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Searching for sub-eV sterile neutrinos in neutrino telescopes
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With the forthcoming deployment of the IceCube Upgrade, unprecedented statistics of atmospheric
neutrinos in the energy range (1-100) GeV will become available, providing a valuable opportunity to
probe physics beyond the Standard Model in the neutrino sector. In this study, we calculate the sensitivity
of the IceCube Upgrade to sterile neutrinos with mass-squared splittings <1 eV2. We demonstrate that,
particularly due to the (1-10) GeV energy window, v, — v, mixing angles as small as ~5° can be probed by

the IceCube Upgrade for all mass-squared splittings below 1 eV2. Furthermore, we investigate the potential
impact of a sterile neutrino state on the precision determination of standard atmospheric neutrino mixing

parameters in the IceCube Upgrade.
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I. INTRODUCTION

The search for sterile neutrinos has been actively pursued
through numerous experiments and diverse methodologies
for more than two decades. Initially, sterile neutrinos with
active-sterile mass-squared splittings of approximately 1 eV?
were motivated by anomalies observed in the Liquid
Scintillator Neutrino Detector (LSND) [1] and MiniBooNE
[2] experiments. However, various other mass ranges have
since garnered interest for different theoretical and observa-
tional reasons. Sterile neutrinos with heavier masses, ranging
from keV up to around GeV, have been proposed in frame-
works involving dynamical electroweak symmetry breaking
[3] or within the neutrino Minimal Standard Model (/M SM)
[4,5], where they could also serve as viable dark matter
candidates. Collider and beam-dump experiments [6,7], as
well as supernova observations [8—10], offer promising
avenues for exploring these heavier sterile neutrino scenarios.

At the eV scale, sterile neutrinos not only provide
potential resolutions to the aforementioned experimental
anomalies but also play a role in facilitating r-process
nucleosynthesis within supernovae [11-13] and have
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profound implications for cosmology and the formation
of large-scale structures [14,15]. Numerous experimental
strategies have been employed to probe eV-scale sterile
neutrinos, including short-baseline neutrino experiments
[1,2,16-22], searches for averaged oscillation effects in
long-baseline neutrino experiments [23-28], analysis of
neutrinos emitted from supernovae bursts [29-32], and
studies involving atmospheric neutrinos [33-41]. For a
review of these efforts, see Refs. [42-50]. In the lighter
mass range, sterile neutrinos with active-sterile mass split-
ting ~107 eV? have been proposed [51,52] as a potential
explanation for the absence of the expected upturn at low
energies in the solar neutrino spectrum [53]. In addition,
mass splittings ~(107°~1072) eV? have been proposed [54]
as a solution to the tension between the Tokai to Kamioka
(T2K) and NuMI Off-axis v, Appearance (NOvA) data.
Very light sterile neutrinos have been proposed to relax the
cosmological bounds on neutrino masses [55]. A comple-
mentary possibility is the quasi-Dirac scenario, in which
each active state pairs with a nearly degenerate sterile
partner; tiny splittings dm? ~ 1072!1-107!1 eV? [56-60].
This scenario is further motivated by recent arguments for
Dirac neutrinos from swampland conjectures and high-scale
lepton-number breaking [61-64]. The resulting hyperfine
splittings induce active-sterile oscillations over astronomi-
cal baselines, testable with solar [65,66], supernova [67,68],
and high-energy astrophysical neutrinos [69-82].
Searches for sterile neutrinos utilizing atmospheric
neutrinos typically focus on resonance-enhanced active-
to-sterile neutrino conversions induced by Earth’s matter
effects, predominantly at energies greater than approxi-
mately 100 GeV [83-90]; see also Refs. [91-95] for
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discussions of relevant Earth’s matter effects. Using this
effect, the latest iteration of the IceCube high-energy muon-
neutrino [40] in the search for sterile neutrinos has found a
preference for light sterile neutrinos at the 2.2¢ level. In
contrast, lower energy measurement using IceCube
DeepCore [36] has failed to find signatures for light sterile
neutrino for the comparable mass-square difference. In this
work, we advocate for exploring sub-eV sterile neutrinos by
atmospheric neutrinos at energies below 100 GeV, high-
lighting the significant sensitivity within the (1-10) GeV
energy range.

