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Neutrino mixing parameters are measured exclusively below 1 TeV. We show, for the first time, how to
translate the flavor composition of TeV-PeV astrophysical neutrinos into direct constraints on the standard
mixing parameters, placing the high-energy regime on the same quantitative footing as sub-TeV global fits.
Present 11.4-year IceCube Medium-Energy Starting Events data leave these parameters unconstrained,
limited by flavor-measurement uncertainties, and an irreducible degeneracy between 6;, and the unknown
astrophysical neutrino production mechanism. However, upcoming multitelescope observations will
resolve 0,3 and 63 with 17%-50% precision. While coarser than terrestrial precision, this marks the
transition of TeV-PeV neutrinos from a qualitative consistency check to a genuine measurement of three-
flavor mixing. Finally, we establish concrete benchmarks for detecting beyond-Standard-Model effects,
providing a roadmap to probe new physics that grows with energy and remains invisible to terrestrial

neutrino experiments.
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I. INTRODUCTION

Neutrino oscillations—the transformations of one neu-
trino flavor into another—have been extensively studied for
decades using solar, atmospheric, reactor, and accelerator
neutrinos with energies from about 10 MeV to 1 TeV.
Together, these observations [1-3] support a description of
mixing between three active flavors—electron (v,), muon
(vy), and tau (v, )—occurring at rates driven by mass
differences [4]. Today, the “mixing parameters” governing
oscillations are known to within a few to tens of percent
[1-3], offering nascent insight into the origins of neutrino
mass, mixing, and the matter-antimatter asymmetry.

Yet, this high-precision framework is built exclusively
upon sub-TeV measurements. Above 1 TeV, it remains
largely unexplored—a regime where a plethora of new
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neutrino physics that grows with energy could modify
neutrino mixing, including via new neutrino interactions,
mixing with sterile neutrinos, or violations of fundamental
symmetries. Their detection would signal the long-sought
discovery of physics beyond the Standard Model (BSM).

At these energies, atmospheric neutrinos are abundant,
but they are unaffected by oscillations while traversing the
Earth, eliminating their sensitivity to standard mixing [5,6].
High-energy astrophysical neutrinos, discovered compara-
tively more recently [7], provide the only viable probe of
both standard and nonstandard mixing above 1 TeV. Their
potential to do so was recognized early [8-26], but because
these analyses preceded or immediately followed their
discovery, they were necessarily exploratory. Now, growing
measurement precision is poised to bring > TeV mixing
tests within reach.

A. Overview of results

We quantify how TeV-PeV astrophysical neutrinos con-
strain the mixing parameters above 1 TeV; concretely, three
mixing angles, 6,, 6,3, and 6,3, and one CP-violation
phase, dcp. We show that inverting the measured flavor
composition of these neutrinos—i.e., the proportions of v,,
v,, and v, affected by oscillations en route to Earth—yields

Published by the American Physical Society
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FIG. 1. Evolution of measurements of neutrino mixing param-
eters above 1 TeV. Present results are derived from IceCube
observations of the flavor composition of high-energy
astrophysical neutrinos (11.4-yr MESE sample). Projections
(2040/2050) combine HESE and through-going muon samples
across multiple detectors under two production scenarios. Each
parameter is constrained individually, profiling over the remain-
ing parameters within current global sub-TeV ranges. Future
neutrino telescopes will constrain 6,3 and 63 (and, via cos d¢p,
the value of 5cp) above 1 TeV for the first time.

constraints on the same mixing parameters measured by
sub-TeV experiments, making the two energy regimes
quantitatively comparable.

Figure 1 shows our results. Present flavor-composition
measurements by the IceCube Neutrino Observatory [27]
leave the mixing angles unconstrained, not only due to
limited statistics, but to a degeneracy between 6;, and
the unknown flavor composition with which neutrinos
are produced (f,s, more on this below). Nevertheless,
multitelescope networks operating already today will
resolve it, reaching 17%-50% precision by 2050.
Although orders-of-magnitude coarser than sub-TeV
global fits [1-3], this is enough to mark the difference
between a consistency check and an actual measurement
above 1 TeV, and it establishes a probe of the detect-
ability of BSM physics.

II. HIGH-ENERGY NEUTRINO FLAVOR: FROM
SOURCES TO EARTH

A. Producing astrophysical neutrinos

In cosmic accelerators—e.g., active galaxies, y-ray
bursts, supernovae—PeV-scale protons interact with ambi-
ent matter [28-30] and radiation [29,31-33] to produce
pions. Pions decay via 7+ — u* + v, followed by u™ —
U, + v, +e" (and charge conjugates), yielding TeV-PeV
neutrinos with flavor ratios (f,. f,. f.)s = (3.%.0) at the
sources, where f,g €0, 1] is the ratio of v, + 7, to the
total flux (hereafter v, denotes v, + 7,, since telescopes
cannot distinguish them). Interactions with matter inside
the sources are unlikely to modify the flavor ratios [34-38]
(see, however, Ref. [39]).

Alternative production mechanisms are possible (see,
e.g., Ref. [40]): muon-damped scenarios with intense
magnetic fields yield (0,1,0)g, while § decay in neu-
tron-rich sources yields (1,0,0)g (though at lower ener-
gies). Flavor ratios likely evolve with energy [41,42], but
resolving this evolution is challenging [43]; we therefore
assume energy-independent, isotropic [44,45] flavor ratios,
representing energy- and sky-averaged values.

