
Search for an eV-Scale Sterile Neutrino Using Improved High-Energy νμ
Event Reconstruction in IceCube

Downloaded from: https://research.chalmers.se, 2026-01-24 02:37 UTC

Citation for the original published paper (version of record):
Abbasi, R., Ackermann, M., Adams, J. et al (2024). Search for an eV-Scale Sterile Neutrino Using
Improved High-Energy νμ Event Reconstruction in
IceCube. Physical Review Letters, 133(20). http://dx.doi.org/10.1103/PhysRevLett.133.201804

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Search for an eV-Scale Sterile Neutrino Using Improved High-Energy
νμ Event Reconstruction in IceCube

R. Abbasi,17 M. Ackermann,65 J. Adams,18 S. K. Agarwalla,40,* J. A. Aguilar,12 M. Ahlers,22 J. M. Alameddine,23

N. M. Amin,44 K. Andeen,42 C. Argüelles,14 Y. Ashida,53 S. Athanasiadou,65 L. Ausborm,1 S. N. Axani,44 X. Bai,50

A. Balagopal V.,40 M. Baricevic,40 S. W. Barwick,30 S. Bash,27 V. Basu,40 R. Bay,8 J. J. Beatty,20,21 J. Becker Tjus,11,†

J. Beise,63 C. Bellenghi,27 C. Benning,1 S. BenZvi,52 D. Berley,19 E. Bernardini,48 D. Z. Besson,36 E. Blaufuss,19

L. Bloom,60 S. Blot,65 F. Bontempo,31 J. Y. Book Motzkin,14 C. Boscolo Meneguolo,48 S. Böser,41 O. Botner,63 J. Böttcher,1

J. Braun,40 B. Brinson,6 J. Brostean-Kaiser,65 L. Brusa,1 R. T. Burley,2 D. Butterfield,40 M. A. Campana,49 I. Caracas,41

K. Carloni,14 J. Carpio,34,35 S. Chattopadhyay,40,* N. Chau,12 Z. Chen,56 D. Chirkin,40 S. Choi,57,58 B. A. Clark,19

A. Coleman,63 G. H. Collin,15 A. Connolly,20,21 J. M. Conrad,15 P. Coppin,13 R. Corley,53 P. Correa,13 D. F. Cowen,61,62

P. Dave,6 C. De Clercq,13 J. J. DeLaunay,60 D. Delgado,14 S. Deng,1 A. Desai,40 P. Desiati,40 K. D. de Vries,13
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This Letter presents the result of a 3þ 1 sterile neutrino search using 10.7 yr of IceCube data. We
analyze atmospheric muon neutrinos that traverse the Earth with energies ranging from 0.5 to 100 TeV,
incorporating significant improvements in modeling neutrino flux and detector response compared to
earlier studies. Notably, for the first time, we categorize data into starting and throughgoing events,
distinguishing neutrino interactions with vertices inside or outside the instrumented volume, to improve
energy resolution. The best-fit point for a 3þ 1 model is found to be at sin2ð2θ24Þ ¼ 0.16 and
Δm2

41 ¼ 3.5 eV2, which agrees with previous iterations of this Letter. The result is consistent with the
null hypothesis of no sterile neutrinos with a p value of 3.1%.

DOI: 10.1103/PhysRevLett.133.201804

Introduction—Anomalies identified in short-baseline
oscillation experiments [1–3] pose a challenge to the
established three-mass neutrino framework. A minimal
explanation for these observed anomalies—the “3þ 1”
model—postulates the existence of an additional neutrino
mass state, ν4, predominantly consisting of a flavor that
does not couple to weak interactions to avoid collider
constraints [4]. These anomalous results favor a 3þ 1

scenario with mass-squared differences ranging from 0.1 to
10 eV2 relative to a model devoid of sterile neutrinos [5–9].
However, because of flavor mixing, results from νμ → νe