Our analysis is particularly timely given the forthcoming
IceCube Upgrade, which extends the IceCube detector’s
sensitivity down to approximately 1 GeV, thus opening new
avenues for detecting sterile neutrino signatures. The
IceCube Upgrade will consist of seven new strings
deployed in the inner part of IceCube [98], where each
string contains 100 optical modules. The IceCube Upgrade
optical modules are a combination of next-generation
sensors with calibration devices [99]. The IceCube
Upgrade is expected to significantly improve the detection
efficiency and reconstruction in the sub-10 GeV energy
region, while also reducing systematic uncertainties due to
ice modeling. See Ref. [100] for a recent study on the
limitations of angular reconstruction in these experiments.
In addition to the IceCube Upgrade, the Cubic Kilometre
Neutrino Telescope (KM3NeT)/Oscillation Research with
Cosmics in the Abyss (ORCA) detector [101] is being
deployed in the Mediterranean Sea. Using partial detector
configuration, the KM3NeT Collaboration recently pre-
sented its first analysis of atmospheric neutrino oscillations
[102]. This detector is expected to be as competitive as the
IceCube Upgrade in the determination of atmospheric
oscillation parameters [103] and in probing very light
sterile neutrinos for Amj; <1073 eV? [104], within the
parameter space relevant to this analysis. In this work, we
focus on the IceCube Upgrade, for which a detailed
simulation is available.

The rest of this article is structured as follows: in Sec. II,
we briefly review the phenomenology of light sterile
neutrinos and their atmospheric oscillation pattern. In
Sec. III, we discuss the framework used in this work,
including the simulation and statistical analysis. In Sec. IV,
we show the results of the analysis, including the impact of
light sterile neutrinos on expected event rates and the
sensitivity contours in the sterile neutrino parameter space.
We also discuss the influence of sterile neutrinos on the
standard neutrino oscillation picture. The conclusion is
provided in Sec. V.

'For Earth’s matter effect on sub-eV sterile neutrinos with
energy ~GeV, see Ref. [96]. For the effect of very light sterile
neutrinos on the mass-ordering determination in long-baseline
and atmospheric neutrino experiments, see Ref. [97].

II. OSCILLATION IN THE PRESENCE OF
STERILE NEUTRINOS

In this section, we briefly describe the phenomenology
of the (3 + 1) sterile neutrino model, focusing particularly
on the oscillation pattern of atmospheric neutrinos in the
presence of a single, very light sterile neutrino state. The
inclusion of a fourth neutrino mass eigenstate, m,, requires
extending the conventional Pontecorvo-Maki—Nakagawa—
Sakata (PMNS) mixing matrix to a 4 x 4 unitary matrix,
Us,,, parameterized by six mixing angles and three
CP-violating phases (excluding Majorana phases, which
do not affect oscillation probabilities). We adopt the
following parametrization for Us,:

Usii = R¥*(034)R5) (024) R (014)
X R (053)R5 (013)R"*(6)2), (1)

where R (with i, j = 1, 2, 3, 4, adjacent indices i < j)

denotes the rotation matrix in the ij plane characterized by

the angle ¢,;. The matrices Ry involve rotations with
ij

nonadjacent i and j and include the CP-violating phase §;;.
Notably, 6,3 corresponds to the unique CP-violating phase
present in the standard three-neutrino scheme.

The oscillation probabilities for atmospheric neutrinos
can be derived by solving the evolution equation

= Haﬂ”/}, (2)

where the effective Hamiltonian H is given by

1 .
H= SE (U3 M2US, | + A7), (3)

with M? being the diagonal matrix containing the mass-
squared differences Amy; = m} — m73, and E, representing
the neutrino energy. The term A(r) accounts for matter
effects within Earth, explicitly dependent on the position r,

as follows:
A(r) = 2V2GE, diag(N,(r),0,0,N,(r)/2), (4)

where G is the Fermi constant, and N, (r) and N, (r) denote
the electron and neutron number densities of Earth, respec-
tively. In our numerical analysis, we employ the nuSQuIDS
package [105], which integrates the Preliminary Reference
Earth Model (PREM) [106] to model Earth’s density profile
and solves Eq. (2). The oscillation probabilities are thus
computed numerically as functions of neutrino energy E,
and zenith angle 6,. In the following, we briefly review the
key features of the oscillation patterns arising from the
introduction of the sterile neutrino state.

