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12Université Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium

13Vrije Universiteit Brussel (VUB), Dienst ELEM, B-1050 Brussels, Belgium
14Department of Physics and Laboratory for Particle Physics and Cosmology, Harvard University,

Cambridge, Massachusetts 02138, USA
15Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

16Department of Physics and The International Center for Hadron Astrophysics, Chiba University,
Chiba 263-8522, Japan

17Department of Physics, Loyola University Chicago, Chicago, Illinois 60660, USA
18Department of Physics and Astronomy, University of Canterbury,

Private Bag 4800, Christchurch, New Zealand
19Department of Physics, University of Maryland, College Park, Maryland 20742, USA

20Department of Astronomy, Ohio State University, Columbus, Ohio 43210, USA
21Department of Physics and Center for Cosmology and Astro-Particle Physics, Ohio State University,

Columbus, Ohio 43210, USA
22Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark
23Department of Physics, TU Dortmund University, D-44221 Dortmund, Germany

24Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
25Department of Physics, University of Alberta, Edmonton, Alberta, T6G 2E1, Canada

26Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universität Erlangen-Nürnberg,
D-91058 Erlangen, Germany

27Physik-department, Technische Universität München, D-85748 Garching, Germany
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We present a search for an eV-scale sterile neutrino using 7.5 years of data from the IceCube DeepCore
detector. The analysis uses a sample of 21,914 events with energies between 5 and 150 GeV to search for
sterile neutrinos through atmospheric muon neutrino disappearance. Improvements in event selection and
treatment of systematic uncertainties provide greater statistical power compared to previous DeepCore
sterile neutrino searches. Our results are compatible with the absence of mixing between active and sterile
neutrino states, and we place constraints on the mixing matrix elements jUμ4j2 < 0.0534 and jUτ4j2 <
0.0574 at 90% CL under the assumption that Δm2

41 ≥ 1 eV2. These null results add to the growing tension
between anomalous appearance results and constraints from disappearance searches in the 3þ 1 sterile
neutrino landscape.
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I. INTRODUCTION

While the three-neutrino oscillation framework has been
remarkably successful in explaining most observations of
neutrino flavor transitions, several anomalies have emerged
from various experiments that cannot be reconciled within
this paradigm. Notably, the LSND and MiniBooNE experi-
ments have reported an excess of electron-neutrinolike
events in muon neutrino beams [1,2], which could be
explained by the existence of a fourth, sterile neutrino
species with a mass splitting of approximately 1 eV2

relative to the three active neutrino flavors. This interpre-
tation is further supported by the long-standing Gallium
anomaly [3], a deficit of electron-neutrinos observed in
radioactive source experiments that has been recently
confirmed by the BEST and SAGE experiments [4,5].
These intriguing anomalies have motivated extensive
efforts to search for sterile neutrinos in the eV mass range.
Although the sterile neutrinos do not directly interact via

the weak force, they can mix with the active neutrino flavor
eigenstates in a way that influences their oscillation
behavior. The simplest mathematical description of the
effect is the so-called 3þ 1 model, in which a fourth mass
eigenstate with mass splitting Δm2

41 and a noninteracting
flavor eigenstate νs is added to the standard three-flavor
model. The PMNS matrix [6] is extended by a fourth row
and column, such that

U3þ1
PMNS ¼

0
BBB@

Ue1 Ue2 Ue3 Ue4

Uμ1 Uμ2 Uμ3 Uμ4

Uτ1 Uτ2 Uτ3 Uτ4

Us1 Us2 Us3 Us4

1
CCCA: ð1Þ

The matrix elements Ul4 determine the amount of mixing
between the neutrino flavor l and the fourth mass eigen-
state. In this paradigm, the νμ → νe flavor transition
probability for short baseline experiments such as LSND
and MiniBooNE is approximately proportional to the
product jUμ4j2jUe4j2, while the νe survival probability
measured in Gallium experiments depends only on the
value of jUe4j2 [7].
The landscape of experimental tests of this model

