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Astrophysical neutrinos provide crucial insights into their sources and play a key role in multi-
messenger astronomy. The neutrino flavor composition at Earth allows us to probe the mechanisms
of neutrino production and cosmic ray acceleration, as well as the properties of the environments
in which they originate. Understanding the flavor composition also offers a unique opportunity
to test new physics in the neutrino sector. The IceCube Neutrino Observatory consists of 1 km?
of ice instrumented with photomultipliers that detect neutrinos through Cherenkov radiation from
their interaction products. Different neutrino interactions result in distinct event topologies, such
as tracks, cascades, and double cascade events, which allow for the identification of the interacting
neutrino type and measurement of the flavor composition of the astrophysical neutrino flux. In
this contribution we present the results of the measurement of the flavor ratio of the High-Energy
Starting Event Selection based on 12 years of data, a high-purity sample of neutrino interactions
that occur inside the detector. In addition, we discuss various methods that could further improve
the analysis in the future.
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Neutrino flavor composition using High Energy Starting Events with IceCube

1. Introduction

High-energy neutrinos are produced in extreme astrophysical environments when cosmic rays
interact with matter or photons. The neutrino flavor composition measured at Earth relates to
the flavor composition at the source, which provides insights into the production mechanisms at
their sources. The neutrino flavor composition also serves as a probe for new physics, enabling
constraints on phenomena such as CPT violation and non-standard neutrino interactions [1].

The IceCube Neutrino Observatory is a neutrino detector buried in the ice at the South Pole
[2]. It consists of 1 km>of ice instrumented with optical modules containing photomultiplier tubes
that detect Cherenkov radiation from neutrino interaction products. The flavor composition mea-
surement is performed using the high-energy starting event (HESE) sample [3]. The HESE sample
yielded the first evidence of astrophysical neutrinos and has a high neutrino purity. Furthermore, it
covers the full sky and contains all neutrino flavors which allows to constrain the flavor composition.

This contribution contains the updated results on the neutrino flavor composition using 12 years
of IceCube data, which includes advanced simulations and event reconstruction and an improved
ice model. In addition, novel methods are presented to improve this analysis in the future. This
includes improving the constraints by applying a new binning method and increasing the number
of neutrino events through combining the HESE sample with other event selections. Additionally,
enhancing the reconstruction and classification of double cascade events will lead to a more robust
and reliable analysis.

2. Selection and particle identification

The HESE sample utilizes a lower bound of 6000 detected photoelectrons and a veto for light
in the outside layer of the detector to reduce atmospheric backgrounds. The backgrounds consist
of atmospheric muons, and conventional and atmospheric neutrinos. The cosmic ray model for all
atmospheric backgrounds is H4a [4] using the SYBILL2.3c hadronic interaction model [5]. The
conventional neutrino flux originates from the decay of pions and kaons, while the prompt neutrino
flux originates primarily from the decay of short-lived charmed mesons.

The data and Monte Carlo simulations of neutrinos and atmospheric muons are reconstructed
using maximum likelihood reconstruction methods. These methods test three separate source
hypotheses:

e Track: u from v, or v, charged current interactions where the 7 decays into a u (BR=17%),

» Cascade: electromagnetic cascades from v, charged current interactions or hadronic cascades
from all-flavor v neutral current interactions,

* Double cascade: v, charged current interactions where the 7 lepton decays into an electron
or intro hadrons (BR=83%).

The key difference is the presence of a relativistic muon that travels substantial distances while
emitting light. The electrons and hadrons that produce electromagnetic and hadronic showers
deposit all their energy in a relatively small region of space compared to the detector spacing. The
short lifetime of the tau (2.9 x 107!3 s) causes the neutrino interaction and tau decay vertex to
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overlap at low energies, but the expected decay length increases with the tau energy E, due to time
dilatation and is given by L, ~ 50 m - E, / PeV.

The reconstructed properties and three likelihoods for each hypothesis enable the classification
of events into one of the three topologies, as described in Ref. [6]. In order to further reduce
atmospheric backgrounds and to break the degeneracy between single and double cascades, events
are only selected if the total deposited energy Eix > 60 TeV. Subsequently, the classification chain
applies a series of selection criteria to identify double cascade candidates. If the criteria are not
met, the events are selected as cascade or track instead. The first criteria cover the reconstruction
quality and are given by:

* Double cascade reconstruction converged [7],

* Energy of first and second cascade E, E; > 1 TeV,

* Both cascades have vertices no more than 50 m outside of the detector,

* Angle between reconstructed direction of double cascade and track reconstruction < 30°.

