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The next generation of neutrino telescopes, including Baikal-GVD, KM3NeT, P-ONE, TAMBO,
and IceCube-Gen?2, will be able to determine the flavor of high-energy astrophysical neutrinos with
10% uncertainties. With the aid of future neutrino oscillation experiments — in particular JUNO,
DUNE, and Hyper-Kamiokande — the regions of flavor composition at Earth that are allowed by
neutrino oscillations will shrink by a factor of ten between 2020 and 2040. We critically examine
the ability of future experiments and show how these improvements will help us pin down the
source of high-energy astrophysical neutrinos and a sub-dominant neutrino production mechanism
with and without unitarity assumed. As an illustration of beyond-the-Standard-Model physics, we
also show that the future neutrino measurements will constrain the decay rate of heavy neutrinos
to be below 2 x 107 m/eV/s assuming they decay into invisible particles.
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1. Introduction

High energy astophysical neutrinos are produced in hadronic accelerators where high-energy
protons and nuclei interact with surrounding matter and radiation. These neutrinos are detected in
large-scale neutrino telescopes, which identify the energy spectrum, arrival directions, arrival times
and in particular the flavor composition of high-energy neutrinos, i.e. the proportion of v,, v, and
v, in the neutrino flux. The information they carry offfers unprecedented insight into astrophyscics
and fundamental physics, including the unidentified sources of high energy astrophysical neutrinos
and the new physics in neutrino production, propagation and detection [1].

At present, however, our ability to identify the neutrino sources and new physics is hampered by
two important yet surmountable limitations. On the statistical side, more observations are demanded
to reconstruct the flavor of high-energy astrophysical neutrinos at Earth. On the systematical side,
precise knowledge of neutrino mixing parameters is required to map the flavor composition at the
source to that at Earth.

Fortunately, these limitations will be overcome in the next two decades, thanks to new ter-
restrial and astrophysical neutrino experiments that are planned or in construction. Oscillation
experiments that use terrestrial neutrinos—JUNO [2], DUNE [3], Hyper-Kamiokande (HK) [4],
and the IceCube-Upgrade [5]—will reduce the uncertainties in the mixing parameters and put the
standard oscillation framework to test. Large-scale neutrino telescopes—Baikal-GVD [6], IceCube-
Gen?2 [7], KM3NeT [8], P-ONE [9], and TAMBO [10]—will detect more high-energy astrophysical
neutrinos and improve the measurement of their flavor composition.

In this work, we show realistic projections of how the determination of how the uncertainty
in the predicted flavor composition at Earth of the isotropic flux of high-energy neutrinos 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 oscillations are non-unitary.
Further, we illustrate the upcoming power of flavor measurements to probe BSM neutrino physics
using neutrino decay.

2. Future neutrino oscillation experiments

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

3
Va) = > Uilvi), (1)
i=1

where a = e, u, 7, and U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) lepton mixing matrix.
We adopt the standard parametrization of U as a 3 X 3 complex “rotation” matrix, in terms of three
mixing angles, 6o, 6,3, and 63, and one phase, dcp. Since neutrinos travel over cosmological
distances much longer than the oscillation length, we are only sensitive to the average v, — vg
flavor-transition probability, i.e.,

3
P =" Uail* Uil )
i=1
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For present day sentivity, we use and build on the recent NuFit 5.0 global fit [11], which uses
data from 31 different analyses of solar, atmospheric, reactor, and accelerator neutrino experiments.
We also consider the future measurement of sin® 6}, by JUNO, and of sin? 6,3 and Scp by HK and
DUNE. We assume there will be no improvement on sin” 63 presently determined by the Daya Bay
experiment. Below we describe the oscillation experiments that we use in our predictions.

JUNO, the Jiangmen Underground Neutrino Observatory [2], will be a 20-kt liquid scintillator
detector, located in Guangdong, China. It will measure the oscillation probability P(v. — v.) of
2-8-MeV reactor neutrinos at a baseline of ~53 km. JUNO seeks to determine the neutrino mass
ordering and precisely measure sin® 6, and Am%l. Its nominal sensitivity on sin® 61, is 0.54% after
6 years of data-taking [2], which is the value we adopt in this work. JUNO is under construction
and will start taking data in 2022.