currently shows a highly conflicted picture. While the
aforementioned anomalies are statistically highly signifi-
cant, the mixing amplitudes jUe4j and jUμ4j that would be
necessary to explain them are in strong tension with the
combined nonanomalous measurements of the disappear-
ance channels νμ → νμ and νe → νe, which favor standard
three-flavor neutrino mixing [7,8]. This includes previous
measurements performed by IceCube DeepCore using
atmospheric muon neutrinos, which to date have seen no
significant sterile neutrino signal [9–11]. Measurements of
the electron neutrino spectrum at the MicroBooNE experi-
ment, a liquid argon time projection chamber targeted

by the same neutrino beam as MiniBooNE, also failed to
reproduce an anomalous low-energy excess [12,13]. Other
measurements from accelerator neutrino sources that are
compatible with the absense of sterile neutrino mixing were
performed by NOνA [14] and MINOS=MINOSþ [15].
Several reactor neutrino experiments that use a near and far
detector setup to cancel uncertainties of the initial neutrino
flux also find no evidence for nonstandard neutrino
oscillations [16–20]. Global constraints on the unitarity
of the PMNS matrix derived from nonanomalous results
furthermore limit the magnitudes of jUe4j2 and jUμ4j2 to
Oð10−3Þ and Oð10−2Þ, respectively [21]. The amplitude
jUτ4j2 is currently only constrained toOð0.1Þ. Furthermore,
the number of relativistic neutrino species and the sum of
neutrino masses can be constrained from cosmological
observations. Sterile neutrinos could travel long distances
unimpeded and therefore wash out the formation of
structures at small scales in the early universe, which in
turn would influence the power spectrum of the CMB
and the formation of large structures. Recent constraints
from the Planck Collaboration for these parameters are
Neff ¼ 2.99ð17Þ and

P
mν < 0.1 eV, and strongly disfa-

vor the existence of sterile neutrinos within the standard
ΛCDM paradigm [22].
The tension between highly significant anomalies in

some experiments and strong exclusions from others is one
of the most pressing problems in the field of neutrino
physics. Its resolution necessitates the combination of
independent and complementary measurements from vari-
ous experiments probing different oscillation channels and
energy ranges that are affected by different systematic
uncertainties. This work uses atmospheric muon neutrinos
to constrain the mixing amplitudes jUμ4j2 and jUτ4j2 under
the assumption thatΔm2

41 ≥ 1 eV2. This is done by probing
the νμ → νμ oscillation channel through an analysis of
tracklike events detected in IceCube DeepCore. The dataset
used for this analysis, described in [23], incorporates
numerous improvements over previous DeepCore studies
in the event selection techniques and the modeling of
systematic uncertainties, culminating in a greater statistical
power and robustness than earlier results [11].

II. ATMOSPHERIC MUON NEUTRINO SAMPLE

This study uses a dataset representing 7.5 years of
livetime from the IceCube DeepCore detector. IceCube
consists of 5160 downward-facing digital optical modules
(DOMs) that are deployed at depths between 1450–2450 m
and distributed over 86 vertical cables [24]. The main array
consists of 78 vertical cables that are arranged on a
hexagonal lattice with a horizontal spacing of ∼125 m
between cables and a vertical spacing of 17 m between
DOMs. The remaining eight cables are located in the center
of IceCube’s footprint with a tighter horizontal separation,
between 40 m and 70 m. They contain DOMs with
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approximately 35% higher quantum efficiency compared to
the main array and are vertically spaced 7 m apart. This
central region of the detector forms the DeepCore sub-
array with a fiducial volume of approximately 10 Mt
water equivalent. DeepCore is optimized for the obser-
vation of atmospheric neutrinos at energies > 5 GeV and
uses the surrounding main array as a veto against muons
originating from atmospheric showers that are the most
significant background of this analysis [25]. The data
acquisition of DeepCore is triggered when a sufficient
number of adjacent DOMs within the DeepCore volume
record coincident signals that are within a 2.5 μs time
window as described in [26].
The triggered events are passed through a series of cuts

