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Abstract: The IceCube Neutrino Observatory located at the geographical South Pole is the world’s largest
neutrino detector. One of the design goals of its low energy extension DeepCore is to increase the sensitivity to
atmospheric neutrino oscillations. IceCube/DeepCore has already seen atmospheric neutrino oscillations with
high statistical significance. In this work we explore the potential of the detector to constrain competitively the
atmospheric mixing parameters and to test the maximal mixing hypothesis. Based on the current performance of
our oscillation analyses, IceCube/DeepCore can establish non-maximal mixing (θ23 6= 45◦) at the 3σ level with
four years of data for sin2(2θ23)≤ 0.90 with full systematic uncertainties at our present level of understanding.
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1 Neutrino Oscillations with
IceCube/DeepCore

Interactions of cosmic rays in the atmosphere provide us
with electron and muon (anti)neutrinos with a wide energy
range and from different zenith angles φz corresponding to
different average neutrino propagation lengths. Neutrino
oscillations have been observed by many experiments cov-
ering different energy ranges, propagation lengths and neu-
trino channels. Recently, the atmospheric muon neutrino
disappearance has been measured with high statistical sig-
nificance by IceCube/DeepCore [1, 2, 3] in an energy range
not explored before.

IceCube is a cubic-kilometer neutrino observatory in-
stalled in the ice at the geographic South Pole [4] between
depths of 1450 m and 2450 m. Detector construction started
in 2005 and finished in 2010. This study is based on the
performance of the 79-string configuration, which was tak-
ing data in 2010 before completion of the detector. The
DeepCore subarray [5] as defined in this study includes six
densely instrumented strings optimized for low energies
and seven adjacent standard strings. Neutrino energy and
zenith angle reconstruction relies on the optical detection
of Cherenkov radiation emitted by secondary particles pro-
duced in neutrino interactions with the deployed digital op-
tical modules (DOMs).

DeepCore lowers the energy threshold to 10GeV which
allows the observation of the first minimum of the muon
neutrino survival probability. This minimum is at ∼ 25GeV
for vertically upgoing neutrinos (φz = 180◦) travelling 12.7 ·
103 km through the Earth before reaching the detector and
shifts progressively to lower energies for φz < 180◦. The
muon neutrino survival probability is calculated in the two
flavour formalism:
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with the propagation length L, the neutrino energy E and the

atmospheric oscillation parameters ∆m2
32 (mass splitting)

and θ23 (mixing angle).
In this work, we explore the potential of the detector to

constrain competitively the atmospheric mixing parameters
and to test the maximal mixing hypothesis in the near future
when higher statistics samples and better event reconstruc-
tion methods for low energy events will be available.

2 Monte Carlo Event Sample
This Monte Carlo (MC) study is based on the low energy
event selection from [2], but assumes a ten times higher
signal statistics as realized in [1]. The simulated data are
binned in a two dimensional histogram with ten cos(φz)
bins ranging from -1 to 0 and five log(E/GeV) bins ranging
from 1 to 2.

The zenith angle is reconstructed using the algorithm
described in [6] with a median resolution of 8◦. The en-
ergy estimator is not based on an existing reconstruction
algorithm, but instead uses the true (MC) energy with a
Gaussian smearing. Inspired by [7], the width of the Gaus-
sian has a constant term and an energy dependent term:
(σE/GeV)2 = 52 +(0.2 ·E/GeV)2.

The constant term is meant to describes the uncertainty
on the determination of the muon track length (1GeV
corresponds to 5m), while the energy dependent term
accounts for the fluctuations in the fraction of the energy
that is transfered to the muon in the neutrino interaction.

Initial studies have shown that a median energy resolu-
tion of ∼ 50% at 10GeV is achievable, and although the
assumed resolution has not yet been reached for the higher
energies it is a realistic expectation.

3 Background
The background for charged current muon neutrino interac-
tions comes from neutral current interactions of all flavours,
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atmospheric muons and interactions of atmospheric elec-
tron neutrinos and appearing tau neutrinos.

The atmospheric muon background is reduced by using
the outer strings surrounding DeepCore as an active veto
[8]. In current analyses [1, 2, 3], the muon background is
reduced to below 10% of the total event rate, depending on
the event selection. Atmospheric electron neutrinos make
up ∼ 10% of all events.

For this study, we assumed 10% electron neutrinos and
10% tau neutrinos (relative to the muon neutrino deficit) as
background.

4 Test Statistic
The comparison of the zenith-energy histograms is per-
formed with the covariance approach [9] with the test statis-
tic

χ
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N
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where N is the number of observables (histogram bins)
with their corresponding experimental observations
{Rexp

n }n=1,..,N and their predictions {Rtheo
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is the covariance matrix
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with uncorrelated errors un (“statistical uncertainties”) and
K correlated errors ck

n (“systematic uncertainties”).
The atmospheric oscillation parameters are extracted by

varying the oscillation parameter values that go into the
predictions of the observables and evaluating the test statis-
tic for all parameter values. This yields best fit parameter
values at the χ2 minimum and confidence regions from the
χ2 surface.