DUNE, the Deep Underground Neutrino Experiment [3], is a long-baseline neutrino oscillation
experiment made out of large liquid argon time projection chambers. It will measure the appearance
and disappearance probabilities, P(v, — v.) and P(v, — v,), in the 0.5-5-GeV range using
accelerator neutrinos, in neutrino and antineutrino modes. DUNE seeks to determine the mass
ordering and measure dcp and sin® 63 precisely. We use the official analysis framework released
with the DUNE Conceptual Design Report, which is comparable to the DUNE Technical Design
Report.

HK is the multipurpose water Cherenkov successor to Super-K, with a fiducial mass of 187 kt,
under construction in Kamioka, Japan. This long-baseline experiment will measure the appearance
and disappearance probabilities of accelerator neutrinos [4]. It operates at slightly lower energies
(=0.6 GeV) and with a shorter baseline (295 km) than DUNE. Like DUNE, HK will also measure
Scp and sin 03 precisely. It will start operation in 2027 with a projected nominal exposure of 10
years using one Cherenkov tank as far detector.

The left panel of Figure 1 summarizes our projected evolution of the measurement precision of
the mixing parameters using a combination of next-generation terrestrial neutrino experiments. Be-
yond the mixing parameters, we examine how robust are our results to oscillations being non-unitary.
The lower panel shows the global limits on non-unitarity from current and future experiments by
quantifying the deviation from the normalization N, = Z?:l |Uyi|* = 1, for the @ = e, yu, T rows.
The sensitivity of the IceCube-Upgrade [5] to v, appearance will play a major role in constraining
Z |U‘ri IZ-

3. Future neutrino telescopes

Below we list the neutrino telescopes we use in our analysis.

IceCube-Gen2 is the planned extension of IceCube [7]. It will add 120 new strings to the
existing experiment, leading to an instrumented volume of 7.9 km?® and an effective area that varies
from 7 to 8.5 times that of IceCube between 100 TeV and 1 PeV. Deployment of IceCube-Gen2 array
is planned to start in 2027, with completion expected in 2033. As with IceCube, data taking during
the detector construction phase should provide results well before the array is fully operational.
Rather than considering the gradual ramp-up of operations between 2027 and 2033, we use an
effective start date for the full array of 2030.
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Figure 1: Left panel: The future of neutrino telescopes, oscillation experiments, and flavor mixing mea-
surements. 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 parameter, the
dotted white line shows the best-fit value and the shaded region around it, the 10~ uncertainty. The boxes at
the top show the start and projected estimated running times for these experiments. Botfom: Time evolution
of the expected error on the unitarity of the neutrino flavor mixing matrix; values taken from Refs. [12, 13].
Right panel: Comparison between the status of allowed regions of flavor composition at Earth in 2020 and
2040 assuming standard oscillations. Colored regions are computed separately for the three benchmark
flavor compositions at the source (f, : f. : fr)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)4 at Earth. The overlaid
contours show the 2015 IceCube measurement of the flavor composition [14] and projections for IceCube
and IceCube-Gen2 [7] and for the combination of all TeV-PeV neutrino telescopes available in 2040, derived
here.

KMB3NeT [8] is the successor to ANTARES located in the Mediterranean Sea. The high-energy
component, 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. Based on a projected event rate of
15.6 cosmic neutrino-induced cascades per year, we estimate the exposure of KM3Net to be ~2.4
times that of IceCube.

Baikal-GVD [6] is a gigaton volume detector that expands on the existing NT-200 detector 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 km?. This will rise to 1.5 km? 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.

P-ONE [9], the Pacific Ocean Neutrino Experiment, is a planned water Cherenkov experi-
ment, to be deployed 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
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1 km height and 1 km radius.

TAMBO [15] 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
v+ in the 1-100 PeV range. It is expected to detect approximately 7 v, per year in the energy range
considered here. Because it is sensitive to a single flavor, TAMBO will be particularly helpful in
breaking the v,.-v, degeneracy in measuring flavor composition.

We show in Figures 1 right the 99.7% C.R. 15-year IceCube plus 10-year IceCube-Gen2
contour from Ref. [7], along with the projection of the sensitivities from the combination of future
neutrino telescopes by 2040.