that reduce the background from random coincidences
arising from detector noise and atmospheric muons while
keeping most of the atmospheric neutrinos. This analysis
uses the same event selection as a previous three-flavor
atmospheric νμ disappearance analysis described in [23].
A first online filter at the South Pole vetoes events that

are consistent with muons entering DeepCore from outside
the detector based on hits recorded in the main IceCube
array. Additional cuts of increasing complexity applied
offline reduce the amount of background by approximately
three orders of magnitude [23].
At this stage, the rate is approximately ∼3 μHz and the

energy, zenith angle and flavor of each event is recon-
structed. The zenith angle reconstruction is a simple geo-
metric χ2-fit of the observed data to the expectation of
Cherenkov light in the absence of light scattering as
described in [27]. The cosine of the zenith angle is used
as a proxy for the distance traveled by a neutrino between
its production in the atmosphere and its interaction in the
detector, L. The energy reconstruction is based on a
maximum likelihood reconstruction, where the expected
charge for each DOM is taken from precomputed
tables [28]. Both energy and zenith reconstructions are
performed on each event once under a tracklike event
hypothesis, indicative of νμ and ν̄μ charged current (CC)
interactions, and once under a cascadelike hypothesis,
characteristic of νe CC, most ντ CC and all neutral current
(NC) interactions. For ν̄μ CC interactions, which are the
focus of this analysis, the energy reconstruction at a
benchmark value of 20 GeV yields a bias of 0þ5

−4 GeV.
The zenith reconstruction at the same energy results in a
bias of 6þ12

−6 degrees. In both cases the bias is calculated as
the mean of Xreco − Xtrue and the range contains 50% of the
events around this mean. More details of the reconstruction
performance for this sample can be found in [23].
The reduced χ2 from both track and cascade fits, together

with the reconstructed track length and information about
the location of the event in the detector, are passed into
a boosted decision tree (BDT) to calculate a particle
identification (PID) score indicating how tracklike, i.e.
νμ CC-like, an event signature appears. In this analysis, we

refer to events with PID values between 0.75 and 1.0 as
the “tracks” channel, which consists of ∼93% νμ þ ν̄μ CC
events. Backgrounds in this channel consist mostly of
atmospheric muons and ντ CC events where the τ-lepton
decays to a muon with a branching ratio of ∼17%. Events
with a PID between 0.55 and 0.75 are referred to as the
“mixed” channel, which still mostly consists of νμ þ ν̄μ CC
events. Despite a lower purity of ∼65%, this channel still
enhances the sensitivity to sterile mixing due to the large
number of νμ þ ν̄μ CC events, and is therefore used in the
analysis. Since we do not consider cascadelike events with
PID < 0.55 in this analysis, the number of electron neutrino
interactions in the sample is reduced to below 10%. This
reduces the influence of the νe oscillation channels, such that
jUe4j2 ¼ 0 can be assumed without affecting the analysis.
Finally, the events are binned in the reconstructed energy
(Ereco), the cosine of the reconstructed zenith angle
(cosðθzÞ ∝ L) and split by PID channel. We use the same
binning as the three-flavor analysis in [23]. In this way, each
bin is essentially an independent measurement in L=E that
can be used to probe atmospheric neutrino oscillations.
With these criteria we select 21,914 well-reconstructed

events for the analysis. The sample contains events span-
ning a reconstructed energy range from 5 GeV to 150 GeV,
with a high purity of νμ CC events and a small fraction of
atmospheric muons. The total number of events observed in
data and expected from MC in each PID channel is
provided in Table I. The rates expected from MC simu-
lation are calculated at the best fit point of the analysis.