appearance, νe → νe disappearance, and νμ → νμ disap-
pearance are linked; thus the anomalies, which are only
observed in the νμ → νe and νe → νe channels, predict
oscillation parameters for νμ → νμ. The nonobservation of
νμ → νμ disappearance oscillations [10–17] in the relevant
parameter region represents a very serious challenge to the
model. In this confusing situation, for conclusive state-
ments regarding the 3þ 1 scenario, it is imperative to
further investigate νμ disappearance with increased sample
size and systematic control. This motivates the analysis we
present in this Letter.
Stringent constraints on sterile-neutrino-induced νμ

disappearance arise from IceCube’s study neutrinos pro-
duced in the atmosphere with TeVenergies, known as high-
energy atmospheric neutrinos [18–20]. IceCube, a gigaton
ice-Cherenkov detector near the geographic South Pole [21],
detects neutrinos produced in cosmic-ray air showers. The
detector consists of an array of photomultiplier tubes in glass
pressure housings called “digital optical modules” (DOMs)
[22], deployed in 86 strings. In the presence of a sterile

*Also at Institute of Physics, Sachivalaya Marg, Sainik
School Post, Bhubaneswar 751005, India.

†Also at Department of Space, Earth, and Environment,
Chalmers University of Technology, 412 96 Gothenburg,
Sweden.

‡Present address: Instituto de Física Corpuscular, CSIC and
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neutrino, high-energy atmospheric neutrinos detected by
IceCube experience oscillation effects beyond vacuumlike
oscillations [23–27], including, for eV-scale masses, matter-
enhanced resonant effects induced as high-energy antineu-
trinos cross the Earth’s core [28–33]. Notably, while
standard three-neutrino oscillations are negligible at TeV
energies due to their mass splitting, the presence of an eV-
scale sterile neutrino yields distinct νμ and ν̄μ disappearance
signatures in the atmospheric neutrino flux, as illustrated in
Fig. 1. A detailed explanation of the different oscillation
signatures can be found in Ref. [34].
The previous search by IceCube for matter-enhanced

signatures used seven years of high-energy atmospheric
neutrino data [19,20], with over 300 000 upgoing [35]
muon tracks in the energy range 0.5 to 10 TeV. The best-fit
point was consistent with the standard three-neutrino
hypothesis at a p value of 8%. In addition, no evidence
of sterile-driven νμ disappearance was observed in a low-
energy dataset using the DeepCore subarray [36,37],
predominantly composed of sub-100 GeV neutrinos.
This Letter provides an updated and improved analysis

searching for sterile neutrinos using 10.7 yr of high-energy
neutrino data recorded by IceCube from May 13, 2011, to
June 7, 2022. It sets a limit on θ24 compatible with
DeepCore’s results and the previous high-energy search.
We implement a new event selection that yields a data
sample that is larger and higher purity than what was used

in previous analyses. After implementing this new selec-
tion, the dataset consists of 368 071 upgoing νμ events with
reconstructed energies ranging from 0.5 to 100 TeV. We
separate events with vertices inside or outside the instru-
mented volume, referred to as “starting” and “through-
going” events. This differentiation, coupled with a new
energy estimator, enables a more precise characterization of
the detector response to νμ interactions, which are sub-
stantively different for starting and throughgoing events.
The extended energy range of this analysis requires a
significant revision of the systematic uncertainty treatment
concerning atmospheric and astrophysical neutrino fluxes.
The differentiation between starting and throughgoing
events also introduces a new approach to evaluating
systematic uncertainties associated with the glacial ice.
An in-depth exploration of the technical aspects of the

analysis can be found in a companion paper [34].
Event selection and reconstruction—At TeV energies, a

muon produced in a νμ [38] charged-current (CC) inter-
action can travel several kilometers in ice [39,40], emitting
Cherenkov radiation and producing an elongated light
pattern, referred to as “tracklike signature,” as it traverses
the instrumented volume. While a similar pattern is
generated by muons originating from cosmic rays in the
atmosphere, the Earth’s shielding prevents upgoing cosmic-
ray muons from contaminating this sample. Consequently,
we can effectively filter out the majority of atmospheric
muons by exclusively considering upgoing tracks. The
track direction is determined with a maximum likelihood
method that uses the arrival time distribution of Cherenkov
photons registered by the DOMs [41,42].
The remaining contamination arises from two sources of

