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Measurement of the Three-Flavor Composition of Astrophysical Neutrinos

1. Introduction

The IceCube Neutrino Observatory, located at the South Pole, detects neutrinos via the
Cherenkov light deposited by their charged secondaries produced as they interact in ice [1]. These
can be charged current (CC) or neutral current (NC) interactions of electron, muon, or tau neutrinos.
The Cherenkov light produced by the secondaries is detected using 5160 digital optical modules
(DOMs) hosted on 86 strings inserted into the glacier. The detector measures signal from neutrinos
of atmospheric and astrophysical origin with energies of hundreds of GeV and above. Muons gener-
ated from cosmic-ray air showers are also seen in the detector, and constitute the major background
for astrophysical neutrino detection.

Here we use a selection of events called "Medium Energy Starting Events’ (MESE) [2], with
a total of 9888 events with interaction vertices inside the detector ("starting events") and with
energies of 1 TeV and above. The selection is based on a series of veto criteria to reject muon
events to obtain a neutrino-rich dataset. The MESE sample consists of electron, muon and tau
neutrinos from the whole sky. Based on the distribution of light in the detector, the morphology
of the observed events can be classified into cascades, tracks, and double cascades. Cascades arise
from CC interactions of electron neutrinos and NC interactions of all neutrino flavors. Tracks are
produced in CC interactions of muon neutrinos or tau neutrinos where the tau lepton decays into
muons while other CC interactions of tau neutrinos produce double cascades. The MESE sample
is also used for measuring the cosmic neutrino spectrum, as described in [3]. The sample used
here has a few additional events compared to that used in [3] since an additional cut on the required
number of active DOMs is implemented in [3] and not here.

Since the MESE sample has neutrinos of all flavors, it is suitable for measuring the astrophysical
flavor ratio of neutrinos. Cascades and tracks within the dataset are classified as such during the
selection procedure, using a deep neural network [4], with ~ 88% efficiency for true cascades and
~ 97% for true tracks above 1 TeV. A majority of the true double cascade events in the sample
are classified as single cascades by the deep neural network, which makes it difficult to break the
degeneracy between electron and tau neutrinos while measuring the flavor ratio. We therefore
introduce an additional classification strategy in this analysis, designed specifically to select double
cascade events.

2. Method

The double-cascade selection method is likelihood-based and similar to that described in [5].
Final-level events in the MESE sample, that are already classified as either cascades or tracks,
are passed through a reconstruction algorithm that maximizes the likelihood under a double-
cascades hypothesis, using the spatial and timing information of the deposited charge in the DOMs.
Several variables are extracted from the event based on these reconstructions: the energy of each
cascade in the double-cascade event, the sum of the energies of the two cascades, the sum of the
energies deposited within 40 m of each cascade vertex compared to the total energy, the relative
energy asymmetry between the two cascades, and the decay length of the tau lepton obtained
from the separation between the two cascades. Events that fall within a given range for these
observables, predefined using simulations of neutrinos of all flavors, are retained for the double
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cascade classification [5]. The final list of events accepted into the double cascade classification
are events that pass these conditions, and have a reconstructed total energy greater than 30 TeV
and reconstructed length greater than 10 meters to prevent misclassification from a majority of
the background. These restrictions result in an expected number of 7 events, with 70% purity.
The remaining events retain their original classification as cascades or tracks. The low count of
double-cascade events is attributed to the difficulty in separating them out due to the spacing of the
DOMs in the detector. A majority of tau neutrinos in the sample have energies on the TeV scale,
due to the falling nature of the flux, and therefore have tau decay lengths in the scale of a few meters
to a few tens of meters. This makes the separation between the two cascades difficult as the spacing
between the strings holding the DOMs is ~ 125 meters.

We use observables from these classified events, both from data and simulations, to perform
a forward-folded fit and measure the astrophysical flavor ratio. We generate 2D histograms of
reconstructed energy vs. cosine of the reconstructed zenith angle for cascades and tracks. Double
cascades are additionally also binned according to the reconstructed length, to form 3D histograms.
The forward-folded fit includes components that account for the conventional neutrino flux arising
from pion and kaon decays in cosmic ray air showers, prompt neutrino flux from charmed decays
in air showers, atmospheric muon flux, and the astrophysical neutrino flux.