III. ANALYSIS METHODOLOGY

This analysis employs a Monte-Carlo forward-folding
method to derive the expectation value of the event counts
in the analysis histogram. A large set of MC simulated
neutrino events corresponding to approximately 70 yrs of
detector livetime has been generated and processed through
the chain of filters previously described. These events are
weighted according to the expected flux [29] multiplied by
the oscillation probability and placed into a histogram with
the same binning as the data.
The weighting for each event can be adjusted using the

neutrino oscillation parameters as well as a number
of nuisance parameters corresponding to the systematic
uncertainties in the atmospheric neutrino flux, the neutrino
cross sections, the amount of atmospheric muon back-
ground and uncertainties of the detector properties. The
parameter values are optimized with respect to a modified
χ2 test statistic,

χ2mod ¼
X
i∈ bins

ðNexp
i − Nobs

i Þ2
Nexp

i þ ðσsimi Þ2 þ
X
j∈ syst

ðsj − ŝjÞ2
σ2sj

; ð2Þ

that takes priors on the systematic uncertainties into
account as well as the statistical uncertainty in the MC
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prediction, σsimi . The index i runs over every bin in the
analysis histogram while j runs over all nuisance param-
eters for which a Gaussian prior has been defined. The
expected and observed counts in bin i are Nexp

i and Nobs
i .

The variables sj, ŝj and σ2sj respectively denote the value of
the systematic parameter j, its mean and its standard
deviation. The total flux normalization is left unconstrained
in this analysis, meaning that only effects on the shape of
the signal are being considered.

A. Calculation of oscillation probabilities

We calculate neutrino oscillation probabilities using the
NUSQUIDS [30,31] package. This package computes state
transition probabilities in the interaction picture, where the
Hamiltonian is split into the time-independent vacuum
oscillation part,H0, and the variable interaction part,H1ðtÞ,
such that

HðtÞ ¼ H0 þH1ðtÞ: ð3Þ
In this picture, the probability to transition to state i after
the passage of time t, piðtÞ, can be projected out of the state
density matrix, ρ̄ðtÞ, with

piðtÞ ¼ TrðΠ̄ðαÞðtÞρ̄ðtÞÞ ð4Þ

where Π̄ðαÞðtÞ is the projection operator for the flavor
state α. The state density at the time of detection is
calculated by numerically integrating

∂tρ̄ðtÞ ¼ −i½H̄1ðtÞ; ρ̄ðtÞ�: ð5Þ
In both equations, the overbar denotes the operator evolution

ŌðtÞ ¼ eiH0tOe−iH0t: ð6Þ
In the mass basis, the vacuum and interaction parts of the
Hamiltonian in the 3þ 1 model can be written as

H0 ¼
1

2E
diagð0;Δm2

21;Δm2
31;Δm2

41Þ ð7Þ

and

H1ðtÞ ¼
1ffiffiffi
2

p UPMNS;†
3þ1 diagð2VCCðtÞ; 0; 0; VNCðtÞÞUPMNS

3þ1 ;

ð8Þ

respectively. The appearance of a nonzero neutral-current
potential VNC in the interaction part of the Hamiltonian is a
consequence of the fact that the sterile flavor state does not
feel any potential. Therefore, the neutral-current interaction
Hamiltonian is no longer diagonal and leads to nontrivial
modifications of the neutrino propagation through matter.
This method of calculating neutrino oscillation probabilities
allows us to apply low-pass filters to the right hand side of
Eq. (5) as well as the projection operator in Eq. (4) to greatly
improve the efficiency of the calculation. In both cases, the
filter replaces sinðωtÞ and cosðωtÞ terms that appear in the
evaluation of the operator evolution Eq. (6) by zero if
the frequency ω ¼ Δm2

i1=ð2EÞ lies above a given threshold.
Oscillation lengths in the presence of an eV-scale mass

splitting can be on the order of a few kilometers in the
energy range relevant to this analysis. Therefore, we must
take care of the assumed neutrino production height in
the atmosphere. This is done by averaging the oscillation
probability over a range of production heights by replac-
ing the sine and cosine terms in Eq. (4) by their integral
over the distance traveled by the neutrino. As a baseline
we consider production heights between 10 km and 30 km
of altitude. To minimize the effect of this approximation
on the analysis, we do not consider events coming from
more than ≈6° above the horizon. As a cross-check,
we also varied the range of production height averaging
to be between 1 and 20 km and found a negligible impact
on the analysis.
In our chosen parametrization,

UPMNS
3þ1 ¼ R34ðθ34ÞR̃24ðθ24; δ24ÞR̃14ðθ14; δ14ÞR23ðθ23Þ

× R̃13ðθ13; δ13ÞR12ðθ12Þ; ð9Þ

TABLE I. Observed and expected event rates for different types of particle interactions estimated at the best fit point of the analysis for
the individual PID bins and in total.

