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FIG. 17. The per flavor astrophysical neutrino flux shown
as a function of energy. The black points are the segmented
power law flux measurement assuming a spectral index of -
2. The blue line with error bands corresponds to the SPL
measurement as shown in Fig. 13. The blue shaded region is
the 90% sensitive energy range. The gray line is a fit to data
assuming a broken power law flux. We include results from
recent IceCube publications for direct comparison [49–51].

rameters from Tab. IV, and it allows us to quantify en-
ergy dependent e↵ects on the flux in a model-independent
way.

Bini Energy⌫,i Energy Range �i (±1�)
�i,GP��i

�i

1 1.78 TeV [1 - 3.16 TeV] 0.0+10.2
�0 0%

2 5.62 TeV [3.16 - 10 TeV] 13.33.67�3.67 -3.99%

3 17.8 TeV [10 - 31.6 TeV] 3.86+0.85
�0.85 -14.44%

4 56.2 TeV [31.6 - 100 TeV] 2.60+0.43
�0.43 -7.57%

5 178 TeV [100 - 316 TeV] 0.97+0.33
0.33 -7.22%

6 562 TeV [316 TeV - 1 PeV] 1.020.49�0.49 -1.96%

7 1.78 PeV [1 - 3.16 PeV] 0.00+0.28
�0 0%

8 5.62 PeV [3.16 - 10 PeV] 0.82+1.04
�0.82 -26.83%

TABLE V. The results of the segmented power law fit as show
in Fig. 17. All normalization components are fit simultane-
ously including all systematic uncertainties from Tab. IV.
The uncertainties are the 68% confidence intervals assuming
Wilks’ thereom. The rightmost column compares the seg-
mented power law fit with a refit done using a galactic plane
Gaussian prior term described in Sec. VIID.

For each �i, a range of neutrino energies is used. When
plotting each normalization in Fig. 17, the median energy
for these energy ranges in log-space is used to compute

the total astrophysical flux per flavor. When the best-
fit �i = 0, a 68% upper limit is quoted. All segments
are consistent with the single power law flux measure-
ment, indicating a lack of evidence for energy dependent
structure beyond a single power law. Previous IceCube
measurements are shown for direct comparison [49–51],
and they also did not find any evidence beyond the single
power law. We note each dataset used di↵erent bins for
their analysis given their various strengths and weakness,
further discussed in Sec. VII F. An analysis of IceCube
cascade events [49] found hints of a hardening of the flux
towards lower energies but we do not observe this harden-
ing in this sample. The compatibility of the data samples
is discussed in greater detail in Sec. VII F.
At the highest energies, a non-zero flux was observed

from 3-10 PeV. This measurement is consistent with the
Glashow Resonance (GR) [108] flux measurement from
IceCube [109]. Monte Carlo only studies found the most
likely GR event topology is from ⌫̄e+e ! W ! µ+⌫µ or
⌫̄e+e ! W ! ⌧+⌫⌧ where the ⌧ decays leptonically ⌧ !
⌫⌧ + µ+ ⌫µ. This starting track would have no hadronic
shower but would still contain an energetic muon track
[110]. The resulting muon would only carry about 100 -
500 TeV of the initial neutrino energy preventing us from
identifying the single data event using the data sample
as presented in this work.

C. Measurement of the di↵use flux assuming a
broken power law

We now characterise the astrophysical flux with an
isotropic, broken power law (BPL),
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This model assumes there are two spectral indexes, one
for neutrino energies below an energy break and a second
spectral index that extends to higher energies with the
normalization defined at the energy break. The parame-
ters to be fit are the flux normalization �Astro

per�flavor
(⌫ : ⌫̄),

the energy break Ebreak, and two spectral indices �1 and
�2 with the following best fits:

�Astro

per�flavor
= 1.7+0.19

�0.22, log10(
Ebreak

1GeV
) ⇠ 4.36,

�1 = 2.79+0.30
�0.50, �2 = 2.52+0.10

�0.09.
(8)