Because v, production requires rare mesons [46,47], it is
expected to compose less than 10% of the emitted flux.
Following standard practice (e.g., Refs. [40,43,48,49]), we
fix f.s=0. The source composition is thus entirely
parametrized by the v, fraction as (f,s.1— f,s,0). To
account for production uncertainty, we allow f,g to
vary freely across [0, 1]. Appendix B shows that relaxing
frs = 0 does not weaken our conclusions.

We assume the mixing parameters remain identical from
production at the sources to detection at Earth—i.e., that
mixing does not run between the sub-TeV and TeV-PeV
scales. This is not a mere simplification, but the exact
null hypothesis under test. If new physics modifies
mixing at high energies, or if mixing is nonuniversal
between production and propagation, our extracted param-
eters simply become effective, energy-averaged values.
Consequently, any genuine deviation from established
sub-TeV measurements constitutes the very BSM signature
we aim to quantify—rather than a flaw in the method.
(References [50-52] explicitly explore the effects of
renormalization-group running of the mixing parameters
for high-energy astrophysical neutrinos.)

B. Neutrino oscillations

A neutrino flavor state is a superposition of mass
eigenstates, v;, i.e.,

Da:iUZiDi’ (1)
i=1

where U, are elements of the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) mixing matrix. We parametrize
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[4] the PMNS matrix using the mixing parameters 6;,, 6,3,
0 13> and 5cp.

For TeV-PeV neutrinos traveling Mpc-Gpc distances
from their astrophysical sources to Earth, oscillation
lengths are tiny compared to the baselines, leading to rapid
oscillations. This, combined with the spread in baselines
and limited energy resolution, makes neutrino telescopes
sensitive only to the average v, — vy flavor-transition
probabilities, as follows:

Pa/i = Z'Uai‘2|Uﬂi|2' (2)

Unlike terrestrial experiments restricted primarily to tran-
sitions between two flavors due to shorter baselines,
astrophysical neutrinos undergo full three-flavor mixing
over cosmological-scale distances, marking the first rig-
orous test of three-flavor mixing at these energies.

A critical consequence of Eq. (2) is that P,y is invariant
under 5cp — —cp. Expanding |U,,|? in Eq. (2) reveals that
ocp enters P,z exclusively through the CP-conserving
term, cosdcp. The CP-odd term proportional to
sin Scp—which drives genuine CP violation by distinguish-
ing v from 7 probabilities—decoheres to zero when
averaged over astrophysical baselines. Consequently, as
advanced in Ref. [49], these measurements are sensitive to
|6cp|, but remain blind to CP violation itself. We report Scp
constraints throughout with this caveat in mind.

C. Flavor composition at Earth

Figure 2 shows the allowed flavor composition at
Earth. For a flavor composition at the sources of

(fe’f/nf‘;)s, this is
fo = ZPﬂafﬁ.S- (3)
p

The nominal expectation, for neutrino production via pion
decay and assuming known values of the mixing param-
eters [3], is approximately (,5.4) .

The “theoretically palatable” region [40,49] in Fig. 2
varies the mixing parameters entering Eq. (3) within current
global sub-TeV uncertainties [3] and f,s€[0,1]. The
“unitarity-allowed” region spans the full physically allowed
ranges while preserving unitarity of flavor transitions [53];
our predictions of f, g lie within it.

The flavor composition offers different sensitivity to
different mixing parameters [40]: the long axis of the
theoretically palatable region aligns with g — 7 maximal
mixing [3] (6,3 &~ 45°); its short-axis width reflects 63
uncertainty (and, more weakly, dcp); its long-axis width
reflects €, uncertainty and the variation of f,g; and 6,3
sets its tilt. Because flavor measurements are roughly
orthogonal to this region, sensitivity is primarily to 6,3

Proj. measurements (68% C.L.)
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FIG. 2. High-energy neutrino flavor composition at Earth.
Theory-allowed regions vary f, s € [0, 1] and mixing parameters
within experimental uncertainties (theoretically palatable [40,49])
or unitarity constraints (unitarity-allowed [53]). No v, production
is assumed. Present IceCube MESE measurements [27] have
large uncertainty; they are consistent with standard mixing but
cannot constrain mixing parameters. Projected multitelescope
combinations, assuming production via full pion decay and
muon-damped decay, reveal a path to improved precision.

and 03 (and f,g [48,49]). This differentiated sensitivity
carries through to the unitarity-allowed region.

D. Measuring the flavor composition

TeV-PeV neutrino telescopes such as IceCube detect
Cherenkov light from neutrino interactions, identifying
primarily tracks, mostly from v,, and cascades, mostly
from v, and v,, creating a v, — v, experimental degeneracy.
Additional signatures include double cascades from ener-
getic v, [54] and Glashow resonance enhancement from
6.3 PeV 1, [55,56].

Rather than determining the flavors of individual events,
analyses infer the flavor composition of the diffuse neutrino
flux by comparing the number of detected tracks, cascades,
and double cascades [27,57—-65]. For present results, we use
the 11.4-year IceCube Medium-Energy Starting Events
(MESE) flavor composition [27] (Fig. 2), the first meas-
urement reporting nonzero content of all flavors at
68% C.L. MESE events have energies from 1 TeV to
10 PeV and high astrophysical purity [66,67].