To maintain computational feasibility, we focus our
analysis on the parameter space spanned by 6,, and
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Am3,, fixing 03 = 014 = 654 = 514 =0. In the sub-eV
regime considered here, a nonzero 6,4 mainly affects v,
disappearance and is therefore expected to have only a
subdominant impact on our projected sensitivity, although
it could slightly broaden the exclusion contours near
Am3, ~ 1073 eV2, where v, matter effects become relevant
[107]. This choice is further motivated by the observation
that allowing additional active-sterile mixing angles
generally leads to a stronger constraint on 0,4 [86]. It is
well known that a nonzero value of 6,, induces Mikheyev—
Smirnov—Wolfenstein (MSW) [83-85,87,108] and para-
metric [109,110] resonances in the 7, — I conversion
channel (for Am3, > 0), occurring respectively at energies
E,~4 TeV(Am3,/eV?) and E,~2.3 TeV(Amj,/eV?),
for trajectories passing the Earth’s core (cosf, = —1).
Given the IceCube Upgrade’s sensitivity in the energy
range 1 < E,/GeV < 100, these resonances become rel-
evant and testable within the interval Am3, < Am?, <2 x
1072 eV2. For Am3, < Am3,, the resonances disappear
from the 7, channel, mainly because the simple two-level
oscillation picture breaks down; all four flavors mix simul-
taneously, distributing conversion probabilities across
multiple channels. For Am3, 22 x 1072 eV, the rapid
oscillations in the tail of the resonances remain within
IceCube Upgrade’s sensitivity window, providing another
avenue for probing sterile neutrinos. These features are
illustrated in the lower panel of Fig. 1, which shows
modifications to the survival probability P(7, — 7,) due
to the presence of a sterile neutrino state along core-crossing
paths, assuming sin? #,, = 0.03. The pronounced resonan-
ces and rapid oscillation tails are distinctly visible for the
orange dot-dashed (Am3, = 6 x 10~ eV?) and green dou-
ble-dot-dashed (Am3, = 107! eV?) curves. In contrast, for
smaller values such as Am3, = 10™* eVZand 5 x 107> eV?
(blue dashed and red solid curves, respectively), the reso-
nances in the 7, channel become negligible.

For Am3, < Am3,, which means Am3; = Am3, —
Amj3; <0, the v, channel exhibits a resonance at
E,~6 GeV, for core-crossing trajectories, similar to the
1-3 resonance within the 7, — 7, , system that is governed
by 6,3, but now in the v, — v sector and governed by 60,,.
This resonance remains independent of the value Am?, as
long as my < ms, since Am3; — —Am3, when Am3, — 0.
This behavior is clearly depicted in the upper panel of
Fig. 1, where the blue dashed (Am?, = 10~ eV?) and red
solid (Am3, = 5 x 107> eV?) curves prominently highlight
this resonance.

The combined effect of resonances on the survival
probabilities of v, and 7, significantly modifies the zenith
angle and energy distributions of atmospheric neutrinos,
making the IceCube Upgrade an ideal detector for inves-
tigating sub-eV sterile neutrinos. In the following sections,
we detail the analysis methodology and present the obtained
results.
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FIG. 1. Oscillation probability difference. Difference in the
survival probability of core-crossing muon neutrinos (top panel)
and muon antineutrinos (bottom panel) relative to the standard
three-neutrino oscillation framework, for different sterile mass
splittings in the sub-eV scale. The standard parameters are set
to their best-fit values [111], while for the sterile sector, we
chose sin® 6,, = 0.03, with all other active-sterile mixing angles
set to zero.