The BPL model allows a model independent probe of
structure in the flux. Structure is expected in some mod-
els towards lower energies. For example in some scenar-
ios, the neutrino flux is expected to continue towards
lower energies [28, 111] until it reaches an energy break
and falls o↵ rapidly to � ⇠ 0 [112] below this break.
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FIG. 1. Present and projected measurements of the

high-energy neutrino flavor composition at low (LE)

and high energy (HE). Measurements are of the flavor com-
position at Earth, fLE

↵,� and fHE

↵,� (↵ = e, µ, ⌧). Present-day
measurements are from the 7.5-year IceCube High-Energy
Starting Event (HESE) sample [16, 17]. Projections for the
year 2040 are from HESE plus TGM detected by multiple
planned detectors (Table I). In this figure, the neutrino spec-
trum is assumed to be a power law in energy. For compari-
son, we show the previous energy-averaged measurement by
IceCube (“IceCube 2020 LE + HE) [18]. The allowed flavor
regions for neutrino production via pion decay, muon-damped
production, and neutron decay are computed as in Ref. [19],
assuming present-day [20, 21] and projected [19] uncertainties
in the neutrino mixing parameters. The regions shown are at
68% credibility level (C.L.). See Fig. 3 for other results and
the main text for details. Today, there is no evidence for a
flavor transition in energy; by 2040, we could discover one.

neutrino energy range [18, 38, 51].
However, it is unlikely that in reality the flavor compo-

sition is completely energy-independent, since we expect
di↵erent neutrino production mechanisms, with di↵erent
yields of ⌫e, ⌫µ, and ⌫⌧ , to dominate at di↵erent energies.
New physics e↵ects could also modify flavor oscillations
of neutrinos of di↵erent energies.

In this work, we go beyond prior analyses by consider-
ing the prospects and challenges of measuring the high-
energy astrophysical neutrino flavor composition if it is
di↵erent at di↵erent neutrino energies. To do this, we
consider three general benchmark scenarios for the shape
of the neutrino energy spectrum, which is currently still
uncertain: a single power law, a broken power law, and
an abrupt change in spectrum normalization, each asso-
ciated with a flavor transition from a low-energy (LE)
value to a high-energy (HE) value. We then examine the
ability of neutrino telescopes to detect the existence of a
flavor transition, measure the flavor composition at low

and high energy, and from that infer the flavor composi-
tion at the sources [19, 52].

To do this, we first use existing IceCube data, and
then produce forecasts based on next-generation neutrino
telescopes, either proposed or under construction [9, 10]:
Baikal-GVD [53], IceCube-Gen2 [54], KM3NeT [55], P-
ONE [56], TAMBO [57], and TRIDENT [58]. These
telescopes will expand the cumulative rate of detection
of high-energy neutrinos by over one order of magni-
tude. We present forecasts based on information that has
been publicly presented by the above experimental col-
laborations, including expected detector operation time-
lines, but point out that experimental configurations and
timing will undoubtedly change during detector develop-
ment, compressing or expanding these timelines.

Figure 1 illustrates our results for the measurement
of the flavor composition at Earth; later, Fig. 3 shows
complete results. We find that, today, there is no evi-
dence of a flavor transition in energy in the sample of
High-Energy Starting Events (HESE) detected by Ice-
Cube over 7.5 years [16, 17]. However, our projections
show sensitivity to detect a transition from pion decay at
LE to muon-damped at HE in the coming years, using
the combined detection of HESE and TGM events by the
above upcoming neutrino telescopes. These observations
hold regardless of our choice of the shape of the neutrino
spectrum from among our benchmarks. Later, we show
that this implies promising sensitivity to infer the flavor
composition with which neutrinos are produced (Fig. 7).

Our results pave the way toward a richer understand-
ing of astrophysical high-energy neutrino production and
enhanced searches for new high-energy neutrino physics.

The rest of this article is organized as follows. In Sec-
tion II we describe the distinct astrophysical scenarios
considered in this work. In Section III we describe the
di↵erent experiments involved in our global analysis. In
Section IV we describe our analysis techniques. In Sec-
tion V we show our results for the measurement of the
flavor composition at Earth and at the sources. In Sec-
tion VI we list envisioned improvements to our work. In
Section VII we conclude.