For our projections, we follow Ref. [43] to infer flavor-
composition measurements from a combination of High-
Energy Starting Events (HESE) [7,68-72] (tracks,
cascades, and double cascades above 60 TeV) and
through-going muons [73,74]. We forecast multitelescope
detection combining existing IceCube, Baikal-GVD [75],
and KM3NeT [76] with future [77,78] P-ONE [79],
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IceCube-Gen2 [80], NEON [81], TRIDENT [82], and
HUNT [83]—up to 30 times the size of IceCube (see also
Refs. [43,44,49,84,85]). Section III A details how we turn
these samples into a flavor-composition likelihood.

Figure 2 illustrates the improvement in flavor-composi-
tion measurements. Projected uncertainties shrink substan-
tially compared to present ones due to increased statistics as
multiple detectors accumulate larger event samples. We
consider two possible future measurements: one centered
on the nominal expectation from full pion decay and one on
muon-damped pion decay.

III. INFERRING THE MIXING PARAMETERS

Translating flavor-composition measurements into con-
straints on the mixing parameters requires two ingredients:
the experimental likelihood of the flavor composition
measured at Earth, and a statistical procedure to invert
it. We describe them in turn.

A. The flavor-composition likelihood

We use the experimental flavor-composition likelihood,
L, to constrain the neutrino mixing parameters. This
likelihood represents how compatible a test flavor compo-
sition at Earth, (f,. f,. f:)g, is with the flavor composition
inferred from neutrino-initiated events detected by IceCube
or by combinations of neutrino telescopes. It also repre-
sents the precision with which neutrino telescopes can
measure the flavor composition.

We compute all of our projections from the collective
detection of HESE plus through-going muons by the
telescopes listed in Sec. IID, following the methods of
Ref. [43]. We do not use MESE in our projections because
its detector effective area and detailed detector response to
do so are unavailable publicly. Appendix A shows the
resulting forecast likelihoods.

In the projections, we make the simplifying assumption
that each neutrino telescope is a scaled version of IceCube,
i.e., we scale the event rates of the telescope by its size
relative to IceCube, using Table I in Ref. [85]. We estimate
the year in which these projections might become possible
by adopting the tentative detector start dates from the same
table, ignoring contributions of intermediate construction
stages.

The projected flavor measurements are centered either at
(0.32,0.34,0.36), as expected from neutrino production
by full pion decay, or at (0.22,0.41,0.37)69, as expected
from muon-damped pion decay. We assume the astrophysi-
cal neutrino energy spectrum is a simple power law o< E~2,
where E is the neutrino energy, consistent with the IceCube
measurement of the spectrum combining multiple event
samples [61].

We consider four observation eras:

(i) Present. Figure 3 shows the flavor-composition

likelihood inferred by Ref. [27] from the 11.4-year

IceCube MESE 114 yr (2025) 0.0

1.0 O 7 decay: (1:2:0)g
0 p-damped: (0:1:0)g

A ndecay: (1:0:0)g
0.8

0.9
logyy £(fa)

108 6 4 2 0 0.3
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Fraction of v,, fe,p

FIG. 3. Present experimental likelihood of flavor-composition
measurements. This likelihood, £, is a parametric form of the
allowed contours reported in Ref. [27], inferred from the 11.4-yr
IceCube MESE sample [67].

IceCube MESE sample [67]. We use this likelihood
to extract present-day measurements of the neutrino
mixing parameters. (To derive our results, we use a
close analytical approximation to the results reported
by the IceCube Collaboration [27].)

(i) Projected, km>-scale telescopes. Figure 7, top row,
shows the year-2040 likelihood obtained by com-
bining observations made by existing neutrino tele-
scopes IceCube (29 years of exposure), Baikal-GVD
(15 yr), and KM3NeT (13 yr), each with a volume of
roughly 1 km?>.

(iii) Projected, multi-km® telescopes. Figure 7, central
row, shows the year-2050 likelihood obtained by
combining observations made by existing and
future detectors of km-scale size: IceCube (24 yr),
Baikal-GVD (25 yr), KM3NeT (23 yr), P-ONE
(19 yr)—and of about 8-km?: IceCube-Gen2
(15 yr) and either NEON or TRIDENT (10 yr).

(iv) Projected, one tens-of-km? telescope. Figure 7,
bottom row, shows the year-2050 likelihood ob-
tained by combining observations made by existing
and future detectors of km-scale size: IceCube
(24 yr), Baikal-GVD (25 yr), KM3NeT (23 yr),
P-ONE (19 yr)—of about 8-km?: IceCube-Gen2
(15 yr)—and of 30 km?: HUNT (10 yr).

B. Profiled-likelihood analysis

We adopt a frequentist approach and compute a y°
function to assess the sensitivity to the mixing parameters
6 = (0,5,0,3,0,3,5cp). This marks a fundamental shift
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from previous flavor-composition analyses. Whether
extracting the source flavor composition or exploring other
phenomenology, prior analyses [27,43,48,49] have treated
the standard mixing parameters purely as nuisance param-
eters to be marginalized over, making no attempt to
measure them.