III. ANALYSIS FRAMEWORK

In this study, we analyze the atmospheric neutrino events
observable at the IceCube Neutrino Observatory [112],
an ice-Cherenkov-based neutrino telescope capable of
detecting neutrinos with energies above (O(10) GeV. Our
work specifically focuses on the sensitivity projections for
the upcoming IceCube Upgrade [113], designed to lower
the detection energy threshold down to O(1) GeV. We
employ a publicly available Monte Carlo simulation dataset
released by the IceCube Collaboration [113]. To compute
the weighted event rate from this Monte Carlo simulation,
we utilize open-source packages and established models:
atmospheric neutrino fluxes are calculated using the NuFlux
package [114], while neutrino oscillation probabilities are
obtained through the nuSQuIDS package [105], which
incorporates PREM [106] for Earth’s density profile.

By integrating these simulation tools, we generate event
rates and their distributions corresponding to different sets
of oscillation parameters. Additionally, we systematically
account for uncertainties arising from neutrino flux and
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TABLE I. Flux and cross section systematic uncertainties, and
their 1o ranges, used in this work.

Systematic source lo range
Flux systematics

Flux normalization below 1 GeV 25%
Flux normalization above 1 GeV 15%
Flux tilt 20%
Upgoing flux normalization 20%
Downgoing flux normalization 20%
v/ ratio 2%
Flavor ratio 5%
Cross section systematics

NC/CC ratio 20%
NC hadron production 10%
v, production 25%
Axial mass 10%

cross section models. The considered systematics uncer-
tainties and their 1o ranges are summarized in Table L.
Furthermore, detector-related systematic uncertainties, as
described in the data release [113], are also incorporated.
All systematic uncertainties are included as fluctuations in
the event-per-bin ratios.

We use an array of 337,500 points in the parameter space
of oscillation parameters, summarized in Table II. For each
point, we compute the y* function, that is the log-likelihood
test statistics for a Poisson distribution for events per bin,
and across all the bins, and minimize by marginalizing over
the systematics. The y? function is given by

=2y (i Yorta) v

bin i sys1;
Ndat i:—n\2
+Ndat-log<~7’>] + <u . (5)
l NP4 (n;) WZW/ Oj

where N™4 is the binned Asimov expected event rate
(summing over tracks and cascades) assuming the standard
three-flavor oscillations; and NY3 are the Monte Carlo
simulation binned event rates at various sets of sterile
mixing parameters. The first term in Eq. (5) is the log-
likelihood test statistics and the second term is the penalty
term for the nuisance parameter, where each nuisance
parameter is assumed to have an independent Gaussian
prior. The factor f;(1;) is the fractional event rate change in
bin i due to the jth systematics #;, and we conveniently
denote the systematic-modified model prediction in each
bin as N™4(y;). The 7; is the nominal value of the jth
systematic uncertainty, and o; is the lo range. The
minimization is performed using the analytical form of
the Jacobian d)(z/dnj, which can be easily derived from
Eq. (5). The minimization procedure is similar to that in

TABLEII. Summary of nominal values and boundary values in
(3 + 1) oscillation parameter space. All other parameters are
fixed.

Parameter Nominal Boundary Points
sin” 0,5 0.572 [0.305, 0.705] 15
sin 0, 0.0 [1073, 1] 30
Am3, [eV?]  25x 107 [2x107%,3x 1077 15
Am3, [eV?] 0.0 (1073, 1] 50
Ordering Normal Fixed 1

previous works [103]. Afterwards, we profile over the
standard oscillation parameters to obtain the y2. for each
pair of (0,4, Amﬁl) values, which can be interpolated to
obtain the final sensitivity contours in the parameter space.

IV. RESULTS

In this section, we present the results of two analyses: the
sensitivity projection of IceCube Upgrade to the sterile
parameter space of (sin’ @y, Am3,), and the effect of a
hypothetical sterile neutrino state on the determination of
standard mixing parameters (sin® 6,3, Am3,).