II. ASTROPHYSICAL SCENARIOS

A. High-energy neutrino production

Although the identities of the astrophysical sources
responsible for the bulk of high-energy neutrinos de-
tected are so far unknown, they are presumably cos-
mic accelerators—likely predominantly extragalactic—
capable of boosting cosmic-ray protons and nuclei to en-
ergies of at least a few tens of PeV [9, 59–61]. Upon
interacting with matter [62–64] or radiation [63, 65–68],
these protons produce intermediate particles that decay
to yield high-energy neutrinos.

High-energy neutrinos are believed to be primarily pro-
duced in the decay of pions via ⇡� ! µ�+⌫̄µ, followed by

Liu	et	al.,		
arXiv:2312.07649

Standard	oscillations	 	⇒
νe :νμ :ντ ∼ 1:1 :1

New	physics	⇒
νe :νμ :ντ ≠ 1:1 :1
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initiate electromagnetic showers in ice that look like an ap-
proximately isotropic emission of photons (cascade); muons
emit light along their straight trajectories (track); and some
taus produce an isotropic emission with a slight elongation,
reflecting bursts of photon emission from the production of the
tau and its subsequent decay (double cascade). However, most
taus from CC interactions and hadronic showers from neutral-
current (NC) interactions also lead to cascades. A likelihood
function is constructed from the time and charge distributions
of DOMs to estimate the energies, directions, and flavours of
neutrinos. Charged leptons and charged anti-leptons have in-
distinguishable light emission profiles in ice.

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

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

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

In order to make quantitative statement on these scenarios,

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

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

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

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

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

Channel	
Name

Detection
Status

>	few	PeV Double		
Bang

Very	rare;	
unseen

~100	TeV Double	
Cascade

Visible		
(incl.	&	excl.)

~10	GeV Visible		
(incl.	only)
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What	about	 ?				
• Seen	by	IceCube	at	 	in	inclusive	analysis	(1).	
• Here	we	describe	a	high-signif.	exclusive	 	analysis	(2).
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Varied	signatures

A)	Require	shower-like,	bright	events.	
B)	Create	images	of	3	brightest	neighboring	strings.	
C)	Train	3	CNNs	to	distinguish	 	from	bkgds.νastro

τ

Candidate	 	image	(top)	and	several	selected	waveforms	(bottom)	
with	visible	double-pulse	structure	(right)	and	without	(left).

ντ

Event’s	
brightest	
string.

Event’s	
brightest	
string.

VGG16* 	CNN	scores:	
	vs.	[( ,	 ),	 ,	 ]	

*arXiv:1409.1556
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τ

Expected	Bkgs.

Tables	show	expectations	for	two–GlobalFit	(HESE)–of	four	^lux	msmts.		
Summary:	4–8	 	on	~0.5	bkgd.		Biggest	bkgd:	Other-^lavor	 .νastro

τ νastro

4. Results

String	1 String	2 String	3

Median		
Eντ

∼ 200 TeV

↓↑

9.7	yr	livetime:	7	candidate	 ,	some	with	
clear	double	pulse	waveforms,	others	without:

νastro
τ

Candidate	 	image	(top)	and	
	CNN	score	saliency	map	

(bottom)	showing	importance	
of	overall	event	structure	(line	
indicates	where	 ).

ντ
C1

Np.e. → 0

S(C1) =
∂(C1)

∂(pixel)

light ,	 	
light ,	

↑ C1↑
↓ C1↑

Use	saliency	
to	grasp	
	
	
what	CNNs	
are	using.

Candidate	 	look	as	expected.νastro
τ

We	rule	out	
	

at	 .
Φ(νastro

τ ) = 0
5.1σ

Checks:	Performed	
numerous	data-driven	tests	
(forced	light-level	changes)	
and	tests	of	CNN	robustness	
(e.g.,	adversarial	attacks).	
	
Only	changes	well	outside	
realm	of	systematic	
uncertainties	had	any	
impact.
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