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R. Nahnhauer,52 P. Nakarmi,47 U. Naumann,51 G. Neer,22 H. Niederhausen,45 S. C. Nowicki,23 D. R. Nygren,9

A. Obertacke Pollmann,51 A. Olivas,17 A. O’Murchadha,12 T. Palczewski,9, 8 H. Pandya,37 D. V. Pankova,49
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F. Tenholt,11 S. Ter-Antonyan,7 A. Terliuk,52 G. Tešić,49 S. Tilav,37 P. A. Toale,47 M. N. Tobin,31 S. Toscano,13

D. Tosi,31 M. Tselengidou,24 C. F. Tung,6 A. Turcati,35 C. F. Turley,49 B. Ty,31 E. Unger,50 M. Usner,52

J. Vandenbroucke,31 W. Van Driessche,26 N. van Eijndhoven,13 S. Vanheule,26 J. van Santen,52 M. Vehring,1

E. Vogel,1 M. Vraeghe,26 C. Walck,44 A. Wallace,2 M. Wallraff,1 F. D. Wandler,23 N. Wandkowsky,31 A. Waza,1

C. Weaver,23 M. J. Weiss,49 C. Wendt,31 J. Werthebach,21 S. Westerhoff,31 B. J. Whelan,2 K. Wiebe,32

C. H. Wiebusch,1 L. Wille,31 D. R. Williams,47 L. Wills,40 M. Wolf,31 J. Wood,31 T. R. Wood,23 E. Woolsey,23

K. Woschnagg,8 D. L. Xu,31 X. W. Xu,7 Y. Xu,45 J. P. Yanez,23 G. Yodh,27 S. Yoshida,15 T. Yuan,31 and M. Zoll44

(IceCube Collaboration)

1III. Physikalisches Institut, RWTH Aachen University, D-52056 Aachen, Germany
2Department of Physics, University of Adelaide, Adelaide, 5005, Australia

3Dept. of Physics and Astronomy, University of Alaska Anchorage,
3211 Providence Dr., Anchorage, AK 99508, USA

4Dept. of Physics, University of Texas at Arlington, 502 Yates St.,
Science Hall Rm 108, Box 19059, Arlington, TX 76019, USA

ar
X

iv
:1

7
0

7
.0

7
0

8
1

v
1

  
[h

ep
-e

x
] 

 2
2

 J
u

l 
2

0
1

7



2

5CTSPS, Clark-Atlanta University, Atlanta, GA 30314, USA
6School of Physics and Center for Relativistic Astrophysics,
Georgia Institute of Technology, Atlanta, GA 30332, USA

7Dept. of Physics, Southern University, Baton Rouge, LA 70813, USA
8Dept. of Physics, University of California, Berkeley, CA 94720, USA
9Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

10Institut für Physik, Humboldt-Universität zu Berlin, D-12489 Berlin, Germany
11Fakultät für Physik & Astronomie, Ruhr-Universität Bochum, D-44780 Bochum, Germany
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26Dept. of Physics and Astronomy, University of Gent, B-9000 Gent, Belgium
27Dept. of Physics and Astronomy, University of California, Irvine, CA 92697, USA
28Dept. of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA

29SNOLAB, 1039 Regional Road 24, Creighton Mine 9, Lively, ON, Canada P3Y 1N2
30Dept. of Astronomy, University of Wisconsin, Madison, WI 53706, USA
31Dept. of Physics and Wisconsin IceCube Particle Astrophysics Center,

University of Wisconsin, Madison, WI 53706, USA
32Institute of Physics, University of Mainz, Staudinger Weg 7, D-55099 Mainz, Germany

33Department of Physics, Marquette University, Milwaukee, WI, 53201, USA
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We present a measurement of the atmospheric neutrino oscillation parameters using three years
of data from the IceCube Neutrino Observatory. The DeepCore infill array in the center of IceCube
enables detection and reconstruction of neutrinos produced by the interaction of cosmic rays in the
Earth’s atmosphere at energies as low as ∼5 GeV. That energy threshold permits measurements of
muon neutrino disappearance, over a range of baselines up to the diameter of the Earth, probing the
same range of L/Eν as long-baseline experiments but with substantially higher energy neutrinos.
This analysis uses neutrinos from the full sky with reconstructed energies from 5.6 – 56 GeV. We
measure ∆m2

32 = 2.31+0.11

−0.13 × 10−3 eV2 and sin2 θ23 = 0.51+0.07

−0.09, assuming normal neutrino mass
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ordering. These results are consistent with, and of similar precision to, those from accelerator and
reactor-based experiments.