Figure 2 shows the impact of sterile neutrino for three
distinct values of Am3,; (matching those used in Fig. 1) on
the energy distribution of events within the zenith bin
c08(0, reco) € [—1,—0.8] (Where 0, .., is the reconstructed
zenith angle), assuming sin” 6,, = 0.01. The upper panels
depict cascade (left) and track (right) event distributions,
with the shaded band indicating the lo statistical uncer-
tainty. In the energy range (1-100) GeV, cascades dominate
partly because track events at low energies might be so
short to be clearly distinguished from cascadelike events.
This, combined with improvements in light sensor response
from newly developed optical modules and deployed
calibration devices, enhances cascade event reconstruction.
Despite the higher statistics of cascades, track events
remain crucial due to their superior angular resolution
and because muon neutrinos dominate in the atmospheric
flux, making them particularly sensitive probes of muon
neutrino disappearance. Both event topologies exhibit
notable distortions near the energy range of the resonances,
particularly evident at E.., ~6 GeV for Am3, < Am3,,
exemplified by the blue curve -corresponding to
Am3, = 107 eV2. These distortions are highlighted in
the lower panels, which display the relative difference in
event numbers compared to the standard three-neutrino
oscillation scenario. The pronounced deficit in the number
of events at energies <10 GeV for Am3, < Am3, arises
from the resonance that occurs in the neutrino channel.
Since the cross sections of neutrino interaction are approx-
imately two times larger than those of antineutrinos,
neutrino-induced events are predominant in the observable
signal.
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FIG. 2. Events energy distribution. Top panel: event distribution for selected values of the sterile mass splitting, matching the values in
Fig. 1, as a function of the reconstructed neutrino energy, E ., for cos(0, rc,) € [-1, —0.8]. The band around the event distribution of 3v
oscillation corresponds to the +1¢ statistical error. Bottom panels: relative difference in number of events with respect to standard
oscillation (null hypothesis). The left and right panels correspond to cascade and track events, respectively. We choose sin® 6,4 = 0.03.

To illustrate the zenith-angle distortion, Fig. 3 shows the
difference in event rate between sterile and standard
scenarios, combining both cascade and track events as a
two-dimensional distribution in reconstructed energy and
zenith angle. We adopt sin?6,, = 0.01, and Am3,
10~ eV? in the top panel and Am3; =6 x 107 eV? in
the bottom panel. The top panel, representing
Am3, < Am3,, clearly displays the suppression of events
at Eoeo < 10 GeV and cos (6, roe0) ~ [—1, 0], promising the
sensitivity of IceCube Upgrade to very light sterile neu-
trinos through matter-enhanced disappearance effects in the
neutrino channel. A sterile neutrino with mass splitting
Amj, > Am3, induces resonance in the antineutrino chan-
nel. For the case Am3; = 6 x 1073 eV? in the lower panel
of Fig. 3, the suppression occurs primarily at E,.., ~
10 GeV and cos(0, ec,) ~ [—1,0]. For higher mass split-
tings Amj, 2 1072 eV2, the resonance moves beyond
IceCube Upgrade’s sensitivity energy range; however,
rapid oscillations persist at the resonance tail, producing
observable distortions. This higher mass-splitting regime
has been extensively explored in previous IceCube analyses
[35,37,40,115].

The sensitivity of the IceCube Upgrade, after five years
of operation, in the (sin® 6,4, Am3,) plane is presented in
Fig. 4. The blue and dark blue curves correspond to 68%
and 90% CL exclusion limits, respectively. For reference,
we include existing constraints from IceCube [40], Main
Injector Neutrino Oscillation Search (MINOS)/MINOS+
[25], and T2K [54], by the colored shaded regions.
Additionally, the projected sensitivity of India-based
Neutrino Observatory Iron Calorimeter (INO-ICAL)
[116] for 500 kt-yr and at 90% CL is shown by the dashed