We assume a broken power law (BPL) as the baseline shape of the astrophysical flux, follow-
ing the best-fit measurement of the spectral shape using the MESE sample [3]. Other IceCube
measurements [6] also indicate a possible break in the spectrum of cosmic neutrinos. The physics
parameters of the analysis reported here are the flavor ratios. We fit for the fraction of electron and
tau neutrinos in the total astrophysical neutrino flux, and constrain the fraction of muon neutrinos
via the relation f, + f7 + f,, = 1. Systematic uncertainties in the atmospheric neutrino flux arising
from uncertainties in the cosmic ray flux and the corresponding production of neutrinos are included
as nuisance parameters in the fit. We also account for detector-related systematic uncertainties as
nuisance parameters in the fit. These parameters allow for changes in the detector’s light acceptance
resulting from uncertainties in the ice model and the optical efficiency of the DOMs. Along with
the baseline BPL fit, we also fit for a single power law (SPL) astrophysical flux assumption as
a cross-check, since previous IceCube measurements were consistent with an SPL shape for the
astrophysical flux. This fit is performed under the assumption that the flavor ratio remains the same
across the energy scales considered here i.e. 1 TeV to 10 PeV. We use the software package NNMFir
to perform the fit [7].

3. Results

The number of events in the MESE sample used for the flavor measurement with 11.4 years
of IceCube data is shown in Table 1. This is compared to the expected number of events from the
best-fit to the BPL and SPL models.

The energy distributions of cascades, tracks, and double cascades are shown in Figure 1.
Observed data is compared to the total MC, under our best-fit BPL spectrum with normalization
¢ = 2.72*99 % 10718 /GeV /cm?/s/sr, the lower energy spectral index y; = 1.767%:3¢ | the higher

-0.92 -0.26°
energy index y, = 2.81‘:%2% and the break energy log;(Ebreak/GeV) = 4.5t%‘1029. The best fit

astrophysical flavor ratio at Earth is obtained as f. : fy, : fr = 0.30:0.37 : 0.33. The figure shows
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Morphology Data BPL SPL
Cascades 4960 4953.6 +154.6 4999.2 +160.4
Tracks 4919 4876.2 + 136.1 4825.4 + 141.7
Double Cascades 9 7.0+0.9 9.1+1.0

Table 1: Number of cascades (E > 1TeV), tracks (E > 1TeV), and double cascades (E > 30TeV) in data
compared to expectation from best-fit to BPL and SPL models. Both statistical and systematic uncertainties
are included in the reported errors.

that data and the best-fit MC are compatible with each other within 2 o-. This is also the case for
the other observables used in the fit: cosine of reconstructed zenith (for all three morphologies) and
reconstructed length (for double cascades). Since only 9 double-cascade classified events exist in
data, consistent with the expectation from MC, we have large statistical uncertanties in the double
cascades histograms.

Figure 2 shows the 68% and 95% Wilks’ contours obtained from the fit on a ternary diagram
showing the fraction of each neutrino flavor on Earth. Also shown in the figure are the expectations
for several flavor assumptions at source, after averaged oscillations during their journey from the
source to the Earth. These source assumptions are: pion decay resulting in a flavor ratio of 1:2: 0 at
source, muon damped pion decay with a ratio of O: 1: 0, and neutron decay with aratio of 1: 0: 0. The
best fit is seen to be consistent with expectations from the standard theory of neutrino oscillations,
as any deviation from this would result in the best fit lying in a region that is not along the line
connecting the three standard source scenarios shown in the figure.

The figure also shows the best fit and the Wilks’ contours under the SPL assumption. While
the best fits and the shape of the contours with the BPL and SPL fits remain comparable, it is seen
that the 95% CL contour closes under the SPL assumption and does not under the BPL assumption.
The reason for this is the harder spectral index (y = 2.54t%'.%i) fitted for the SPL model, resulting in
a prediction of a larger number of high-energy neutrinos and, therefore, a larger fraction of events
with longer tau decay-lengths, recognizable as double-cascades. This results in the inability to close
the 95% contour for the BPL model. This also demonstrates the necessity to model the spectrum
properly to obtain an accurate measurement of the flavor ratio.