If any of these criteria are not satisfied, the event is classified as a track or cascade based on the
larger of the two likelihoods. The final steps are defined below.

* The reconstructed tau length L., > 10 m. If this condition is not met, the event is classified
as a single cascade.

* The energy confinement, defined as E¢c = % > (0.99. Events that do not meet this criterion
are classified as tracks. The reconstructed cascade energies Eq, E, are obtained using the
double cascade reconstruction, while Eiy using a dedicated algorithm that determines all
energy depositions using the best-fit hypothesis.

E\-E,
E\+E>

* The energy asymmetry —0.98 < Ep = < 0.3. Events not meeting this condition are

also classified as single cascades.

The selection criteria were derived by analyzing the simulated signal and background distributions
of these parameters. The resulting events from simulations and data are used in the analysis.

3. Method

The flavor composition is measured using a forward-folding likelihood fit. The likelihood fit
is performed for the three topologies simultaneously using two-dimensional probability density
functions obtained from the simulations. The observables for the double cascades are represented
in logarithmic bins of the total reconstructed energy and the reconstructed tau decay length. The
energy spans from 60 TeV to 12.6 PeV using 13 bins and the tau length from 10 to 1000 m using
10 bins. The observables for tracks and single cascades are the reconstructed energy and the
reconstructed zenith angle. The energy spans the same energy as for the double cascades using 21
logarithmic bins, and the zenith angle is represented by 10 bins in cosine space from -1 to 1.

The likelihood is defined in Ref. [8], which takes limited Monte Carlo statistics into account.
The total likelihood for all topologies is obtained by multiplying the separate likelihoods according
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to L(n|6, &) = LPowble gSingle pTrack where 5 denotes the number of observed events, 6 represents
the signal parameters, and ¢ the nuisance parameters. The best-fit parameters are obtained by
varying the signal and nuisance parameters. The signal parameters include the normalization of
the all-flavor neutrino flux and the spectral index of a single power law: ®,,,; (ﬁ)ﬂ' This is
complemented by two flavor fractions fq, where f,, + f,, + f,, = 1. The atmospheric flux nuisance
parameters are described in Ref. [9].

Detector systematics are taken into account using the SnowStorm method [10], where every
systematic is varied for each event during simulations. This allows for reweighting of the simulations
depending on detector systematics. The detector systematics incorporated in the fit follow those
described in Ref. [9], with the addition of a scaling factor that accounts for the anisotropy in light
scattering within the ice as described in Ref. [7].

4. Results

The HESE sample for 12 years of data contains 97 events with energies higher than 60 TeV.
The classification of the events is shown in Table 1.

11;22:3;? Fro: fon: frr =0.19:0.43:0.38 Data
Astro Conv Muon Total
Cascades 57«2 6+0.79 - 63.4+24 | 64
Tracks 1608 57+x09 184+27 234+34 | 28
Double 1 3 ¢ 103 03402 - 4104 | 5
Cascades

Table 1: The expected and observed number of HESE events, classified into three detection channels,
assuming the best-fit flavor composition. The total expected event counts are broken down into contributions
from Astrophysical (Astro), Conventional atmospheric neutrinos (Conv), and Atmospheric Muons (Muon).
The prompt atmospheric neutrino component is omitted, as the best-fit normalization (®prompt) is 0.

The result and the contour of the flavor composition measurement using 12 years of HESE data
is shown in Figure 1. Several neutrino flavor composition scenarios are also shown, indicating both
the flavor ratios at the source and the corresponding compositions at Earth [1]. The best-fit flavor
composition is fy, : fy, : fv, = 0. 19‘:%.2165 : 0.43‘:%'.2177 : 0.38‘:%'.321. The spectral index is 2.8442(())'_1]98
and is consistent with the previous HESE sample results using 7.5 years of data [7, 11]. To ensure a
fair comparison, the constraints for HESE-7.5 are shown using a similar likelihood, rather than the
extended likelihood that includes the information from resimulating the tau neutrino candidates.

The normalization of the all-flavor neutrino flux is ®@,,,; = 5.943'.62‘; 1078 GeV s tsr !t em™2.
The larger uncertainty compared to the HESE-7.5 results in Ref. [11] is expected because this anal-
ysis includes using extra free parameters for constraining the flavor composition. The expected
number of events assuming the best-fit model parameters is shown in Table 1.