We pivot to ask the inverse question: taking standard
oscillations as given, what do these data say about 6
directly? To do so, we build upon the statistical machinery
developed in Ref. [43] to combine the HESE and through-
going muons detected across multiple telescopes, computing

)(tzotal(a’ fe.S) :}(éam(a’ fe,S) +}(§rior(0? fe.S)’ (4)

)((ziata(07 fe,S) =-2 lnﬁ(fa‘ea(a’ fe,S))' (5)

Here, £ is the experimental likelihood of present or future
flavor-composition measurements (shown in Appendix A),
and )(gﬁor represents penalty terms (pulls) from sub-TeV

oscillation measurements, which affect only the unmeasured
parameters.

For present results, the pull terms 7 ;.. in Eq. (4) are z°
functions from the NuFIT 6.1 [3] global fit (assuming
normal mass ordering with Super-Kamiokande data; other
choices change results negligibly). We account for corre-
lations (01, vs 013 and 6,3 Vs Jcp), substituting a one-
dimensional pull term for the unmeasured partner whenever
a parameter is measured. For projections, the pull terms are
Gaussians centered on NuFIT 6.1 best fits with narrower
widths from Ref. [49]. Throughout, f,s floats uncon-
strained in [0, 1], reflecting production uncertainty.

We measure one parameter of interest at a time, py,
profiling over nuisance parameters v, i.e.,

A)fz (//l) = Inyinb(tzotal (ﬂ’ U)] _xélobal min’ <6)

using Wilks’ theorem for confidence intervals. We find no
sensitivity to constrain all parameters simultaneously.
(Bayesian results, seemingly more restrictive, are sensitive
to the choice of priors, especially today; see Appendix C.)

IV. RESULTS

A. Present status: IceCube

Figure 4 and Table I show the allowed ranges of the TeV-
PeV mixing parameters inferred from the 11.4-yr IceCube
MESE sample. These intervals span nearly the entire
physically allowed ranges, leaving the parameters currently
unconstrained.

This lack of sensitivity arises from three factors: (1) sta-
tistics that, despite reaching about 10,000 MESE events
with high astrophysical purity, yield large errors in flavor
measurements, (2) challenges in flavor identification, and
(3) theoretical uncertainty in f, 5, which allows for degen-
eracies with different mixing parameters.

553  Today: IceCube 11.4-yr MESE sample (2025)

Future: Projections using HESE + through-going i

Using only km®-scale neutrino telescopes
2040: 29 yr IC + 15 yr B-GVD + 13 yr KM3NeT

Adding multi-km? neutrino telescopes
2050: 24 yr IC + 25 yr B-GVD + 23 yr KM3NeT + 19 yr P-ONE + 15 yr IC-Gen2 + 10 yr NEON/TRIDENT

Adding a neutrino telescope with tens of km?

2050: 24 yr IC +25 yr B-GVD + 23 yr KM3NeT + 19 yr P-ONE + 15 yr IC-Gen2 + 10 yr HUNT

[ T T T T T T T T T T T T T T T T

Global fit < TeV v
(68% C.L.)

V72 NuFIT 6.1
XA Proj., 2040

v production via
923 7T decay

v production via
p-damped 7t decay
L 1 L 1 L

Neutrino mixing parameter from TeV-PeV astrophysical v (single-parameter)

(All'panels:”f; s =.0)
" { L 1 i

SO0 ;
0° 10° 20° 30° 40° 50° 60° 70° 80° 90°

FIG. 4. Constraints on neutrino mixing parameters with high-
energy astrophysical neutrinos. Present constraints from the
11.4-yr IceCube MESE sample [27] are consistent with three-
flavor mixing but cannot constrain individual parameters. Pro-
jected measurements from multitelescope observations show
sensitivity to 6,3 and 0,3 (and, via cos dcp, to Scp under muon-
damped production; see Sec. II B). For comparison, we show
current [3] and projected [49] sub-TeV global-fitranges. This is the
first rigorous assessment of mixing-parameter sensitivity at TeV-
PeV energies.

Despite this lack of precision, the consistency of the
observed flavor composition with standard expectations
delivers physical insight. It rules out BSM scenarios that
predict dramatically different flavor ratios [40,86], estab-
lishing the first empirical consistency check of the mixing
framework at TeV energies.

B. Multitelescope projections

Figure 4 and Table I show projections using HESE plus
through-going muon observations from existing (IceCube,
Baikal-GVD, KM3NeT) and next-generation detectors
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TABLE L

Sensitivity to neutrino mixing parameters from high-energy astrophysical neutrinos. Measurements are

derived for each parameter individually while profiling over the others using present (NuFIT 6.1 [3]) and future [49]
sub-TeV global-fit constraints. Present results rely on the 11.4-year IceCube MESE sample [27]. Projections using
multitelescope detection of HESE plus through-going muons consider two production scenarios (full vs muon-
damped pion decay). The sensitivity to dcp is via cos dcp, not via CP violation; see Sec. II B. See Fig. 4 for
comparison with sub-TeV fits and Table II for expanded results.