misreconstructed events: atmospheric muons traversing a
limited portion of the detector; and cascadelike events
induced by νe;τ CC and all neutral-current interactions.
We employed a boosted decision tree (BDT) [43] algorithm
to discard such events. The BDTwas trained to identify νμ
CC events using distributions of track-related features,
including reconstructed track length, zenith angle, energy,
position, morphological track and cascade classifiers,
deposited charge in the detector, and a Bayesian likelihood
ratio between upgoing and downgoing track hypotheses
[44]. The last was found to be the most used feature by the
BDT. By cutting out events below a specifiedBDT score, we
can eliminate nearly all atmospheric muons and cascadelike
events induced by νe;τ CC and ν neutral-current interactions,
resulting in a samplewith 99.9%purity of νμ CC events. The
remaining 0.1% background arises mostly from ντ CC
astrophysical events followed by subsequent τ → μ decay,
an irreducible background as they also exhibit a tracklike
pattern. Using a BDT increases the signal efficiency by
almost a factor of 2 and reduces atmospheric muon back-
ground by half with respect to the previous analysis [20].
The energy of each event is reconstructed using a

convolutional neural network [45]. The network is trained

FIG. 1. Oscillograms. Muon neutrino (top) and antineutrino
(bottom) disappearance probability as a function of the neutrino
energyEν and cosine of the zenith angle θνz (proportional to neutrino
path length) assuming the best-fit sterile neutrino hypothesis of this
analysis, i.e., sin2ð2θ24Þ ¼ 0.16 and Δm2

41 ¼ 3.5 eV2.
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with νμ CC simulated events to estimate the energy
deposited by muons and hadronic or electromagnetic
showers within the instrumented volume using summary
variables that characterize the light observed in each DOM
(i.e., overall charge, width of the pulse, time of first hit,
etc.). The energy estimator used in our previous analysis
[20] was optimized to infer the deposited energy using
information about light deposition from muon tracks [46],
whereas here, the network is trained to reconstruct the
overall energy deposition in the detector. Therefore, while
both approaches perform similarly well in reconstructing
the energy for throughgoing events, the network signifi-
cantly outperforms the previous estimator in the case of
starting events (for which both the hadronic shower and a
muon contribute to the energy deposition in the detector).
Given the different performances of the reconstruction

for throughgoing and starting events, a classifier has been
devised to differentiate between the two morphologies [47].
Like the energy estimator, this classifier is also based on a
convolutional neural network that uses the same pulse-
related features from the light observed in each DOM. The
network is trained with neutrino simulations to assign a
score for different morphologies. By applying a threshold
on the score, the sample can be partitioned, resulting in

75% (25%) of the events being classified as throughgoing
(starting), with 13% (0.2%) of misclassified events in each
sample.
The reconstructed L=E distributions for the selected

events are shown in Fig. 2, showing a good agreement
between data and the prediction at the best-fit point of the
analysis in both samples. Different types of events populate
different regions of the L=E distribution. Horizontal events
predominantly cluster at low L=E values, while vertically
upgoing events are more common in the high L=E region.
The best-fit expectation for L=E shows a dip at
0.3 km=GeV, primarily due to vacuum oscillations. The
predicted excess at low L=E arises because the best-fit
expectation prefers a higher normalization compared to the
null fit, due to fast oscillations happening at L=E below the
oscillation maximum. This excess is canceled out by the
resonant disappearance effects at L=E 1 km=GeV. For a
lower mass splitting than the best-fit point, the oscillation
maximum shifts to larger L=E values. Conversely, the
disappearance effect moves toward lower L=E values if
Δm2