All PID Mixed PID Track PID

Event Type Events
Rate

(1=106 s) Fraction (%) Events
Rate

(1=106 s) Fraction (%) Events
Rate

(1=106 s) Fraction (%)

νμ þ ν̄μ CC 17393 73.5 79 6989 29.6 65 10404 44.0 93
νe þ ν̄e CC 1902 8.0 8.6 1605 6.8 15 298 1.3 2.7
ντ þ ν̄τ CC 599 2.5 2.7 439 1.9 4.1 160 0.7 1.4
νall þ ν̄all NC 1128 4.8 5.1 936 4.0 8.7 192 0.8 1.7
Atmospheric Muons 971 4.1 4.4 791 3.3 7.3 180 0.8 1.6

All MC 21993 93.0 10760 45.5 11234 47.5
Data 21914 93.1 10715 45.5 11199 47.6
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where Rij (R̃ij) represents a (complex) rotation in the
ij-plane. The contribution from νe events is small enough
that jUe4j2 can be neglected without impacting the con-
straints on the parameters of interest. Therefore, the para-
metrization of the mixing matrix simplifies to

jUμ4j2 ¼ sin2 ðθ24Þ ð10Þ

jUτ4j2 ¼ sin2 ðθ34Þcos2 ðθ24Þ: ð11Þ

In contrast to an earlier DeepCore measurement [28], we
marginalize over the sterile CP-violating phase δ24, and
therefore test a more complete model, similar to [32].
Figure 1 shows the fractional change in the bin counts that
would be produced in each bin of the track channel for
different combinations of sterile oscillation parameters,
where the null-hypothesis is the standard three-flavor
oscillation scenario assuming NuFit 4.0 [33] global best
fit parameters. In the energy range relevant for this analysis,
between 5 and 150 GeV, the observable effect of jUμ4j2 is
an overall disappearance of muon neutrinos except for the
region of maximum disappearance between 15 GeV and
35 GeV as shown in the top row of Fig. 1.
The sensitivity of this analysis to jUτ4j2 comes from the

matter effects on neutrinos crossing the dense core of
the Earth, where a nonzero value of jUτ4j2 leads to less
disappearance of muon neutrinos between 15 GeV and

50 GeV as can be seen in the middle row in Fig. 1. The
ability to exploit this matter effect is a unique feature of
atmospheric oscillation experiments and is what allows this
measurement to be highly sensitive to jUτ4j2 when com-
pared to other types of neutrino oscillation experiments.
The signal strength is greatest when both matrix elements
jUμ4j and jUτ4j are nonzero, as correlations between them
give rise to a signal that is more significant than a simple
sum of the individual signals as can be seen in the bottom
row of Fig. 1.
The energy resolution of the detector is not sufficient to

resolve the rapid oscillation pattern that is produced by the
heavy mass eigenstate at the assumed mass-splitting of
1 eV2. The signal shown in Fig. 1 is the result of these
oscillation patterns being effectively averaged out in each
bin. As a result of this averaging, the analysis is not
sensitive to the precise value of the mass splitting between
the sterile and active states and the constraints acquired
from this measurement are valid for any mass splitting
value ≥ 1 eV2 up to approximately 100 eV2, at which point
the heavy and active states begin to decohere [34]. This also
simplifies the fit procedure because we can keep Δm2

41

fixed to 1 eV2.