Future (HESE + thr. u)*

Parameter Present (IceCube MESE 11.4 yr) 7 decay u-damped
01,]°] 0.0059%5° 3259374 2826157
03[°] 38.1615. % 43.3213L1 43291733
013[°] 0.00777:66 6.6711:64 8.63337
Scp[°] 164+126 147213 148776
fes 0.04590% 0.335903 0.007 5%

*Estimated year 2050, using 24 yr of IceCube + 25 yr of Baikal-GVD + 23 yr of KM3NeT + 19 yr of
P-ONE + 15 yr of IceCube-Gen2 + 10 yr of HUNT. Similar results are achievable by 2040 (Appendix B).

(P-ONE, IceCube-Gen2, NEON/TRIDENT, HUNT), accu-
mulated until 2040 and 2050 [85]. Appendix A contains
simulation details.

Our projections reveal future sensitivity to 6,3 and 6,3,
aligned with pioneering work [8-26] but strengthened by
improved sub-TeV global fits and realistic simulations.
Assuming production via pion decay, future 20 intervals
remain one-sided except for 6,3 in our farthest projections,
reaching 50% precision on 6,3 and factor-of-6 sensitivity
on 6;3. Assuming muon-damped production, constraints
are a factor-of-3 tighter, reaching 17% precision on 6,3,
53% on 63, and 51% on the value of §cp (via cos Scp; see
Sec. II B). The weaker results assuming pion decay stem
from it yielding about (% , %,%) e A Earth, which, as
explained in Ref. [48], maps back into (§,1.})s at the
sources regardless of the mixing parameters, diluting the
sensitivity to specific values.

Broadly stated, improving the measurement of the v, and
v, content tightens constraints on 6,3 and 63 (and, via
cos dcp, on Ocp in the muon-damped case); improving the
v, measurement would nominally tighten 6,,, but in
practice this sensitivity is washed out by the large uncer-
tainty in f, g, which mimics the effect of 8, on the flavor
composition at Earth.

The one-dimensional intervals in Table I and Fig. 4 do
not reveal how the constraints on different parameters
are correlated with each other. Figures 5 and 6 show
projected pairwise profiled likelihood functions, under
our single-parameter approach while keeping the others

constrained with sub-TeV pull terms, using km?3-scale
neutrino telescopes and adding a tens-of-km? telescope,
respectively. The pairwise profiled likelihood is a straight-
forward generalization of the one-dimensional profiled
likelihood of Eq. (6), for 2 degrees of freedom instead
of one.

Finally, our conclusions do not hinge on the choice
of statistical framework. Repeating the analysis in a
Bayesian framework—computing posterior densities of
the mixing parameters under the priors detailed in
Appendix C—yields broadly comparable constraints
and, in addition, quantifies the global evidence for
three-flavor mixing. Quantitatively, the Bayes factor B
comparing the statistical evidence (i.e., the fully inte-
grated posterior) with flavor mixing vs without it is about
16 today, lending strong—but not decisive [87]—evi-
dence for three-flavor mixing. In our projections, B grows
to 10°°-10°', depending on the neutrino production
assumed, lending incontrovertible evidence for three-
flavor mixing.

Progress may be accelerated through improvements in
flavor identification in water-based detectors (e.g., Baikal-
GVD, KM3NeT)—less affected than ice-based detectors
by light scattering [76]—dedicated event templates [64,65],
and novel techniques such as muon and neutron echoes
[88-91], not considered here. Better understanding of
astrophysical sources would tighten constraints on f,g;
future MESE measurements, more abundant than HESE,
will further accelerate progress.
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Frequentist profiled likelihood, single-parameter (7t decay, multi-km? telescope)
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FIG. 5. Future pairwise frequentist profiled likelihood, km?3-scale detectors (2040). The flavor-measurement likelihood uses the
combined exposure of IceCube, Baikal-GVD, and KM3NeT to the year 2040, assuming neutrino production via full pion decay and
fzs = 0. See Appendix A for detector details.
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Frequentist profiled likelihood, single-parameter (7t decay, tens-of-km? telescope)
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FIG. 6. Future pairwise frequentist profiled likelihood, adding a tens-of-km? detector (2050). Same as Fig. 5, but the flavor-
measurement likelihood uses the combined exposure of IceCube, Baikal-GVD, KM3NeT, P-ONE, IceCube-Gen2, and HUNT to the
year 2050, assuming neutrino production via full pion decay and f,s = 0. See Appendix A for detector details.
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V. IMPLICATIONS, INCLUDING FOR
BSM PHYSICS

Astrophysical-neutrino telescopes will never surpass the
subpercent precision of terrestrial reactor and accelerator
experiments [3]. As our farthest projections show (Fig. 4),
future astrophysical constraints will reach tens-of-percent
precision. However, the value of mixing-angle language is
not competitive precision, but comparability.

First, expressing constraints as mixing angles directly
tests whether the same mixing parameters describing sub-
MeV-GeV oscillations also describe Mpc-Gpc-baseline,
TeV-PeV ones. This is a much sharper test than simply
stating “the flavor ratios are consistent with (1:1:1)g,”
since many BSM scenarios—and even mundane source
uncertainties—can mimic near-democratic flavor ratios
without preserving the underlying mixing matrix. While
the flavor triangle (Fig. 2) remains the appropriate
representation of the raw measurement, the mixing-param-
eter extraction (Fig. 4, Table I) is its physics-motivated
interpretation.