41 is large, reaching a point where the sample would
only be sensitive to the fast oscillations.
Analysis—Starting and throughgoing events are binned

separately based on their reconstructed energy and the cosine
of the zenith angle, Ereco and cos θrecoz , respectively. Both
datasets use the following binning scheme: 24 bins spanning
from0.5 to100TeVin log10ðErecoÞ and20bins spanning from
−1 to 0 in cos θrecoz . Each bin’s expected and observed event
counts are compared using the effective likelihood [48],
which is a modified version of the Poisson likelihood to
accommodateMonte Carlo statistical uncertainty. Systematic
errors are included by weighting the Monte Carlo expect-
ations following the nuisance parameters. A total of 36
parameters are used in this analysis, as detailed below, for
which penalty terms are included in the likelihood based on
their prior. The final likelihood is given by the product of
the effective likelihood and the systematic prior probabi-

lity, L ¼ QNbins
i¼1 Leff ½μiðθ⃗; η⃗Þ; niÞ

QNsyst

j¼1 Gðηj�, where ni and
μiðθ⃗; η⃗Þ are the observed andexpected number of events in the
ith bin; and θ⃗, η⃗ are the set of physics and nuisance
parameters.
Using this binned likelihood function, we conduct a

frequentist analysis to test for evidence of eV-scale sterile
neutrinos. In this Letter, the sterile neutrino model assumes
nonzero Δm2

41 and sin
2ðθ24Þ, varying from 10−2 to 102 eV2

and from 10−3 to 1, respectively. The confidence levels are
constructed using Wilks’ theorem [49]. In addition to this
approach, we complement our Letter with a Bayesian
analysis, the details of which are presented in [34].
The expected number of events is computed by con-

volving the simulated detector response with the expected
neutrino flux at the detector. The neutrino flux at the Earth’s
surface is calculated using DAEMONFLUX [50] for neutrinos
generated in the atmosphere. The astrophysical neutrino

FIG. 2. L=E distributions. Data points are black markers with
error bars representing the Poissonian statistical error. The solid
red and blue lines show the best-fit sterile neutrino hypothesis and
the null (no sterile neutrino) hypothesis, respectively, with
nuisance parameters set to their best-fit values in each case.
The top (bottom) panels show the number of events and the ratio
to the null hypothesis in each bin for starting (throughgoing)
events.
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flux is assumed to have an equal flavor composition and be
symmetric for neutrinos and antineutrinos [51–54]; it has
an isotropic angular spectrum and an energy spectrum
consistent with previous IceCube measurements [55–57].
All these fluxes are propagated to the detector using
NUSQUIDS [58], assuming the PREM model (using 200 radial
layers) [59] and CSMS cross sections [60] to model the
Earth’s density profile and neutrino cross sections, respec-
tively. This propagation is conducted independently for
each choice of sterile neutrino parameters.
Systematic errors—The dominant sources of systematic

uncertainties for this analysis can be categorized into six
groups: conventional and nonconventional neutrino fluxes,
normalization, bulk ice properties, local response of the
DOMs, and neutrino attenuation. We quantified the influ-
ence of each uncertainty source on the expected sensitivity
for this analysis. At high Δm2

41, the most significant impact
stems from normalization, followed by nonconventional
and cosmic-ray flux uncertainties. Conversely, at lowΔm2

41,
the dominant factors are uncertainties in the ice modeling
and hadronic yields.
Conventional neutrino flux The uncertainties on the

pion and kaon production in the atmosphere are derived
using the DAEMONFLUX model. This model employs MCEQ