5 Systematic Uncertainties
Besides the atmospheric oscillation parameters there are
additional experimental and theoretical uncertainties that
affect the outcome of the measurement systematically. The
uncertainties are propagated in the simulation to the final
event selection level to estimate the effect on the observ-
ables. The underlying assumption is that the uncertainties
propagate linearly and changing the k-th uncertainty param-
eter by xσ shifts the n-th observable by xck

n.
Six sources of systematic uncertainties, thereof three

of experimental origin and three in theoretical predictions,
were included in the study. The uncertainty of the optical
efficiency of the photon yield and detection by IceCube
DOMs is assumed to be ±10% and the relative sensitivity
of the high quantum efficiency DeepCore DOMs compared
to standard DOMs is assumed to be (135± 3)%. To esti-
mate the effect of the uncertainties on the optical ice proper-
ties two different ice models [10, 11] were compared. The
uncertainties on the atmospheric neutrino fluxes were inves-
tigated by varying the overall flux normalization by ±25%,
the cosmic ray spectral index by ±0.05 and comparing two
different calculations [12, 13] with different assumptions
about the hadronic interactions in the atmosphere. The un-
certainty on the neutrino cross sections is assumed to be
degenerate with the uncertainties on the atmospheric neu-

trino fluxes and it is not included explicitly as an additional
systematic uncertainty.

This uncertainty ranges, as used in current analyses (e.g.
[2]), are conservative estimates since we are working on
a better understanding and reduction of our systematic
uncertainties.

6 Sensitivity Calculations
To estimate the median significance at which we could
measure the injected oscillation parameters we used the
so called Asimov data set [14], the MC prediction for the
assumed true parameter values, as pseudo-data. This pseudo-
data was then compared to the MC predictions with varying
atmospheric neutrino oscillation parameters.

Confidence regions were calculated with a ∆χ2 threshold
based on Wilks’ theorem [15]. We assume a χ2 distribution
of the test statistic with the number of degrees of freedom
corresponding to the number of neutrino oscillation param-
eters used in the fit. Ensemble tests have been performed to
test this assumption. The real distribution of the test statistic
lies between one and two degrees of freedom, while our
calculations assume two degrees of freedom, therefore the
constructed confidence regions have an over-coverage. The
main reason for this deviation is the proximity of the bound-
ary of the parameter space at sin2(2θ23) = 1 which violates
the regularity conditions of Wilks’ theorem.

For the sensitivity to the exclusion of maximal mixing
as a function of sin2(2θ23) we fitted the atmospheric os-
cillation parameters for various injected sin2(2θ23) values
and ∆m2

32 = 2.4 ·10−3 eV2. We minimized the test statistic
χ2 over ∆m2

32 to take into account the degeneracy of the
atmospheric neutrino oscillation parameters. The median
significance is then given by the χ2 difference between the
best fit (which is at the injected parameter value when using
the Asimov data set) and sin2(2θ23) = 1. The test statistic
is assumed to follow a χ2 distribution with one degree of
freedom due to the minimization over ∆m2

32.
Figure 1 shows the sensitivity to the exclusion of maxi-

mal mixing depending on sin2(2θ23) that can be achieved
with higher statistics samples.

IceCube/DeepCore can establish non-maximal mixing
at the 3σ level with four years of data for sin2(2θ23)≤ 0.90
with full systematic uncertainties. With six years of data
IceCube/DeepCore measurements will also be competitive
with current constraints of the atmospheric neutrino oscilla-
tion parameters (see Figure 2).

7 Discussion
The challenge for future analyses will be to keep more
events while maintaining a high quality and purity of the
event sample. While the sample used in this study has an
energy distribution that peaks at 40 GeV, further improve-
ment is expected from the inclusion of more low energy
events down to below 10 GeV, where degeneracies between
the atmospheric neutrino oscillation parameters are reduced.
At these energies three flavour effects become important,
which might give rise to a sensitivity to the octant of the
atmospheric mixing angle. In the two flavour approxima-
tion the muon neutrino survival probability depends on
sin2(2θ23) and is therefore symmetric around θ23 = 45◦,
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Figure 1: Sensitivity to the exclusion of maximal mixing
without systematic uncertainties (top) and with systematic
uncertainties (bottom) for various neutrino sample sizes
for ∆m2

32 = 2.4 ·10−3 eV2. The graphs show the ∆χ2 for
maximal mixing compared to the best fit as a function of
the injected mixing angle and minimized over ∆m2

32.

whereas the three flavour formalism distinguishes between
θ23 < 45◦ (lower octant) and θ23 > 45◦ (higher octant).

A better understanding of the experimental and theoret-
ical systematic uncertainties will improve the sensitivity
to the atmospheric oscillation parameters. While we are
limited by statistics at the moment, a 5σ exclusion of non-
maximal mixing with the given assumptions about back-
ground rejection and energy and zenith angle resolution
will require reductions in our present systematic uncertain-
ties. The systematic uncertainty on the atmospheric elec-
tron neutrino flux has the largest effect on the sensitivity,
where it almost doubles the uncertainty on sin2(2θ23). This
is mainly because the distribution of the electron neutrino
events is similar to the distribution of the muon neutrino
deficit. A similar effect is observed for tau neutrinos which
cannot be distinguished from electron neutrinos. They ap-
pear at a rate proportionally to the muon neutrino deficit.
An improved electron neutrino background rejection with a
better particle identification will help to reduce the effect
of the atmospheric electron neutrino flux uncertainty on
the sensitivity. The most limiting experimental systematic
uncertainty is the optical efficiency of the IceCube DOMs.
This uncertainty will be reduced by calibration efforts in
the lab and in situ.

Furthermore this study is based on the 79 string con-
figuration, the following years of data are taken with the
86 string configuration containing two additional Deep-
Core strings with shorter string-to-string spacing. Addi-
tional DeepCore strings should improve the reconstruction
quality and therefore also the background rejection. The
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Figure 2: Confidence region with systematic uncertainties
(90% CL) for six years of data for ∆m2

32 = 2.4 ·10−3 eV2

and sin2(2θ23) = 1 in comparison with recent results from
MINOS [16] and Super-K [17].

shorter string distances will also help to lower the energy
threshold.
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