Second, BSM effects that modify mixing are typically
computed as shifts, Ad;; or Adcp [92-95]. By reporting our
sensitivity in these terms, our allowed intervals establish
immediately usable benchmarks for detecting BSM neu-
trino physics at TeV energies. At present, no size of
modification is detectable. Future multitelescope observa-
tions will be sensitive to modifications of 15°-20° for 0,3
and 603, and to comparably sized shifts in cos cp under
muon-damped production—applicable to scenarios that
shift the CP-conserving mixing structure (e.g., new mixing
with a sterile or dark sector).

By the close of the coming decade, this will constrain
scenarios positing large changes to neutrino mixing,
including Lorentz-invariance violation [40,92,93], active-
sterile mixing [94,96], and new interactions [95,97,98]. The
unique value of TeV-PeV mixing measurements is sensi-
tivity to BSM effects that grow with energy, undetectable at
lower energies. Beyond 100 PeV, such effects may become
prominent, detectable via flavor measurements in ultrahigh-
energy detectors [99-101].

VI. SUMMARY AND OUTLOOK

TeV-PeV astrophysical neutrinos provide the only empir-
ical window into neutrino mixing above 1 TeV. We have
demonstrated how to translate flavor-composition measure-
ments into constraints on the mixing parameters—so-far
inferred only from sub-TeV neutrinos—quantifying real-
istic prospects using present data and multitelescope
projections.

Present IceCube data leave the parameters uncon-
strained—not for lack of statistics, but because of a
01,—f.s degeneracy that no increase in exposure alone

can break. However, multitelescope observations by 2040
will resolve 6,3 and 6,5 to within tens of degrees. While
coarser than sub-TeV global fits by orders of magnitude,
these measurements place the three-flavor paradigm on a
quantitative footing at high energies, and establish
rigorous BSM-sensitivity benchmarks that account for
astrophysical unknowns.

Realizing these projections relies on two experimental
advances: increased statistics and improved flavor
reconstruction. Unlocking 6, demands a distinct advance:
better astrophysical source characterization. Together, they
will transform high-energy astrophysical neutrinos into
robust probes of mixing beyond terrestrial reach.

This work used the Tycho supercomputer hosted at the
SCIENCE High Performance Computing Center at the
University of Copenhagen, and equipment funded by the
Canada Foundation for Innovation and the Province of
Ontario, and housed at the Queen’s Centre for Advanced
Computing.
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APPENDIX A: FORECAST
FLAVOR-COMPOSITION LIKELIHOODS

Figure 7 shows the forecast flavor-composition like-
lihoods for the three projected observation eras defined in
Sec. IIT A, for each of the two neutrino-production scenar-
ios that we consider. These likelihoods are the input
to the projected constraints reported in Sec. IV B and
Appendix B.
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FIG. 7. Forecasts of experimental likelihood of flavor-composition measurements. Same as Fig. 3, but for forecasts using HESE plus
through-going muons and assuming (left column) neutrino production via pion decay, i.e., (%%0)5 and (right column) via muon-
damped pion decay, i.e., (0, 1,0)s. Top row: Using combined observations by multiple existing neutrino telescopes with km? size.
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APPENDIX B: DETAILED RESULTS

This appendix presents comprehensive numerical results
and joint parameter distributions for our frequentist analy-
sis, expanding on the condensed results shown in Sec. IV.

Table II shows detailed numerical results for the con-
straints on the mixing parameters, expanding on Table I.
Table II reveals an important prospect: achieving a meas-
urement error of 10% or better will require combining

measurements by existing km?-scale neutrino telescopes
and upcoming multi-km® ones.

Figure 8 shows that the parameter constraints obtained
allowing for v, production at the sources are not signifi-
cantly weaker than our main ones, obtained assuming
f=s = 0. This is to be expected, since the allowed region
of flavor composition at Earth grows only slightly when
allowing for f g # 0 [40].

TABLE II. Frequentist sensitivity to neutrino mixing parameters from high-energy astrophysical neutrinos. Expanded version of
Table I. All results shown are obtained by constraining one parameter at a time while keeping the others controlled via pull terms
informed by present (NuFIT 6.1 [3]) and future [49] sub-TeV global oscillation fits. We assume no v, production (i.e., f, s = 0).
Figures 5 and 6 show joint parameter distributions. The values are stacked: for each parameter, the top line shows the best fit +-16, and
the bottom line (in brackets) shows the 3o range, profiled over all the other parameters. See Sec. III for details.

Future (multidetector projections using HESE plus through-going muons)

