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Sterile neutrinos are a hypothetical additional neutrino species that do not interact via weak in-
teractions. They can resolve anomalies observed in the data of short baseline, reactor and radio-
chemical neutrino experiments. The presence of sterile neutrinos, when mixed with the active
neutrino states, can lead to deviations in the atmospheric neutrino flux. The IceCube Neutrino
Observatory, located at the geographic South Pole, is the first cubic kilometer Cherenkov neu-
trino detector. It can measure atmospheric neutrinos with a neutrino detection energy down to
10 GeV and up to energies of about 100 TeV. We present results from two searches for sterile
neutrino mixing using data from IceCube.
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1. Introduction

Neutrino oscillation is a phenomenon in which neutrinos can be detected in a different flavor
eigenstate than initially produced. It is caused by the difference between weak and mass neutrino
eigenstates. The effect has been confirmed by a variety of measurements using neutrinos produced
in the Sun, nuclear reactors, accelerators and the atmosphere [1]. The data of neutrino oscillation
experiments can be interpreted in the framework of three weakly interacting neutrinos, each being
a superposition of the three mass (propagation) states.

However, not all experimental data is consistent with the standard three neutrino picture.
Anomalies are observed in the data from the LSND [2] and MiniBooNE [3] experiments, as well
as at reactors [4] and radiochemical neutrino experiments [5]. The tension between the data of
different experiments can be partially resolved by adding new families of neutrinos with a mass
difference ∆m2 ∼ 1 eV2. However, these new states cannot interact via standard weak interactions
due to constraints from the Z-boson decay width measured at LEP [6] and, therefore, are called
sterile.

The simplest sterile neutrino model is a “3+1” model, where only one heavier sterile neutrino
is added. The mixing between the active states and sterile neutrinos results in modifications of the
observed atmospheric neutrino flux and can be probed with data from the IceCube detector. Two
strategies to search for sterile neutrino mixing, performed at different energy ranges, are presented
in this work. The first strategy uses events with energies above 400 GeV and searches for a resonant
enhancement of the sterile neutrino mixing for muon antineutrinos crossing the Earth’s core. The
second search uses lower energy data from DeepCore, a denser part of IceCube, in the energy range
between 6 and 56 GeV to search for deviations from the standard atmospheric neutrino oscillations
due to the sterile neutrino mixing.

2. IceCube and DeepCore

The IceCube detector [7] uses the antarctic ice as an optical medium to detect Cherenkov light
emitted by products of neutrino interactions. The detector instruments about a cubic kilometer of
ice between 1450 and 2450 meters below the ice surface. IceCube consists of 5160 Digital Optical
Modules (DOMs) grouped in 86 vertical strings with 60 modules each. Seventy-eight of the strings
are arranged in a hexagonal grid with a typical lateral separation of 125 m as shown in the left part
of Figure 1. The typical vertical spacing between DOMs is 17 m. The geometry of the detector,
DOM efficiency and optical properties of the ice result in a neutrino detection energy threshold of
about 100 GeV.

DeepCore [8], a denser sub-detector, is located in the central bottom part of IceCube as shown
in Figure 1. The antarctic ice has the best optical properties in this region of the detector. DeepCore
consists of 8 strings with an average lateral spacing of 50 m. Seven surrounding IceCube strings are
also included in the DeepCore fiducial volume. The DOMs on a DeepCore string have a 7 m vertical
separation in the fiducial volume and are instrumented with 35% higher quantum efficiency PMTs
that the conventional IceCube DOMs. The reduced spacing, better efficiency and optical properties
of the deep ice lower the energy threshold to about 10 GeV. At the IceCube trigger level the rate
of neutrino-induced events is about 105 lower than the background from muons produced by the
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Figure 1: (Left) A top view of IceCube detector. Conventional IceCube strings are marked green and
DeepCore strings, which use a denser vertical spacing and high quantum efficiency DOMs, are marked in
red. The dashed line encompasses the DeepCore fiducial volume, while veto volume is located outside
it. The purple arrow shows an example of a detector corridor, where atmospheric muons can penetrate to
DeepCore leaving only few photon hits in the veto region. (Right) A side view of IceCube detector. The
standard IceCube DOMs and high quantum efficiency DeepCore DOMs are depicted by green and red circles
respectively. The DeepCore fiducial volume is shown in the green shaded region. The light red region is
used to improve the veto against down-going atmospheric muons. The red line on the left axis shows the
optical photon absorption length as function of depth. The gray area shows the location of the dust layer, a
region with short optical absorption lengths.

cosmic ray interactions in the atmosphere. Therefore, outer IceCube strings are used an active veto
to reject such background.