B. Systematic uncertainties

The treatment of systematic uncertainties in this analysis
follows a similar approach as [23]. Here we provide
an overview, highlighting the differences specific to this
analysis. A summary of all systematic uncertainties and
prior constraints, where applicable, is provided in Table II.
The baseline neutrino flux model [29] is adjusted

to account for uncertainties in the primary cosmic ray
spectral index [35,37], as well as pion and kaon production
uncertainties in air showers outlined in [35] using the
MCEq [38] package. Of the subdivisions of the pion
and kaon kinematic phase space described in [35], we
include two parameters to account for pion uncertainties:
Δπ� [A-F] which modifies mostly low energy (< 10 GeV)
neutrino fluxes; and Δπ� [I] to account for higher
energy pion production uncertainties. A single parameter,
ΔKþ [Y], is used to account for kaon production uncer-
tainties. Variations in other parts of the kaon and pion phase
space were found to be insignificant for this analysis.
Cross-section uncertainties for quasi-elastic and resonant

neutrino scattering are parametrized based on variations of
the respective axial masses in GENIE [39]. To account for
uncertainties in the modeling of deep inelastic scattering we
follow the same method described in [23], and include a
parameter that interpolates between GENIE and CSMS
[40] cross-sections. We also include an uncertainty of 20%
on the normalization of NC events to account for uncer-
tainties in hadronization processes at the interaction vertex.
Similar to [23], we estimate the baseline muon flux using

the cosmic ray composition and flux from [41] and the

FIG. 1. Sterile oscillation signal in the track channel of the
analysis histogram for different combinations of jUμ4j2, jUτ4j2,
and δ24. The fractional change is ðNH1

− NH0
Þ=NH0

, where NH1

is the bin count for the sterile hypothesis and NH0
the bin count of

the null hypothesis without sterile neutrinos.
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Sibyll2.1 interaction model [42]. Given the minor contri-
bution of atmospheric muons to the dataset used in this
analysis, their uncertainty is accounted for by a simple
scaling of the muon flux normalization which is left
unconstrained in the fit.
The largest contribution to the systematic error budget of

this analysis comes from the uncertainties on the detector
properties. Just as in [23], the systematic uncertainties
related to detector calibration are parametrized by the
optical efficiency of the DOMs, the average scattering
and absorption coefficients of the natural glacial ice, and
two parameters modeling the effects of the column of
refrozen ice surrounding the strings [36]. Prior constraints
on these parameters, where applicable, are informed by
calibration studies as described in [23].
Previously, these effects were quantified on the final

histogram using linear regression through predictions from
MC sets with varied detector parameters. The downside of

this method is that the resulting linear functions are only
valid at the flux and oscillation parameters that were chosen
to calculate the histograms. For this analysis, we developed
an entirely new approach to model detector effects. The
new method uses the discrete MC sets to fit a classifier,
which estimates the posterior probability that any given
event belongs to a particular MC set, given true and
reconstructed energy and zenith angles as well as the PID.
These posterior probabilities can be used to re-weight each
MC event according to its likelihood under a different
realization of the detector properties. Because the relation-
ship between true and reconstructed quantities is indepen-
dent from the initial flux that produced the events, the
resulting weight can therefore be applied under any flux
and oscillation scenario without modification. The details
of this new method are described in [27].
In total there are 18 nuisance parameters in the fit.

Additional parameters, for example those related to the
atmospheric neutrino flux and ice model uncertainties,
were found to have a negligible impact on the analysis.
The final set of nuisance parameters that impact this
analysis is similar, though not identical, to the analysis
presented in [23]. Although the two analyses use the same
data sample and binning, there are several difference
between them, such as the signal and the modeling of
detector calibration uncertainties, which have resulted in
slight differences between the nuisance parameters incor-
porated. However, importantly, the systematic uncertainties
with the largest impact remain the same between both
analyses. These are the detector calibration uncertainties,
Δγν, and the atmospheric muon scale.