gray curve, and the dashed orange line shows the projected
ORCA sensitivity after three years of data taking at
90% CL [104]. The IceCube limit is at 99% CL and shows
the excluded region (the reported 90% CL region in
Ref. [40] is a closed contour). IceCube also reported the
DeepCore results [39] which focuses on sterile mass
squared splittings >1 eV?, so we do not include it here.
For Am3, < 1072 eV?, the IceCube Upgrade is expected to
improve the existing bounds from MINOS and T2K on
sin” 0,4 by nearly 2 orders of magnitude. This significant
enhancement arises because, in long-baseline experiments
such as MINOS and T2K, sterile neutrino effects manifest
as subtle modulations of the neutrino energy spectra over
the standard 3v oscillation pattern, with negligible matter
effects. Compared to INO-ICAL, the IceCube Upgrade
demonstrates superior sensitivity by approximately 1 order
of magnitude, especially at low Amj;, while ORCA is
expected to achieve comparable sensitivity in this param-
eter range. For Amj, 2 0.1 eV?, the entire IceCube detec-
tor offers enhanced performance due to the larger statistics
at higher energy, where the resonance in active-sterile
conversion occurs. A comment on the range of 0.1 <
Am3,/eV? < 1 is in order. For this range of Am3, values,
the vacuum oscillation length is ~(25-250) km at
E, ~ 10 GeV, leading to oscillations for down-going and
horizontal neutrinos (see the Appendix for 2D event
distributions of tracks and cascades for various Am3,
values, as well as the corresponding oscillograms).
Consequently, for this range of Amj, values, the altitude
distribution of atmospheric neutrino production points
should be taken into account consistently. In addition,
special treatment of the atmospheric muon background is
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FIG. 3. 2D event distribution. Impact of the sterile neutrino,
with mass splittings Am3, = 10™* eV? (top panel) and Am3, =
6 x 1073 eV? (bottom panel), and mixing sin” #,, = 0.03, on the
morphology-summed event distribution in two reconstructed
observables: E.., and cos(6, .,). The numbers are the differ-
ence in number of events in the (3 4+ 1) and standard scenarios.

inevitable. Since these effects are beyond the scope of this
work and our focus is on the very light sterile neutrino
masses, the exclusion curves in Fig. 4 for this region are
shown by the dashed line, indicating that it is prone to
changes.

For Am3, < Am3,, the exclusion contours become
nearly vertical, because the resonance in muon neutrino
conversion occurs at similar energies across this parameter
range (as illustrated in Fig. 2). Although Fig. 4 displays
results down to Am?, = 107> eV?2, these vertical exclusion
contours continuously extend toward lower values of Am7,,
theoretically down to zero. For eV-scale active-sterile
splittings, Amj, <0 implies eV-scale mostly active
masses, which leads to strong tension with the cosmologi-
cal constraints [117]. In the sub-eV Am?, regime, parts of
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SiI'l2 924

FIG. 4. Bounds on the sterile neutrino parameter space. Ex-
pected sensitivity at 68% CL (blue line) and at 90% CL (dark blue
line) in the (sin® 6,4, Am3,) plane, from five years of IceCube
Upgrade operation. The segments of exclusion curves depicted
by the dashed line, corresponding to Am3, 2 0.1 eV?2, are apt to
changes by a more detailed analysis taking into account the
distribution of neutrino production altitudes and experimental
uncertainties. The shaded regions indicate the bounds derived by
MINOS and MINOS+ [25], T2K [54] at 90% CL, and IceCube
[40] at 99% CL. The gray and orange dashed curves show the
projected sensitivity of INO-ICAL [116] and ORCA [104],
respectively, at 90% CL. The crosses represent sample parameter
values used to study their impact on the standard oscillation
parameters in Fig. 5.

the parameter space are still compatible with the cosmo-
logical data, see Refs. [55,117]. In this article, we restrict
our analysis to Am3, > 0.