Present ] ] b ] Global
Only km?-scale telescopes” Plus multi-km? telescopes Plus tens-of-km?> telescopes®
(IceCube MESE (< TeV)
Parameter 11.4 yr) 7 decay pu-damped 7 decay pu-damped 7 decay p-damped NuFIT 6.1
sin 0}, 0.0002-99 0.291:07% 0.224+0128 0.279+0721 0.224+0:104 0.2901 0748 0.22470)%2 0.30310012
[0.000, 1.000]  [0.000, 1.000]  [0.000, 1.000]  [0.000, 1.000] ~ [0.000, 1.000]  [0.000, 1.000]  [0.000, 1.000] [0.270, 0.341]
02" 0.00%550" 3266155 2826055, 3186LT 2826150 3259175 2826157 33402075
[0.00, 90.00] [0.00, 90.00]  [0.00, 90.00]  [0.00, 90.00]  [0.00, 90.00]  [0.00, 90.00]  [0.00, 90.00] [31.31, 35.73]
sin® 0,5 038210518 0.47079:39 0.470702%3 04715038 0.470% 044 0.47150350 0.47070027 0.45170012
[0.000, 1.000]  [0.166, 1.000]  [0.139, 1.000]  [0.295, 1.000] ~ [0.354, 0.801] [0.318, 1.000]  [0.374, 0.758] [0.408, 0.603]
0x3[°] 38.161315% 43261554 432941760 43321248 43297829 433272100 43294733 4219719
[0.00, 90.00]  [24.06, 90.00] [21.91, 90.00] [32.89, 90.00]  [36.54, 63.50] [34.31, 90.00]  [37.70, 60.51] [39.70, 50.94]
sin 0,3 0.00010714 0.01370602 0.02370134 0.014104% 0.023%947] 0.01470475 002310030 0.022481000035
[0.000, 1.000]  [0.000, 0.899]  [0.000, 0.866]  [0.000, 0.664]  [0.001, 0.203]  [0.000, 0.616]  [0.002, 0.156]  [0.02064, 0.02418]
013(°] 0.00737:60 6.55145%8 8.6311471 6.6713%:9 8.6373% 6.67+3764 8.63357 8.541011
[0.00, 90.00] [0.00, 71.52]  [0.00, 68.53]  [0.00, 54.58]  [1.81,26.74]  [0.00, 51.69]  [2.69, 23.30] [8.19, 8.90]
Scp[°] 1641126 1327228 148493 1474213 14877 1475213 148778 232138
[0, 360] [0, 360] [57, 303] [0, 360] [111, 249] [0, 360] (116, 244] [133, 368]
Jes 0.04315523 03341005 00001056 0334450 0000155 03343555 0.000%0650

[0.000, 1.000]

*Projections for 2040 using 29 yr of IceCube + 15 yr of Baikal-GVD + 13 yr of KM3NeT.

bProjections for 2050 using 24 yr of IceCube + 25 yr of Baikal-GVD + 23 yr of KM3NeT + 19 yr of P-ONE + 15 yr of IceCube-
Gen2 + 10 yr of NEON or TRIDENT.

“Projections for 2050 using 24 yr of IceCube + 25 yr of Baikal-GVD + 23 yr of KM3NeT + 19 yr of P-ONE + 15 yr of IceCube-
Gen2 + 10 yr of HUNT.

[0.174, 0.491]  [0.000, 0.185]  [0.256, 0.409]  [0.000, 0.084] [0.273, 0.389]  [0.000, 0.076]
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[“3  Today: IceCube 11.4-yr MESE sample (2025)

Future: Projections using HESE + through-going i

Using only km®-scale neutrino telescopes
2040: 29 yr IC + 15 yr B-GVD + 13 yr KM3NeT

Adding multi-km? neutrino telescopes
2050: 24 yr IC + 25 yr B-GVD + 23 yr KM3NeT + 19 yr P-ONE + 15 yr IC-Gen2 + 10 yr NEON/TRIDENT

Adding a neutrino telescope with tens of km?

2050: 24 yr IC +25 yr B-GVD + 23 yr KM3NeT + 19 yr P-ONE + 15 yr IC-Gen2 + 10 yr HUNT
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FIG. 8. Prospects for constraining neutrino mixing parameters
with high-energy astrophysical neutrinos. Same as Fig. 4, but
allowing for v, production at the astrophysical sources, i.e.,
allowing f,g to vary between O and 1. The results do not
change significantly compared to our main results obtained with

f‘r,S =0.

APPENDIX C: BAYESIAN RESULTS

This appendix presents complementary Bayesian con-
straints on the neutrino mixing parameters, providing an
alternative statistical perspective to the frequentist analysis
shown in Sec. IV and Appendix B.

We compute Bayesian posterior probability densities
to assess the sensitivity to mixing parameters, 6 =
(012,023,013, 8¢cp), i€,

P<0’ fe,S) = ”(0)”(fe,5)£[ e,EB(fe,S’0)’f/4,69(fe,s70)]’
(C1)

where (@) is the prior probability distribution on the
mixing parameters, 7(f, ) is uniform in [0, 1], and £ is the
likelihood of flavor-composition measurements, present or
future, as in the frequentist approach. We assume no v,
production (i.e., f,s = 0).

We produce Bayesian results under two approaches. First,
we follow the same approach as in the frequentist analysis
and measure a single parameter at a time while marginalizing
over all the other parameters, using for them tight sub-TeV
NuFIT 6.1 or projected priors. Second, separately, we
measure all of the mixing parameters and f, g simultaneously,
using uninformed priors for all of them. When measuring
sin®(6); ), we use for it a uniform prior in [0, 1]; when
measuring Scp, we use for it a uniform prior in [0, 27].

Table III and Fig. 9 show our Bayesian results. Present
constraints from the 11.4-year IceCube MESE sample [27]
show wide posteriors spanning most of the allowed range,
indicating insufficient constraining power. Future multi-
telescope projections show improved sensitivity, particu-
larly for 0,3, as in the frequentist case.