4. Results

4.1 Allowed regions of flavor composition at Earth

The right panel of Figure 1 shows the 99.7% C.R. of flavor composition at Earth for the years
2020 and 2040 inferred from our current and future knowledge of neutrino oscillation parameters.
The larger gray regions are sampled from a flat prior in source composition, while each of the
colored regions assumes the benchmark scenarios: 100% pion decay (red), muon-damped 7 decay
(orange), or neutron decay (green). The reduction in the size of the allowed flavor regions from
2020 to 2040 stems mainly from the improved measurement of sin? 6, by JUNO, which shrinks
the regions along the f, ¢ direction, and of sin? 83 by DUNE and HK, which shrinks the regions
along the f; ¢ direction. We have also computed the flavor regions assuming the neutrino mixing is
non-unitary, which have approximately the same size as standard oscillations. This means that our
ability to pinpoint the dominant mechanism of neutrino production is not affected by the existence
of additional neutrino mass states.

4.2 Inferring the flavor composition at the sources

Ultimately, we are interested in learning about the identity of the sources of high-energy
neutrinos and the physical conditions that govern them. For that we infer the posterior of the
electron neutrino fraction at the source f, s using information from neutrino flavor measurements
and neutrino oscillation parameters. We assume that v, are not produced in the sources and show
the results in the left panel of Figure 2. We find that by 2040 we should be able to recover the true
value of f, s to within 2% at 68% C.R..

It is also conceivable 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 different flavor
composition. The right panel of Fig. 2 shows that, while the “true” value of k, = 1 is within
the favored region, lower values of k, are also allowed, with the same significance, at the cost
of increasing the contribution of muon-damped and neutron-decay production. Remarkably, the
contribution of neutron-decay production cannot be larger than 40%.

4.3 Testing new physics

In order to estimate bounds on the neutrino lifetime, we assume that v, and v3 decay invisibly
with the same lifetime-to-mass ratio 7/m and v, is stable. We calculate the diffuse flux of high-
energy neutrinos produced by a nondescript population of extragalactic sources, including the effect
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Figure 2: Left: Fraction of v, 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 f, s,
its 68% C.R. interval and, in parentheses, its 99.7% C.R. interval. For the 2020 and 2040 curves, we assume
that the real value of f, s = 1/3, coming from the full pion decay chain. We also assume that sources do not
produce v,. Right: 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 k, = 1, i.e., production only via full pion
decay.

of neutrino decay during propagation, following Ref. [16]. Under decay, the flavor composition
changes with neutrino energy. In our analysis, we compute the average flavor composition at Earth
over the energy interval from E,j, = 60 TeV to En.x = 10 PeV, and infer the posterior distributions
of m/7T computed assuming that the flavor composition at the source is fs = fJ = (% : % : 0) .
The results are shown in Figure 3. The posteriors translate into lower limits on the lifetimes of
7/m > 2.4 x 10°(eV/m) s, using 2015 data, to 5.6 x 10°(eV/m) s in 2040.

5. Conclusions

The flavor composition of high astrophysical neutrinos, has long been regarded as a versatile
tool to learn about high-energy astrophysics and test fundamental physics. We have explored
the physics potential of neutrino oscillation experiments and neutrino telescopes over the next 20
years. We find that, by 2040, improved measurements of 61, by JUNO and of 6,3 by DUNE and
Hyper-Kamiokandewill reduce the size of the allowed flavor regions at Earth predicted by standard
oscillations by a factor of 5-10 compared to today, and the combined measurements from Baikal-
GVD, KM3NeT/ARCA, P-ONE and IceCube-Gen2are expected to reduce the uncertainty in flavor
composition by a factor of 2 from 2020 to 2040. Moreover, if high-energy neutrinos are produced
by a variety of production mechanisms, each yielding a different flavor composition, we will be
able to identify the dominant and sub-dominant mechanisms. To illustrate the improvement that we
will achieve in testing beyond-the-Standard-Model neutrino physics using the flavor composition,
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Figure 3: Left: Posterior probability density of the neutrino lifetime 7/m = m/my = 73/m3, extracted
assuming invisible decay, and a fixed flavor composition at the source of (%, %,O)s. Right: Comparison
of the estimated 95% C.R. lower limits on the lifetime derived here. Low masses are excluded by the
measurement of Am?l = m? m% (@ = 2,3) in oscillation experiments [11]; high masses, by cosmological

2 -
limits on the sum of neutrino masses [17], where we have assumed normal ordering. The early-Universe
limit of 7 > 4 x 10° s (m/50 meV)? [18] is from CMB and LSS constraints.

we explore neutrino decay into invisible products. We have shown that future observations will be
able to constrain the lifetime of the heavier neutrinos to nearly ~ 10°(eV/m) s if only v; is stable.
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