10.1016/S0550-3213(02)00825-8
http://arxiv.org/abs/hep-ph/0204352
http://arxiv.org/abs/hep-ex/0106019
https://doi.org/10.1103/PhysRevD.72.033003
http://arxiv.org/abs/hep-ph/0504026
https://doi.org/ 10.22323/1.358.0923
https://doi.org/ 10.22323/1.358.0923
http://arxiv.org/abs/1908.10780
https://doi.org/10.22323/1.358.0966
https://doi.org/10.22323/1.358.0966
http://arxiv.org/abs/1908.11564
https://doi.org/ 10.1140/epjc/s10052-019-7259-5
http://arxiv.org/abs/1902.06083
https://doi.org/10.1088/1748-0221/12/03/P03012
http://arxiv.org/abs/1612.05093
https://doi.org/ 10.22323/1.358.1017
http://arxiv.org/abs/1908.09551
http://arxiv.org/abs/1911.02561
https://doi.org/10.1016/j.nima.2011.06.103
https://doi.org/10.1016/j.nima.2011.06.103
http://arxiv.org/abs/1104.1607
https://doi.org/10.1016/j.astropartphys.2019.04.002
https://doi.org/10.1016/j.astropartphys.2019.04.002
http://arxiv.org/abs/1810.08499
http://arxiv.org/abs/2012.03373
https://doi.org/10.1016/S0927-6505(97)00022-4
https://doi.org/10.1016/S0927-6505(97)00022-4
http://arxiv.org/abs/2011.09209
https://doi.org/10.1051/epjconf/201921604007
https://doi.org/10.1051/epjconf/201921604007
http://arxiv.org/abs/1401.2046
https://indico.cern.ch/event/768000/contributions/3274943/attachments/1814062/2964140/NT-Venezia-Resconi-2019.pdf
https://indico.cern.ch/event/768000/contributions/3274943/attachments/1814062/2964140/NT-Venezia-Resconi-2019.pdf
https://doi.org/10.1103/PhysRevC.54.2685
https://doi.org/10.1103/PhysRevC.54.2685
http://arxiv.org/abs/nucl-ex/9605001
https://doi.org/10.1103/PhysRevLett.81.1774
https://doi.org/10.1103/PhysRevLett.81.1774
http://arxiv.org/abs/nucl-ex/9709006
https://doi.org/10.1007/JHEP08(2018)010
http://arxiv.org/abs/1803.10661
http://arxiv.org/abs/1803.10661
https://doi.org/10.1103/PhysRevLett.121.221801
https://doi.org/10.1103/PhysRevLett.121.221801
http://arxiv.org/abs/1805.12028
https://doi.org/10.1016/j.physrep.2020.08.005
http://arxiv.org/abs/1906.00045
http://www.nu-fit.org/?q=node/166
http://arxiv.org/abs/1412.5106
http://arxiv.org/abs/1412.5106
http://arxiv.org/abs/2009.03287
https://doi.org/10.1103/PhysRevD.100.103531
https://doi.org/10.1103/PhysRevD.100.103531
http://arxiv.org/abs/1907.05425
https://doi.org/10.1103/PhysRevD.93.113002
http://arxiv.org/abs/1602.03191
https://doi.org/10.1103/PhysRevD.101.015025
https://doi.org/10.1103/PhysRevD.101.015025
http://arxiv.org/abs/1905.01264
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF4_NF10-CF7_CF1_Mauricio_Bustamante-044.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF4_NF10-CF7_CF1_Mauricio_Bustamante-044.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF4_NF10-CF7_CF1_Mauricio_Bustamante-044.pdf
https://doi.org/10.1103/PhysRevD.92.073003
http://arxiv.org/abs/1411.0308
http://arxiv.org/abs/1411.0308


21

0.40 0.45 0.50 0.55 0.60 0.65
sin2 θ23

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0
δ C

P
/

π

NuFit 5.0

0.40 0.45 0.50 0.55 0.60 0.65
sin2 θ23

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

δ C
P
/

π

DUNE

0.40 0.45 0.50 0.55 0.60 0.65
sin2 θ23

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

δ C
P
/

π

Hyper-Kamiokande

FIG. A1. Correlation between sin2 θ23 and δCP from the NuFit 5.0 global oscillation fit and for projected sensitivities for
DUNE and Hyper-Kamiokande (HK). The shaded regions indicate 1σ (red), 2σ (orange), and 3σ (green) allowed regions of the
parameters.

Appendix A: Supplementary figures

Here we present supplementary figures to the ones discussed in the main text.

♣ Fig. A1 shows the correlation between the mixing parameter sin2 θ23 and the phase δCP from the NuFit 5.0, as
well as projected correlations that we use for DUNE and HK.

♥ Fig. A2 Shows the allowed oscillation regions in the case of inverted ordering (IO), if any source flavor ratio
is allowed, for various combinations of experimental results. Fig. A3 is the same, but highlights the allowed
regions if the flavor composition at the source is fixed by pion decay, muon-damping, or neutron decay.

♠ Figs. A4 and A5 are the same as Figs. A2 and A3, respectively, but under normal ordering (NO).

♦ Figs. A4 and A7 show a subset of these results for NO, but under the assumption that θ23 is in the lower octant.
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FIG. A2. Standard oscillation regions, varying over all flavor compositions fα,S at the source: inverted ordering (IO), upper
θ23 octant.
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FIG. A3. Standard oscillation regions, for benchmark flavor compositions fα,S at the source: inverted ordering (IO), upper θ23
octant.
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FIG. A4. Standard oscillation regions, varying over all flavor compositions fα,S at the source: normal ordering (NO), upper
θ23 octant.
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FIG. A5. Standard oscillation regions, for benchmark flavor compositions fα,S at the source: normal ordering (NO), upper θ23
octant.
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FIG. A6. Standard oscillation regions, varying over all flavor compositions fα,S at the source: normal ordering (NO), lower θ23
octant.
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FIG. A7. Standard oscillation regions, for benchmark flavor compositions fα,S at the source: normal ordering (NO), lower θ23
octant.