Broadly stated, the frequentist and Bayesian results
agree. Yet, there are important differences that make us
select the former as our main results, as we explain next.

The frequentist constraints are more conservative than
the baseline Bayesian ones. This is clearest when compar-
ing present-day results between Tables II and III. While 1o
frequentist constraints span the entire allowed physical
range of most parameters, representing a complete lack of
sensitivity, the 68% C.L. Bayesian constraints are narrower,
representing nascent sensitivity.

However, this is deceptive, and merely an artifact of our
choice of priors. This is conveyed by the fact that in
Table III the best-fit values (i.e., the median) for sin”8,,,
sin? 0,3, and S¢p are merely the mid-points of their uniform
priors, i.e., 0.5 for the mixing angles and 180° for Scp.
(There is marginally more sensitivity to sin>,3.) In turn,
this is a reflection of the large errors in the present-day
flavor-composition measurements from the 11.4-year
IceCube MESE sample. Using different priors on the
parameters, e.g., log-uniform ones that can more efficiently
sample their lowest allowed values, widens their posteriors
and washes away any present Bayesian sensitivity.

This contrast between the frequentist and Bayesian
approaches is mitigated in our forecasts. In them, their
constraints become more alike as a result of the improved
flavor-composition measurements, reducing the impact of
our choice of priors on the Bayesian posteriors. This
justifies why, to be conservative in our claims and con-
sistent between our present and projected results, we
choose to show frequentist constraints rather than
Bayesian ones as our main results. In the future, once
flavor-composition measurements improve, the choice
between these approaches will become less impactful.
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TABLE III. Bayesian sensitivity to neutrino mixing parameters from high-energy astrophysical neutrinos. Similar to Table II, but
obtained using the Bayesian prescription and priors described in Appendix C. We assume no v, production (i.e., f; s = 0). The values
are stacked: for each parameter, the top line shows the best fit (“BF”) £268% C.L., and the bottom line (in brackets) shows the 95% C.L.
range. Best-fit values are the medians of the one-dimensional parameter posteriors. The Bayes factor, 53, represents the strength of the
evidence in favor of three-flavor mixing.

Aggressive: Single-parameter constraints
(BF £68% C.L./[95% C.L.])

Conservative: All mixing parameters free

(BF £68% C.L. /[95% C.L.]) Global (< TeV)

a 3., 105 106! a NuFIT 6.1
Future® (B ~ 10°°,10°") Future (B.f. £68% C.L.
Parameter Present (B3~ 16) 7 decay u-damped Present 7 decay p-damped /[30])

sin® 0, 0.503*9:3% 0.4987 038 0.5067 337 0.507937%  0.531:02)9 0.2097 0938 0.30379012
[0.033, 0.970]  [0.037, 0.962] [0.013, 0.986] [0.043, 0.957] [0.071, 0.935] [0.018, 0.976]  [0.270, 0.341]
015[°] 45.181187/ 44.891 1758 453473821 4540000 46787128 27201382 33.401073
[10.47, 80.03] [11.09, 78.76]  [6.55, 83.20] [11.97, 78.03] [15.45, 75.23] [7.71, 81.09] [31.63, 35.95]
sin’ 0,5 0.509°9313 0.49710:220 0.45210:203 0.454793%  0.541701]2 0.535709% 0.45179019
[0.031, 0.971]  [0.049, 0.923] [0.044, 0.920] [0.053, 0.954] [0.370, 0.863] [0.451, 0.670]  [0.435, 0.585]
03]°] 455241053 44.83113% 42250118 42361807 47.357)026 47015388 42,1959
[10.14, 80.20]  [12.79, 73.89] [12.11, 73.57] [13.31, 77.62] [37.47, 68.28] [42.19, 54.94]  [39.70, 50.94]
sin® 03 0.427792% 0.3901%53 0.761- 31 0.389703%  0.247:018 0.047-5033 0.022480.90053
[0.021, 0.932]  [0.037, 0.888] [0.015, 0.983] [0.025, 0.915] [0.011, 0.513] [0.015, 0.128] [0.02064, 0.02418]
015]°] 40.80" 148 38.651/3%6 60.737,2% 38.591175%0  29.807 192 12.521504 8.62 01!
[8.33, 74.88]  [11.09, 70.45] [7.03, 82.51]  [9.10, 73.05]  [6.02, 45.74]  [7.03, 20.96] [8.26, 8.95]
Scp[°] 185.341 11463 182,661 1912 178.01 11113 179.15H)2280 17915713138 180.16132] 212126
[9.79, 350.07] [18.79, 343.44] [15.39, 344.01] [10.22, 350.84] [6.98, 352.43] [138.05, 222.47] [125, 365]
fes 0.4461 0504 038210778 014370060 0.339%030) 03321000 0.0177001

[0.039, 0.951]

[0.028, 0.920]

[0.010, 0.250]

[0.024, 0.886] [0.293, 0.368]

[0.001, 0.056]

*Multidetector projections of HESE plus through-going muons using 24 yr of IceCube + 25 yr of Baikal-GVD + 23 yr of
KM3NeT + 19 yr of P-ONE + 15 yr of IceCube-Gen2 + 10 yr of HUNT.
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Today: IceCube 11.4-yr MESE sample (2025)

Future: Projections using HESE + through-going u
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