3. Sterile neutrino mixing

The simplest extension of the standard three neutrino model is the “3+1” model, with one
additional sterile neutrino state that is heavier than the three standard mass states. The mixing
between the flavor states |να〉, which describe weak interactions, and the mass states |νk〉 is

|να〉= ∑U∗αk |νk〉 , (3.1)

where Uαk are the elements of a unitary mixing matrix. In the standard three neutrino case the
mixing matrix can be parametrized in the form of the 3×3 Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix with three mixing angles (θ12, θ13 and θ23) and one CP-violating phase δ [9, 10].
An additional sterile neutrino results in three new mixing angles (θ14, θ24 and θ34) and two addi-
tional CP-violating phases (δ14, δ34) [11]. IceCube cannot distinguish neutrinos from antineutrinos
and has minimal sensitivity to CP-violating phases and, therefore, they are assumed to be zero in
this work. The angle θ14 affects mainly electron neutrinos, which have a minor impact on the pre-
sented studies, and the value of θ14 is set to zero. These assumptions simplify the sterile neutrino
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Figure 2: (Left) The survival probability for muon antineutrinos with energy 2.35 TeV crossing the Earth
on a diametral trajectory (cosθz = −1). The values for the sterile neutrino mixing are ∆m2

41 = 1 eV2 and
sin2

θ24 = 0.02. The vacuum probability is shown in blue. (Right) The survival probability for neutrinos
crossing the Earth’s core (cosθz =−1) for different values of the sterile neutrino mass splitting. The sterile
neutrino mixing angle is sin2

θ24 = 0.02. The black line indicates the case of zero sterile neutrino mixing,
i.e. standard neutrino oscillation.

mixing elements [12] of the matrix U as

|Ue4|2 = 0,∣∣Uµ4
∣∣2 = sin2

θ24,

|Uτ4|2 = cos2
θ24 · sin2

θ34.

(3.2)

The presence of matter modifies the neutrino oscillations, which can be observed as an effec-
tive change of the mixing parameters. Sterile neutrinos do not undergo weak interactions, which
leads to a zero matter potential as they traverse the Earth. On the other hand, all active neutri-
nos can interact via neutral current (NC) interactions and experience an effective matter potential.
The difference between the potentials for the sterile and active neutrinos leads to differences in the
oscillation probabilities.

At neutrino energies above a few hundred GeV this results in a resonant transition of muon
antineutrinos into a sterile state for neutrinos crossing the Earth’s core. For neutrinos with energies
below 100 GeV the nonzero matter potential and sterile neutrino mixing distort the standard neu-
trino oscillations pattern. Searches for both effects are performed in IceCube and presented in the
following sections.

4. TeV search for sterile neutrinos

One of the sterile neutrino searches looks for the resonant transition of muon antineutrinos to
the sterile state [13]. The difference between the effective matter potentials for sterile and active
neutrinos and the mantle-core-mantle profile of the Earth result in a resonant enhancement of the
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Figure 3: (Left) The expected signature of the sterile neutrino mixing for the final level of the high energy
sterile neutrino search with IceCube for the sterile neutrino mixing values ∆m2

41 = 1 eV2 and sin2 2θ24 = 0.1.
(Right) The 90% C.L. exclusion limits (red solid line) obtained in the IceCube high energy sterile neutrino
search and compared to the limits from previous experiments [18, 19, 20, 21]. Green and yellow shaded
areas represent 68% and 95% variations of the expected 90% C.L. sensitivity obtained in simulated pseudo-
experiments. The 99% C.L. allowed regions from global fits in [11] and [22] are shown in light blue and
dark blue, respectively.

transition probability [14, 15, 16]. The high energy sterile neutrino search uses the reconstructed
neutrino energy range between 400 GeV and 20 TeV to probe the sterile mass splittings between
10−2 and 10 eV2.

An example of the survival probability for muon antineutrinos as they cross the Earth along a
diametral (i.e. with zenith angle cosθz = −1) trajectory is shown in the left part of Figure 2. The
density profile of the Earth results in the constructive enhancement of the transition probabilities
and a complete disappearance of muon antineutrinos for a specific energy. The energy of the
resonant disappearance is proportional to the sterile neutrino mass splitting ∆m2

41. The amplitude,
zenith angle and the energy of the resonance is sensitive to the mixing angle θ24. The muon
antineutrino survival probabilities as function of energy for different sterile neutrino mass splittings
are shown in the right part of Figure 2.

The search for the resonant transition is performed using a sample of muons originating from
muon neutrino and antineutrino interactions with the antarctic ice. Mainly up-going muons with
cosθz < 0.24 from atmospheric muon neutrinos are used in order to avoid contamination from
atmospheric muons. The analysis is performed in the energy range between 400 GeV and 20 TeV,
where the impact from the standard atmospheric neutrino oscillations is negligible. The data [17]
were collected during 343.7 days with the full 86-string configuration of the IceCube detector.