INTRODUCTION

It has been well established that the neutrino mass
eigenstates do not correspond to the neutrino flavor
eigenstates, leading to flavor oscillations as neutrinos
propagate through space [1, 2]. After traveling a dis-
tance L a neutrino of energy E may be detected with a
different flavor than it was produced with. In particu-
lar, the muon neutrino survival probability is described
approximately by

P (νµ → νµ) ≈ 1− 4|Uµ3|
2
(

1− |Uµ3|
2
)

sin2
(

∆m2
32L

4E

)

,

(1)
where Uµ3 = sin θ23 cos θ13 is one element of the
PMNS [3, 4] matrix U expressed in terms of the mix-
ing angles θ23 and θ13, ∆m2

32 = m2
3 −m2

2 is the splitting
of the second and third neutrino mass states that drives
oscillation on the length and energy scales relevant to this
analysis. In addition to the parameters shown in Eq. (1),
neutrino oscillations also depend on the parameters θ12,
∆m2

21 and δCP , but these have a negligible effect on the
data presented in this paper.
Atmospheric neutrinos produced by the interaction of

cosmic rays in the atmosphere [5–7] provide a large flux
of neutrinos traveling distances ranging from L ∼ 20 km
(vertically down-going) to L ∼ 1.3 × 104 km (vertically
up-going) to a detector near the Earth’s surface. For
these up-going neutrinos, there is a maximum muon neu-
trino disappearance at energies as high as ∼ 25 GeV.
Given the density of material traversed by these neu-
trinos, matter effects alter Eq. (1) slightly and must be
taken into account [8–11].
In this letter, we report our measurement of θ23 and

∆m2
32 using the IceCube Observatory. This measure-

ment was obtained by observing the oscillation-induced
patterns in the atmospheric neutrino flux coming from all
directions between 5.6 GeV and 56 GeV. The results pre-
sented here complement other leading experiments [12–
16] in two ways. Long-baseline experiments with base-
lines of a few hundred kilometers and Super-Kamiokande
observe much lower energy events (primarily charged-
current quasi-elastic and resonant scattering), while our
data consist almost entirely of higher energy deep in-
elastic scattering events and are thus subject to different
sources of systematic uncertainty [17]. In addition, the
higher energy range of IceCube neutrinos can provide
complementary constraints on potential new physics in
the neutrino sector [18–27].
The IceCube detector was fully commissioned in 2011

and IceCube previously reported results [28] that used
data fromMay 2011 through April 2014. The previous re-
sults were obtained using reconstruction tools that relied

on detecting unscattered Cherenkov photons and there-
fore are less susceptible to detector noise. The results
presented here were obtained with a new reconstruction
that includes scattered photons and retains an order of
magnitude more events per year. Because the detector’s
noise rates were still stabilizing during the first year of
operation, and the new reconstruction is more suscepti-
ble to noise, this result is based on data from April 2012
through May 2015.

THE ICECUBE DEEPCORE DETECTOR

The IceCube In-Ice Array [29] is composed of 5160
downward-looking 10” photomultiplier tubes (PMTs)
buried in the South Pole glacial ice at depths between
1.45 and 2.45 km, instrumenting a volume of 1 km3.
These PMTs and their associated electronics are enclosed
in glass pressure spheres to form digital optical modules
(DOMs) [30, 31]. The DOMs are deployed on 86 verti-
cal strings with 60 modules per string. Of those strings,
78 are deployed in a triangular grid, with a distance of
about 125 m between neighboring strings. In this analy-
sis, these DOMs are used primarily as an active veto to
reject atmospheric muon contaminations in the sample.
The remaining 8 strings fill ∼ 107 m3 of ice in the bot-
tom center of the detector with denser instrumentation.
Data from this region, called DeepCore, are used in this
analysis as the denser instrumentation enables detection
of neutrinos with energies down to ∼5 GeV [32].
Neutrino interactions in DeepCore are simulated with

GENIE [33]. Hadrons produced in these interactions
are simulated using GEANT4 [34], as are electromag-
netic showers below 100 MeV. At higher energies, shower-
to-shower variation is small enough to permit the use
of standardized light emission templates [35] based
on GEANT4 simulations to reduce computation time.
Muons energy losses in the ice are simulated using the
PROPOSAL package [36]. Cherenkov photons produced
by showers and muons are tracked individually using
GPU-based software to simulate scattering and absorp-
tion [37].

RECONSTRUCTION AND EVENT SELECTION

The event reconstruction used in this analysis mod-
els the scattering of Cherenkov photons in the ice sur-
rounding our DOMs [38] to calculate the likelihood of
the observed photoelectrons as a function of the neu-
trino interaction position, direction, and energy. Given
the complexity of this likelihood space, the MultiNest al-
gorithm [39] is used to find the global maximum. This
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cillations with ∆m2
21 = 7.53×10−5 eV2, sin2 θ12 = 0.304,

sin2 θ13 = 2.17× 10−2, and δCP = 0◦.
We use MINUIT2 [42] to minimize a χ2 function de-

fined as

χ2 =
∑

i∈{bins}

(nν+µatm

i − ndata
i )2

(σdata
i )2 + (σuncor

ν+µatm,i)
2
+

∑

j∈{syst}

(sj − ŝj)
2

σ̂2
sj

,

(2)
where n

ν+µatm

i is the number of events expected in the
ith bin, which is the sum of neutrino events weighted to
the desired oscillation parameters using Prob3++ [43]
and the atmospheric muon background. The number of
events observed in the ith bin is ndata

i , with Poisson un-

certainty σdata
i =

√

ndata
i , and σuncor

ν+µatm,i is the uncer-
tainty in the prediction of the number of events of the
ith bin. σuncor