This analysis found five double cascade candidate events that are shown in Figure 2, together
with the best-fit Monte Carlo distribution. The plot displays both the data and the probability

density function of the reconstructed energy and length. The expected background decreases with
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length and the vertical line indicates the region that contains 68% of the background. Double
cascade signals from v, CC interactions exhibit a strong correlation between reconstructed energy
and length, with 68% of the events falling between the diagonal lines. Four of the five events have
reconstructed lengths below 17 m and fall in the 68% background region. One event is reconstructed
with a length of 96 m, but a reconstructed energy of 77 TeV. The combination of an arbitrary long
length with a low reconstructed energy is typical for misclassified muons. The "Double Double"
event reported in Ref. [7] falls within the 68% region for both signal and background, with a
reconstructed tau decay length of /; = 17.3 m and a total energy of Eyy; = 97 TeV.

Following three iterations of this analysis using 6, 7.5, and now 12 years of data, further
progress will require significant changes to the analysis framework. While the current methodology
has yielded meaningful results, it faces limitations. In particular, it is limited by the sparse Monte
Carlo statistics for the double cascade sample. Additionally, the double cascade identification
and reconstructed observables have shown limited robustness under changes to reconstruction
algorithms and updates to the ice model. The next section outlines several improvements designed
to overcome these challenges and to enhance both the sensitivity and stability of the analysis moving
forward.
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5. Improvements & Qutlook

The observables for the double cascade sample in this analysis were the reconstructed energy
and length, but there are more parameters that could help distinguish the double cascade signal
from the background.

/\
éﬁk )my.& 0.6;%0
s TN %
2V SV AVAN

Fraction of ve Figure 3: Projected sensitivity using
normal (blue) and optimized (red) anal-
ysis approach. The solid (dashed) lines
depict the corresponding 68% (90%) con-
straints derived using Wilks’ theorem.

* Asimov: 0.19:0.43:0.38
—— Normal binning
—— Optimized binning

Additional observables such as the energy asymmetry, the energy confinement and the zenith
angle were not included because it would increase the dimensionality of the analysis histogram.
Limited Monte Carlo statistics hinder an accurate estimation of the expected number of events,
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reducing the overall robustness of the analysis. This problem can be solved by employing an
optimized summary statistic as described in Refs. [12, 13]. This method trains a neural network to
optimize a summary statistic, using the variance of the signal parameters as the loss function. This
allows for the inclusion of more observables, while keeping enough Monte Carlo statistics per bin.
The projected sensitivity using normal and optimized binning is shown in Figure 3. The normal
binning entails 130 linear bins in E, and /., while the optimized binning was obtained by training
on the model on Ey, [+, 0, ¢ and dividing the summary statistic in 80 bins. The contours were
obtained using Wilks’ theorem and show improved constrains using less bins with the optimized
summary statistic.

The reconstructed length and energy asymmetry are the most effective parameters to distin-
guish single cascades from double cascades. Recent improvements in the reconstruction algorithm,
specifically in optimizing the starting point of the fit, have led to improved reconstruction perfor-
mance. The median and quartiles of the reconstructed energy asymmetry A and length L.
resolution are shown in Figure 4. Both quantities show significant improvements for small tau
lengths, which enhances the discrimination between double and single cascades.

04 lceCube Preliminary o4 IceCube Preliminary
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g
g 3
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I |
<T ©
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—=0.2 1 —-0.2 1
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Figure 4: The median and quartiles of the reconstructed energy asymmetry A (left) and length L. (right)
resolution for double cascades in the HESE sample.

Further improvements are anticipated by replacing the current particle identification method
with a boosted decision tree, as demonstrated for the cascade sample in Ref. [14]. This will
be followed by combining the HESE sample with the northern track sample [9] and the cascade
sample [15] to perform a combined measurement of the flavor composition. Additional sensitivity
to the flavor composition is expected from cascades at lower energies, as shown by Medium Energy
Starting Event Sample [16, 17].

The IceCube Upgrade, scheduled for deployment during the 2025-2026 polar season, will
introduce a series of new calibration devices designed to improve our understanding and description
of the optical properties of the ice [18]. In turn, this will enhance the reconstruction of tau neutrino
events, which are particularly sensitive to the modeling of light propagation in the detector.

The Upgrade instrumentation will also include a densely instrumented volume that facilitates
dedicated flasher studies designed to mimic double cascade signatures [19], providing a controlled
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environment for refining reconstruction techniques. Previous studies using the existing IceCube
optical modules revealed anisotropic scattering in the ice [20], a feature now incorporated into
current ice models.

With these advancements, future data — along with existing datasets — can be analyzed using
improved reconstruction methods and updated calibrations, offering the potential for significantly
enhanced sensitivity to tau neutrinos and the flavor composition.
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