The resulting sample has 20,145 muons with 99.9 % of events being neutrino-induced. The
muon zenith angle is reconstructed with a resolution of σcosθz varying between 0.005 and 0.015.
Stochastic losses are used to determine the muon energy with a resolution of σlog10 Eµ/GeV ∼ 0.5.

The expected impact of the sterile neutrino mixing is shown in the left part of Figure 3. The

4



P
o
S
(
N
E
U
T
E
L
2
0
1
7
)
0
4
5

Sterile neutrinos with IceCube Andrii Terliuk

101 102

Neutrino energy [ GeV ]

−1.0

−0.8

−0.6

−0.4

−0.2

0.0
N

eu
tr

in
o

co
s(
θ z

)

No sterile neutrino

0.00

0.25

0.50

0.75

1.00

S
u

rv
iv

al
p

ro
b

ab
it

it
y

P
(ν
µ
→

ν µ
)

101 102

Neutrino energy [ GeV ]

−1.0

−0.8

−0.6

−0.4

−0.2

0.0

N
eu

tr
in

o
co

s(
θ z

)

With sterile neutrino
sin2 θ24 = 0.02
sin2 θ34 = 0.17

0.00

0.25

0.50

0.75

1.00

S
u

rv
iv

al
p

ro
b

ab
it

it
y

P
(ν
µ
→

ν µ
)

Figure 4: The muon neutrino survival probability as function of energy and neutrino arrival zenith angle
for (left) the standard three neutrino model and (right) “3+1” model. The atmospheric neutrino mixing
parameters used for the plots are ∆m2

32 = 2.51 ·10−3 eV2 and sin2
θ23 = 0.51.

resonant enhancement of the transition probability to the sterile state would result in a distinctive
deficit of events in the up-going region. The depth and position of the deficit are used to identify pa-
rameters of the mixing between muon and sterile states. The analysis uses a Poisson log-likelihood
(LLH) with nuisance parameters to account for systematic uncertainties [13].

The results of the analysis are compatible with the three-neutrino model. The log-likelihood
difference to the no-sterile hypothesis of ∆LLH = 0.75, corresponding to a p-value of 47 % for the
best fit originating from the no-sterile neutrino hypothesis.

This result provides strong constraints on the sterile mixing parameter sin2 2θ24 for mass split-
tings between 0.1 and 10 eV2. The 90% confidence level (C.L.) allowed region can be limited
to

sin2 2θ24 < 0.02 (4.1)

at the mass splitting of ∆m2
41 ∼ 0.3 eV2. The resulting 90 % C.L. exclusion limit as function of

the mass splitting is shown in the right part of Figure 3. This study excludes the global estimates
of the mixing from the short baseline experiments [11, 23], including LSND and MiniBooNE, at
approximately 99 % C.L., excluding a large fraction of the allowed parameter space for the “3+1”
model. Updated global fits, such as [24], demonstrate the impact of this result on a globally allowed
region of the sterile neutrino mixing.

5. Low energy search

Another sterile neutrino search [25] is performed in the neutrino energy range between 6 and
56 GeV. It searches for the deviations from the standard oscillations pattern caused by sterile neu-
trino mixing. Above 10 GeV, the muon survival probability can be approximated1 as

P(νµ → νµ)≈ 1− sin2 (2θ23)sin2
(

∆m2
32

L
4Eν

)
, (5.1)

1The probability in the two-neutrino approximation is shown for simplicity here, however the full three or 3+1 flavor
probability is used in the analysis and results.
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where ∆m2
32 is the atmospheric neutrino mass splitting, θ23 is the corresponding mixing angle, L is

the distance traveled from the production point and Eν is the neutrino energy. The values of ∆m2
32

and θ23 define the period and depth of the neutrino oscillations, respectively. The values of the
mixing parameters [1] lead to an almost complete disappearance of muon neutrinos with energies
of 25 GeV crossing the Earth along its diameter. The survival probability for atmospheric muon
neutrinos as a function of neutrino energy and arrival zenith angle are shown in the left part of
Figure 4.

In the case of non-zero sterile neutrino mixing the atmospheric neutrino oscillations no longer
follow equation (5.1) [12, 26, 16]. The frequency of the oscillations as well as their amplitude are
changed for non-zero values of Uα4 elements of the mixing matrix in Equation (3.1). An example
of such a change is shown in the right part of Figure 4. The effect is proportional to the amount of
matter along the neutrino trajectory and is most pronounced for neutrinos crossing the Earth’s core
and minimal for neutrinos arriving from the horizon. The effect of the sterile neutrino mixing in
the energy range of 5-56 GeV is independent from the value of the sterile mass splitting, because
fast oscillations are averaged by the detector resolutions for ∆m2

41 ≥0.3 eV2. The value of ∆m2
41 is

fixed to 1 eV2 throughout the analysis.
This study uses three years (2011-2013) of IceCube DeepCore data [27], comprising 5118

events in total. Only well reconstructed up-going neutrino events in the energy range between 6
and 56 GeV are used. The event selection originates from the measurement of the atmospheric
mixing parameters [28]. It is designed to suppress the background from atmospheric muons and
identify muon tracks produced by charged current interactions of atmospheric muon neutrinos.
Minor improvements in the muon rejection and reconstruction techniques were performed in this
study [25].