[61] to generate lepton fluxes based on the cosmic-ray
spectrum and the hadron yields derived from the Global
Spline Fit [62] and the Data-Driven Hadronic Interaction
Model [63]), respectively. The model provides six param-
eters that control the spectrum of the cosmic rays, the most
important being a spectral index and 18 parameters
that describe the hadronic yields. These parameters are
calibrated using surface muon flux data. The variation of
the neutrino flux when modifying each parameter is
calculated using the gradient method [64]. Parameters
linked to low-energy hadron yields have minimal impact
within the TeV energy range and thus were not considered
as systematics in our analysis. The model’s covariance
matrix is included as a prior in our likelihood function,
penalizing deviations from the nominal value of the
remaining parameters and naturally accounting for their
correlations.
The modeling of the conventional flux and its associated

uncertainties differ from the previous analysis [65]. The
most notable disparity is evident in the νμ=ν̄μ ratio and its
associated error, where DAEMONFLUX confines it to < 10%
across the entire energy spectrum. For the flux, the error
remains below 10% up to 1 TeV, increasing to 30% at
higher energies. More details about the new parametriza-
tion can be found in Ref. [34].
The atmospheric density profile and kaon energy losses

are also accounted for in assessing conventional neutrino
flux uncertainties, following the method outlined in the
previous analysis [20].
Nonconventional neutrino flux With the maximum

reconstructed energy extended from 10 to 100 TeV

compared to the previous analysis [20], a more
conservative approach has been adopted for the high-
energy flux, consisting of astrophysical and prompt com-
ponents. This analysis represents these fluxes by a broken
power law, with uncorrelated Gaussian priors assigned to
the normalization and two spectral indices. The prior for the
normalization at 100 TeV and both spectral indices are
centered at 0.787 × 10−18 GeV−1 sr−1 s−1 cm−2 and −2.5,
respectively, and the width of the priors is 46% and 36%. A
uniform prior is assumed for the energy pivot point. These
priors were chosen to encompass all IceCube astrophysical
neutrino flux measurements to date.
Mismodeling tests incorporated a galactic component

[67], increasing the prompt component by an order of
magnitude or removing it altogether, and considering
ν- and ν̄-only astrophysical contributions. Our investiga-
tions revealed a significance for spurious sterilelike signals
below 0.3σ in all test cases.
Normalization An overall normalization term is incor-

porated in our analysis to model the impact of muon energy
loss and neutrino cross section in water and rock on the
effective volume and rate of interactions near the detector.
The associated uncertainty of these processes [68–73] have
a Oð10%Þ impact in the scaling factor. Thus, a Gaussian
prior with a conservative 20% uncertainty is assigned to
this term. The uncertainties on the ice density and the rock
and ice transition region near the detector will also impact
the normalization but are negligible (i.e., < 1%) compared
to those related to the cross section. The modeling of final
state radiation [74], which changes the fraction of the
energy from the neutrino carried out by the outgoing
lepton, has been assessed to have a negligible effect on
the analysis.
Bulk ice model The presence of impurities between

IceCube strings, known as “dust,” affects the scattering and
absorption of light within ice [75]. To propagate the
uncertainty on these parameters, we simulate events assum-
ing different dust concentrations using the SnowStorm
method [76]. The impact of the Fourier coefficients modes
was evaluated within the energy-zenith reconstructed space
for starting and throughgoing events. The first five ampli-
tudes and four phases were found to have a significant
impact. The analysis incorporates nuisance parameters for
these modes with correlated Gaussian priors.
DOM response and local ice effects The properties of

the ice surrounding the DOMs can affect both the global
efficiency and angular dependence of photon detection.
Following the same approach as the prior analysis, two
parameters have been included to model these effects in the
reconstructed energy-zenith space for both starting and
throughgoing events. Both parameters are incorporated
with an effectively flat prior and allowed to vary within
conservative ranges.
Neutrino attenuation Neutrinos with energies above a

few tens of TeVare absorbed as they propagate through the
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Earth [77–79]. The uncertainty in this process stems from
our imperfect knowledge of the neutrino-nucleus cross
section [69–73] and the Earth’s composition. To account
for this, scale parameters in the ν and ν̄ cross sections that
alter the Earth absorption [80] have been incorporated.
Gaussian priors with 10% width are used to encompass the
uncertainties in our energy range. Importantly, this param-
eter is treated independently of the overall normalization, as
a distinct impact of nuclear effects is anticipated in light and
heavier targets.
Results—The frequentist analysis found the best-fit point