If a sterile neutrino with mass splitting Am2, < 0.1 eV?
and mixing angle sin? 8,4 > 1072 exists, IceCube Upgrade
is well positioned to provide evidence of its presence.
However, the existence of a sterile state with mass splitting
and mixing values close to the exclusion curves shown in
Fig. 4 could potentially affect the determination of atmos-
pheric neutrino parameters Am%1 and sin® 6,5. To evaluate
this impact, we select three representative points near the
sensitivity boundary, marked by the crosses in Fig. 4, and
investigate their influence on the determination of atmos-
pheric parameter. Figure 5 displays the contours in the
(sin? 053, Am3;) plane for these points, compared to the
reference contour without a sterile state (dashed black
curve). While the influence is minimal for Amj, ~
107! eV? and 107 eV?, a significant distortion occurs at
Am3, ~ Am3,. Specifically, in this degenerate region
(shown by the violet curve in Fig. 5), the active-sterile
neutrino oscillation partially mimics the standard
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FIG. 5. Impact of sterile neutrinos on the determination of

atmospheric oscillation parameters. The 90% CL regions in the
(sin2 0,3, Am%l) plane, for three sterile neutrino scenarios,
corresponding to the crosses in Fig. 4. The dashed black line
shows the result from the standard oscillation analysis without a
sterile neutrino [103].

atmospheric neutrino oscillation pattern, artificially tight-
ening the constraint on sin? f,5.

V. CONCLUSIONS

With the upcoming deployment of IceCube Upgrade, a
low-energy extension of the IceCube detector, unprecedented
statistics of atmospheric neutrino events in the energy range
(1-100) GeV will soon become available. The particularly
valuable lower energy range of (1-10) GeV—historically less
explored—offers substantial potential for addressing key
questions within and beyond the Standard Model, including
neutrino mass hierarchy determination and the existence of
sterile neutrino states. In this study, we investigated the
capability of the IceCube Upgrade to probe the (3 + 1) sterile
neutrino scenario, featuring one additional sterile neutrino
state beyond the Standard Model with a mass-squared
splitting of <1 eV? relative to the lightest active neutrino.
Our analysis was specifically restricted to mixing between
mass eigenstates 2 and 4, parametrized by the angle 6.

The observable signature of sterile neutrinos in atmos-
pheric neutrino oscillations varies with the mass-squared
splitting Am3,. For Am3; > Am3,, MSW and parametric
resonances arise in the 7, — v channel (assuming normal
hierarchy among active neutrinos and Am?” > 0), inducing
distinctive zenith angle and energy-dependent distortions
extensively studied in prior literature. In contrast, for
Amj, < Amj,, the resonant conversion of v, — v, pro-
vides sensitivity to arbitrarily small values of Am3,,
effectively down to zero.

Using publicly available Monte Carlo simulations for the
IceCube Upgrade, our results indicate that, for mass
splittings Am3, < 1072 eV?, the constraints on sin® 6,
can be enhanced by approximately 2 orders of magnitude
after five years of data collection. This substantial improve-
ment primarily stems from the enhanced statistics and
sensitivity to atmospheric neutrinos in the (1-10) GeV
energy range. Furthermore, we examined the influence of a
sterile neutrino with mixing near sin’6,, ~ 1072, corre-
sponding to the projected sensitivity limit of the IceCube
Upgrade, on the determination of standard atmospheric
neutrino parameters Am3, and sin? 6;. Notably, in the
specific case of Amj, ~ Am3,;, we demonstrated that
sterile-induced degeneracy could lead to artificially tight-
ened constraints on sin” 8,5 derived from IceCube Upgrade
data. Comparison of these constraints with results from
long-baseline accelerator experiments offers an indirect
approach for testing this scenario.
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APPENDIX: DETAILED EVENT DISTRIBUTIONS
AND OSCILLOGRAMS

In this appendix, we show the oscillograms and the
corresponding 2D event distributions, separately for tracks
and cascades, for various values of Am3,. For very light
sterile neutrino masses, the sensitivity stems mainly from
the up-going track events at <10 GeV, corresponding to
L/E, Z 1000 [km/GeV]; while, for Am?, in the range of
(0.1-1) eV?, the sensitivity originates mainly from the
down-going cascade events at 210 GeV, corresponding to
vacuum oscillation with L/E, < 250 [km/GeV]. The cor-
responding oscillograms and 2D event distributions are
shown in Figs. 6-9.
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