The light detected outside the DeepCore fiducial volume is used to reject atmospheric muon
background. An additional veto region is added below the dust layer (see Figure 1) to reduce con-
tamination from atmospheric muons penetrating to DeepCore through the dust layer and, therefore,
not triggering DOMs in the outer layers of IceCube. Special algorithms are designed to search for
muons penetrating to DeepCore through non-instrumented corridors formed by the detector geom-
etry. An example of such a corridor is shown in the left part of Figure 1. A data driven template
is used to estimate the atmospheric muons at the final level of the analysis. The data sample is
estimated to have about 0.4% contamination due to remaining atmospheric muons.

A directional reconstruction uses a specific light pattern of non-scattered photons [29, 30].
The median muon neutrino zenith resolution is 10◦ at 10 GeV and improves to 6◦ at 40 GeV. Deep
Inelastic Scattering (DIS) is the leading neutrino interaction process for the energies considered in
this study. A muon track and hadronic shower are typically produced in DIS interactions of muon
neutrinos. The total energy is estimated as a sum of hadronic shower and muon. The neutrino
energy resolution is about 30% at 8 GeV and improves to 20% at 20 GeV.

The expected impact of a sterile neutrino mixing on the final level of the analysis is shown in
the left part of Figure 5. A Poisson log-likelihood with nuisance parameters is maximized to find
the best estimate for the sterile neutrino mixing parameters. Twelve nuisance parameters are used to
account for the systematic uncertainties from the standard atmospheric mixing parameters, neutrino
fluxes, detector uncertainties, cross sections and background. Confidence levels are estimated using
Wilks’ theorem [31]. Both standard neutrino mass orderings were considered in the analysis.
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Figure 5: (Left) The expected signature of sterile neutrino mixing in the IceCube DeepCore search. The
effect of the sterile neutrino mixing is independent of the value of the sterile mass splitting for ∆m2

41 ≤ 0.3
eV2. (Right) The exclusion limits on the sterile neutrino mixing obtained in the IceCube DeepCore search
for normal (NO, m4 > m3 > m2 > m1) and inverted (IO, m4 > m2 > m1 > m3) neutrino mass orderings. The
black curve represents the limits obtained by the Super-Kamiokande experiment [18].

The results of the analysis are found to be consistent with the standard three neutrino paradigm,
with a log-likelihood difference −2∆ lnL = 0.8, corresponding to a p-value of about 30% for the
best fit to originate from statistical fluctuations of the no sterile neutrino hypothesis. The estimation
is derived from 2000 statistical trials.

The exclusion limits are obtained by scanning the log-likelihood space for the mixing elements∣∣Uµ4
∣∣2 and |Uτ4|2 and are presented in the right part of Figure 5. The corresponding limits on the

elements of the mixing matrix are ∣∣Uµ4
∣∣2 < 0.11 (90% C.L.),

|Uτ4|2 < 0.15 (90% C.L.).
(5.2)

Currently, the results of this search set the leading constraints on the |Uτ4|2 element of the
mixing matrix. The sensitivity of this study to |Uτ4|2 is limited by a number of factors, includ-
ing atmospheric neutrino flux uncertainties and the detector resolutions. The best constraints on∣∣Uµ4

∣∣2 are coming from the IceCube study described in the previous section and from the MINOS
experiment [19].

6. Discussion and outlook

Two approaches to search for sterile neutrino mixing using the data from IceCube are presented
in this work. They provide strict constraints on the allowed sterile neutrino mixing with muon and
tau neutrinos in a “3+1” model.

Currently six years of the full 86-string detector configuration have been recorded. The high
energy sterile neutrino search uses only 1 year of this data. More years of data recorded by IceCube
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as well as improvements in event selections and reconstructions are expected to provide better
sensitivity to the sterile neutrino mixing.

The low energy search uses only three years of data. Monte Carlo studies show that the current
limits are driven by statistical uncertainties. Therefore, the sensitivity can be improved by using
the full data available in IceCube. Extending the energy range will add more information about
the neutrino flux and may reduce the impact of systematic uncertainties. Inclusion of νe and ντ

components of the atmospheric neutrino flux, as well as neutral current interactions can improve
the sensitivity even further.
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