at sin2ð2θ24Þ ¼ 0.16 and Δm2
41 ¼ 3.5 eV2. Compared to

the standard three-neutrino hypothesis, the test statistic is
−2Δ logL ¼ 6.96, yielding a p value of 3.1% under the
assumption of 2 degrees of freedom. This probability,
corresponding to a significance of 2.2σ, does not constitute
evidence for the existence of an eV-scale sterile neutrino.
To avoid reliance on Wilk’s theorem, the p value was

alternatively derived using the Feldman-Cousins procedure
[81]. We fitted 200 pseudoexperiments generated at the null
point, resulting in p ¼ 3%. Moreover, a Bayesian analysis
has been conducted (further details available in [34]), and
its results align with those obtained through the frequentist
approach.
The data pulls relative to the best fit are normally distri-

buted for starting and throughgoing events. Furthermore,
we do not find large deviations in the pulls using different
bin sizes. The goodness of fit was extracted by comparing

the observed best-fit likelihood with the likelihood distri-
bution of 500 fits to pseudoexperiments generated assum-
ing the best-fit hypothesis, yielding a p value of 12%.
Figure 3 shows the 90%, 95%, and 99% C.L. contours

calculated according to Wilks’ theorem. The sensitivity of
this analysis was derived using 500 pseudoexperiments, each
of which was generated assuming no sterile neutrino model
with the nuisance parameters at their central values. The 90%
C.L. preferred region of this analysis is consistent with
previous results from IceCube [18,19,36]. This result is
compared with previous measurements of νμ disappearance
from other experiments in Fig. 4. The 90% C.L. allowed
region from this result indicates an increased tension with the
constraints from long-baseline experiments.
The fitted values for the nuisance parameters have very

similar behavior for the best-fit sterile and null hypotheses.
The nuisance parameter with the largest difference between
null and best-fit hypotheses is the overall normalization,
pulling −0.05σ and 0.41σ, respectively. None of the
parameters that model the local response of DOMs, bulk
ice properties, and neutrino attenuation pull above 2σ or hit
their boundary. The same behavior is observed for the
parameters that model the neutrino flux, except for two
parameters that pull ∼2.3σ: one associated with the cosmic-
ray spectrum and one associated with the spectral index that
models nonconventional neutrinos below the pivot energy.
The significance of rejecting the null hypothesis remains
consistent across various modeling scenarios for the non-
conventional component. These scenarios include employ-
ing a single power law and introducing additional nuisance
parameters on the prompt flux and astrophysical ν=ν̄.

FIG. 3. Frequentist analysis. The 90%, 95%, and 99% C.L.
contours, assuming Wilks’ theorem, are shown as dotted, dashed,
and solid blue lines, respectively. The red bands show the region
where 68% and 95% of the pseudoexperiment 99% C.L.
observations lie; the red line corresponds to the median. Previous
measurements from IceCube [18–20,36,37] at 90% C.L. are
shown in gray.

FIG. 4. Comparison to other experiments. The 90% and 99%
C.L. contours (blue lines) of this analysis compared to 90% C.L.
contours from MiniBooNE-SciBooNE [82,83], MINOS [84],
CDHS, CCFR [7], and SuperK [85].
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Furthermore, we observe that the preference for a sterile
neutrino hypothesis diminishes by a factor of 0.3σ when
imposing a more stringent constraint of 5% on the prior
width of the overall normalization.
A series of tests were conducted to assess the robustness

of the findings. Consistent outcomes were achieved by
conducting independent fits for data collected in different
years. Additionally, separate fits for the starting and
throughgoing samples revealed a preference for the same
sterile neutrino parameter space. Furthermore, the results
maintained their robustness when fitting different regions in
energy and azimuth independently.
Finally, we implemented a test by splitting the data into

different zenith regions. This allowed us to understand the
behavior of the fit across different regions of the phase
space, where the influence of sterilelike signals varies. In
fact, vacuumlike oscillations dominate for horizontal
events, whereas matter effects prevail for vertically upgoing
events. We observed a variation in the significance of
rejecting the nonsterile hypothesis for the different fits.
Specifically, the significance decreased when analyzing
only the horizontal events and increased when analyzing
only the vertical events. For example, splitting the samples
at cos θv=hreco ¼ −0.2 resulted in p values of 0.3% and 8.2%,
with best-fit points for ½sin2ð2θ24Þ;Δm2