IV. RESULTS

The result of the measurement is compatible with the
absence of sterile neutrino mixing and the marginalized
constraints for the matrix elements at the 90% and
99% confidence levels are

jUμ4j2 < 0.0534ð90% CLÞ; 0.0752ð99% CLÞ;
jUτ4j2 < 0.0574ð90% CLÞ; 0.0818ð99% CLÞ: ð12Þ

In Fig. 2, we show the significance of the deviation
between the observed data and the MC prediction at the
best fit point of the analysis. Overall we observe good
agreement between data and MC, with a p-value of 22.5%.
This is also demonstrated by Fig. 3, which shows the data
from each bin projected in L=E. For reference we show two
additional models with jUμ4j2 and jUτ4j2 individually set to
values at approximately 99% CL. The strong degeneracy
between these two parameters when one is fixed to zero is
demonstrated by the large overlap between the models. As
discussed in Sec. III A, the fast oscillations from a 1 eV2

scale additional mass splitting are averaged out in this L=E
regime, and the signal is instead an overall distortion of the

TABLE II. Best fit point of all free parameters of the analysis.
The significance of the deviation from the nominal point (pull) is
given for those parameters for which a Gaussian prior was defined.
Parameters with Gaussian priors are allowed to vary within their 3σ
range. If a uniform prior was applied to a parameter, its range is
given in brackets instead. Blocks of phase space for pion and kaon
yields denoted in brackets follow the definitions in [35]. Hole ice
parameters p0 and p1 are defined in [36].

Parameter Best fit point Prior Pull (σ)

Detector
DOM efficiency 108% ð100� 10Þ% 0.812
Hole ice, p1 0.0408 ½−0.15; 0.1�
Hole ice, p0 −0.589 ½−1.1; 0.5�
Ice absorption 98.8% ð100� 5Þ% −0.243
Ice scattering 89.5% ð105� 10Þ% −1.546

Flux Changes with respect to Honda et al.
Δγν 0.091 0.0� 0.1 0.910
Δπ� yields [A-F] þ10.6% 0� 63% 0.169
Δπ� yields [I] þ44.6% 0� 61% 0.731
ΔKþ yields [Y] −4.01% 0� 30% −0.134

Cross-section
MCCQE

A
−0.75% 0.99 GeVþ25%

−15% −0.050
MCCRES

A þ1.9% 1.12 GeV� 20% 0.095
σNC=σCC þ0.005 1.0� 0.2 0.024
DIS CSMS 0.301 0.0� 1.0 0.301

Oscillation
δ24 180° ½0°; 180°�
sin2ðθ23Þ 0.502 [0.12, 0.88]
Δm2

32=eV
2 2.48 × 10−3 ½2; 3� × 10−3

jUμ4j2 0.0045 [0.0, 0.72]
jUτ4j2 0.0031 [0.0, 0.72]

Atmospheric muons
Atmospheric μ scale 1.9 [0.0, 3.0]
Normalization
Aeff scale 0.74 [0.2, 2.0]
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spectrum, particularly for long baselines as previously
shown in Fig. 1.
The best fit points of all nuisance parameters, shown in

Table II, are within prior expectations. The values of the
atmospheric neutrino oscillation parameters θ23 and Δm2

32,
which are treated as free nuisance parameters in this
analysis, fit within the 1σ range of the result in [23],

although our model fits slightly closer to maximal three-
flavor mixing. This is likely due to the slight under-
fluctuation of data observed in Fig. 3 for 102 ≤ L=E ≤ 103.
The atmospheric muon scale fits to a value of 1.9, almost
doubling the rate. This is likely due to a combination of
statistical fluctuations, given the small number of muons in
the sample, and an underestimation of the baseline atmos-
pheric muon flux, which has been observed in other
measurements [43,44]. Our best fit neutrino normalization
is also lower than in [23], which can be explained by
changes in several correlated parameters, which are shown
in Fig. 4. In particular, the neutrino normalization is
negatively correlated with the atmospheric muon flux
and with the spectral index of the neutrino flux and
positively correlated with the scattering coefficient of the
ice. In each of these parameters, our fit results have changed
with respect to [23] in a way that compensates for the lower
normalization.
Since δ24 is treated as a free parameter in the fit, these