Figure 3 shows the measurement of the flavor ratio in this analysis compared to previous
measurements from IceCube. We can see that the 68% CL contour closes for the first time with this
analysis, marking a milestone in IceCube’s measurements of the astrophysical flavor ratio. This can
be attributed to the following:

* Inclusion of tau-neutrino classification: This breaks the degeneracy between electron and tau
neutrinos. For example, ’Combined Fit (2015)’ [8] and ’Inelasticity (2019)’ [9] in the figure
did not include any classification of tau neutrino based morphologies. This makes it difficult
to close the contours either along the v, or v, axis.

* Inclusion of TeV-scale events: This increases the total number of events, especially for
the cascade and track morphologies when compared to using only the high energy events
(above 60 TeV) as done in "HESE (2022)’ [5]. This in turn, gives strong constraints from
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Figure 1: The 1D projections of the reconstructed energy and reconstructed cosine zenith distributions
of cascade, track, and double cascade classified events in MESE. The reconstructed length distribution for
double cascade classified events is also shown. Data is shown in black and total best-fit MC is shown in blue.
The individual components of the total MC are also shown in the figure. The prompt atmospheric flux fits to
zero and is therefore not shown in the figure. No atmospheric muons pass the double-cascade classification.

higher statistics, especially along the electron and muon neutrino axes along with improved

constraints on the nuisance parameters in the fit.
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Figure 2: Fits to the astrophysical flavor ratio with the MESE sample for the baseline assumption of a BPL.
flux (blue) and for the cross-check with an SPL fit (orange). 68% CL and 95% CL Wilks’ contours are
shown here along with the best fit. The best fit from both flux assumptions are consistent with each other.
Assumptions of flavor ratio at source, after undergoing oscillations during their propagation towards Earth
are also shown in the figure.

* An increased livetime: We use 11.4 years of data collected with IceCube in this analysis.

4. Conclusion

The results presented here show that, for the first time, we are able to constrain the fraction of
neutrinos of each flavor of neutrino to be > 0 with more than 68% CL. Based on the maximum-
likelihood test, we reject zero electron neutrinos with 98.7% CL and a zero fraction of tau neutrinos
with 91.9% CL. While the best fit flavor ratio of f. : f, : fr = 0.30 : 0.37 : 0.33 is closest
to the standard pion decay scenario, the muon-damped source scenario is still within the 68%
CL contour. A neutrino flux dominated by neutron decay at source is rejected at 94.8% CL with
the Wilks’ contour from the maximum-likelihood fit. Although a previous analysis from IceCube
(’Combined Fit (2015)’ [8]) rejected the neutron-decay scenario at a higher confidence level, the
previous analysis used no information about tau neutrinos. This analysis uses an updated treatment
of systematics and better modeling of the ice, which affects light propagation and therefore the
description of signal collection by the DOMs. The best fit of the flavor ratio lies on the line
connecting the three standard source scenarios, which is the only region allowed by the standard
theory of neutrino oscillations [10]. Therefore, our results are consistent with this theory. Future
studies including other methods of classifying tau-neutrino events, for instance a neural-network
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Figure 3: A comparison of the flavor ratio measured with the MESE sample to previous measurements made
with IceCube [8] [9] [5] is shown. All curves show the 68% CL Wilks’ contours, along with the respective
best fit. Previous measurements with IceCube assumed an SPL flux when measuring the flavor ratio, while
this work assumes the flux to be a BPL, consistent with IceCube’s latest spectral measurements [3]. Including
the double-cascades classification along with the cascades and tracks classification helps the contour close
in the MESE analysis.

based classification [11] or identification of tracks induced by tau neutrinos [9, 12] can be expected
to provide a larger sample of tau neutrino classified events to be included in the flavor measurement.
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