41� at (0.2,2.8)
and (0.2,5.6), respectively. Similar trends were identified
when splitting the sample at other values of cos θv=hreco.
Nevertheless, the preferred regions of all these results
remain consistent with those drawn from the full-zenith fit.
Conclusions—Studying the atmospheric νμ spectrum in

the TeV regime has evolved into a well-established method
for probing sterile neutrinos. This Letter analyzes 10.7 yr of
data collected with the IceCube experiment, incorporating
significant enhancements in event selection, reconstruction,
and systematic uncertainty treatment compared to earlier
studies. The data is consistent with the absence of a sterile
neutrino with a 3.1% probability and agrees with previous
IceCube analyses. Notably, this analysis introduces for the
first time the examination of two distinct event morphol-
ogies, namely starting and throughgoing events, yielding
mutually compatible results.
This result underscores the key role of the IceCube

experiment in the context of the 3þ 1 neutrino landscape.
Consequently, exploring the high-energy muon disappear-
ance channel with other operational neutrino telescopes
like KM3NeT [86] or Baikal-GVD [87] is imperative.
Moreover, efforts to improve our understanding of the
detector and investigate various energy regimes are instru-
mental for future sterile neutrino analyses. Configurations
such as the IceCube Upgrade [88] and IceCube-Gen2 [89]
are particularly noteworthy in this regard.

Acknowledgments—The IceCube Collaboration
acknowledges the significant contributions to this manu-
script from the Harvard University, Massachusetts Institute

of Technology, and University of Texas at Arlington
groups. We acknowledge the support from the following
agencies: USA—U.S. National Science Foundation-Office
of Polar Programs, U.S. National Science Foundation-
Physics Division, U.S. National Science Foundation-
EPSCoR, U.S. National Science Foundation-Office of
Advanced Cyberinfrastructure, Wisconsin Alumni
Research Foundation, Center for High Throughput
Computing (CHTC) at the University of Wisconsin–
Madison, Open Science Grid (OSG), Partnership to
Advance Throughput Computing (PATh), Advanced
Cyberinfrastructure Coordination Ecosystem: Services
and Support (ACCESS), Frontera computing project at
the Texas Advanced Computing Center, U.S. Department
of Energy-National Energy Research Scientific Computing
Center, Particle astrophysics research computing center at
the University of Maryland, Institute for Cyber-Enabled
Research at Michigan State University, Astroparticle phys-
ics computational facility at Marquette University, NVIDIA
Corporation, and Google Cloud Platform; Belgium—
Funds for Scientific Research (FRS-FNRS and FWO),
FWO Odysseus and Big Science programmes, and Belgian
Federal Science Policy Office (Belspo); Germany—
Bundesministerium für Bildung und Forschung (BMBF),
Deutsche Forschungsgemeinschaft (DFG), Helmholtz
Alliance for Astroparticle Physics (HAP), Initiative and
Networking Fund of the Helmholtz Association, Deutsches
Elektronen Synchrotron (DESY), and High Performance
Computing cluster of the RWTH Aachen; Sweden—
Swedish Research Council, Swedish Polar Research
Secretariat, Swedish National Infrastructure for
Computing (SNIC), and Knut and Alice Wallenberg
Foundation; European Union—EGI Advanced Compu-
ting for research, and Horizon 2020 Marie Skłodowska-
Curie Actions; Australia—Australian Research Council;
Canada—Natural Sciences and Engineering Research
Council of Canada, Calcul Québec, Compute Ontario,
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