results are valid for both the normal and inverted neutrino
mass orderings due to the approximate degeneracy between
the mass ordering and the sign of cosðδ24Þ as described
in [32]. Compared to the previous DeepCore analysis, the
limits at 90% CL are improved by a factor of 2.1 and 2.6
for jUμ4j2 and jUτ4j2, respectively. The limit on jUτ4j2 in
particular is competitive with limits obtained from global
unitarity constraints of the PMNS matrix [21]. The
improved sensitivity is largely due to the increase in

FIG. 2. Bin-wise significance of the deviations between the
observed data and the MC prediction at the best fit point of the
analysis. The values shown include the Poisson error of the data
as well as the error due to finite MC statistics.

FIG. 3. Post-fit distribution of L=E, compared to the observed
data. The background is the sum of atmospheric muon events and
all neutrino events except for charged-current νμ interactions. The
legend shows the number of events in each histogram. Errors
include Poisson errors from data as well as the uncertainties due
to MC statistics. The outermost bins include overflow events.
Alternative hypotheses for jUμ4j2 and jUτ4j2 are shown in blue
after marginalizing over all nuisance parameters.

FIG. 4. Pearson correlation coefficients between all free param-
eters of the analysis, calculated at the best fit point of the analysis.
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statistics with a larger data sample, with additional
improvements derived from improved detector calibration
and treatment of systematic uncertainties.
We performed a scan over jUμ4j2 and jUτ4j2 with respect

to the Δχ2 ¼ χ2mod;best fit − χ2mod;scan point test statistic and
estimated the 90% CL contours using Wilks’ theorem
assuming two degrees of freedom. The results are shown
in Fig. 5. We ran spot-checks of the coverage of the test
statistic distribution using 200 pseudodata trials of ran-
domly fluctuated histograms on three points along the
contour as shown in Fig. 5. We found that the 90% quantile
of the empirical test statistic distribution was lower than
the value given by Wilks’ theorem on all test points. Thus,
the contours drawn in Fig. 5 are a conservative estimate
of the correct limits. The limits obtained from the observed
data are more stringent than the expected sensitivity, which
is also shown in Fig. 5. This is due to the underfluctuation
of observed events in the oscillation region that was
also reported in [23] and deemed to be compatible with
statistical fluctuations therein. Since any nonzero sterile
mixing amplitude leads to an increase in the bin counts in
the energy range of maximal muon neutrino disappearance
as shown in Fig. 1, a statistical under-fluctuation in these
bins causes a stronger preference for the null hypothesis
and therefore explains the more stringent limits observed
in this work.
Compared to other recent 3þ 1 sterile neutrino searches

by IceCube [46,47], which leverage the MSW resonance

effect at TeV energies, our methodology investigates
sterile neutrino mixing in the 5–150 GeV energy range,
which is far from this resonance condition. In addition to
the physical effect being probed, systematic uncertainties,
especially in neutrino cross sections, vary markedly
with energy. The allowed region of phase space from
the most directly comparable high-energy IceCube search
is shown in Fig. 5. Pursuing both analysis methodologies
exploits the full energy range that is observable with the
IceCube DeepCore detector, and provides complemen-
tary approaches to investigate the 3þ 1 sterile neutrino
landscape.
In summary, the measurement described in this paper

adds a new nonobservation to the global picture of 3þ 1

fits with new competitive limits on jUμ4j2 and jUτ4j2. This
result adds critical information to the ongoing discourse in
neutrino physics by addressing the tension between exper-
imental anomalies suggesting active-sterile neutrino mixing
and the strong exclusions from other measurements. The
sensitivity of this study to jUτ4j2, leveraging matter effects
in atmospheric neutrino oscillations, exemplifies the impor-
tance of diverse experimental approaches in resolving the
complex puzzle of neutrino behavior.
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