ν+µatm
includes both uncertainty due to finite

MC statistics and the uncertainties in our data-driven
muon background estimate described above. The second
term of Eq. (2) is the penalty term for our nuisance pa-
rameters, where sj is the value of j

th systematic, ŝj is the
central value and σ̂2

sj
is the Gaussian standard deviation

of the jth systematic prior.
The analysis includes eleven nuisance parameters de-

scribing our systematic uncertainties, summarized in Ta-
ble I. Seven parameters are related to systematic uncer-
tainties in the atmospheric neutrino flux and interaction
cross sections. Since only the event rate is observed di-
rectly, some uncertainties in flux and cross section have
similar effects on the data. In these cases, the degenerate
effects are combined into a single parameter. Because an-
alytical models of these effects are available, these param-
eters can be varied continuously by weighting simulated
events.
The first nuisance parameter is the overall normaliza-

tion of the event rate. It is affected by uncertainties in
the atmospheric neutrino flux, in the neutrino interaction
cross section, and by the possibility of accidentally veto-
ing neutrino events due to unrelated atmospheric muons
detected in the veto volume. This last effect is expected
to reduce the neutrino rate by several percent, but is not
included in the present simulations. A second parame-
ter allows an energy-dependent shift in the event rate.
This can arise from uncertainty on the spectral index of
the atmospheric flux (nominally γ = −2.66 at the rel-
evant energies in our neutrino flux model [7]), or from
uncertainties in the deep inelastic scattering (DIS) cross
section.
Detailed studies of DIS uncertainties found them to

be either highly degenerate with changes in the normal-
ization and spectral index of the atmospheric neutrino
flux over the energy range of this analysis, or to be neg-
ligible. The studies included variation of parameters of
the Bodek-Yang model [44] used in GENIE, uncertainties
in the differential cross-section of DIS neutrino scatter-
ing, and studies of hadronization uncertainties for high-
W DIS events [45]. As these effects are well described by

TABLE I. Table of nuisance parameters along with their
associated priors, if applicable. The right two columns show
the results from our best fit for normal mass ordering and
inverted mass ordering, respectively.

Parameters Priors
Best Fit
NO IO

Flux and cross section parameters
Neutrino event rate [% of nominal] no prior 85 85
∆γ (spectral index) 0.00±0.10 -0.02 -0.02
MA (resonance) [GeV] 1.12±0.22 0.92 0.93
νe + ν̄e relative normalization [%] 100±20 125 125
NC relative normalization [%] 100±20 106 106
∆(ν/ν̄) [σ], energy dependent [46] 0.00±1.00 -0.56 -0.59
∆(ν/ν̄) [σ], zenith dependent [46] 0.00±1.00 -0.55 -0.57

Detector parameters
overall optical eff. [%] 100±10 102 102
relative optical eff., lateral [σ] 0.0±1.0 0.2 0.2
relative optical eff., head-on [a.u.] no prior -0.72 -0.66

Background
Atm. µ contamination [% of sample] no prior 5.5 5.6

the first two nuisance parameters, additional nuisance pa-
rameters were unnecessary. A prior of σ̂s = 0.10 is placed
on the spectral index to describe the range of these uncer-
tainties; no prior was imposed on the rate normalization.

One neutrino cross-section uncertainty was not well
described by these parameters: the uncertainty of the
axial mass form factor for resonant events. The default
value of 1.12 GeV and prior of 0.22 GeV were taken from
GENIE [33]. Uncertainties in CCQE interactions were
also investigated but had no impact on the analysis due to
the relatively small percentage of CCQE events at these
energies.

The normalizations of νe+ ν̄e events and of NC events,
defined relative to νµ + ν̄µ CC events, are both assigned
an uncertainty of 20%. Uncertainties in the relative con-
tributions of neutrino and anti-neutrino events are split
into two parameters, one dependent on energy and the
other on the zenith angle. These last two uncertainties
are parameterized from Ref. [46].

Systematics related to the response of the detector it-
self have the largest impact on this analysis. Their effects
are estimated by Monte Carlo simulation at discrete val-
ues, with the contents of each bin in the (energy, direc-
tion, track/cascade) analysis histogram determined by
linear interpolation between the discrete simulated val-
ues, following the approach of Ref. [27, 28].

Uncertainties in the efficiency of photon detection are
driven by the formation of bubbles in the refrozen ice
columns in the holes where the IceCube strings were de-
ployed. A prior with a width of 10% was applied to the
overall photon collection efficiency [29], parametrized us-
ing seven MC data sets ranging from 88% to 112% of the
nominal optical efficiency. In addition to modifying the
absolute efficiency, these bubbles can scatter Cherenkov
photons near the DOMs, modulating the relative opti-
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