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Abstract

IceCube, a gigaton-scale neutrino detector located at the South Pole, was primarily designed to search for
astrophysical neutrinos with energies of PeV and higher. This goal has been achieved with the detection of
the highest energy neutrinos to date. At the other end of the energy spectrum, the DeepCore extension lowers
the energy threshold of the detector to approximately 10 GeV and opens the door for oscillation studies
using atmospheric neutrinos. An analysis of the disappearance of these neutrinos has been completed, with
the results produced being complementary with dedicated oscillation experiments. Following a review of
the detector principle and performance, the method used to make these calculations, as well as the results, is
detailed. Finally, the future prospects of IceCube-DeepCore and the next generation of neutrino experiments
at the South Pole (IceCube-Gen2, specifically the PINGU sub-detector) are briefly discussed.
© 2016 Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

It is currently well known that neutrinos oscillate [ 1] and, in fact, the writing of this document
celebrates the acknowledgement of the effort of pioneers in the field of neutrino oscillation.
This field has been the subject of intensive study for decades, with recent results indicating that
the time of precision studies of the oscillation mechanism has arrived. Many experiments have
contributed to our understanding of the neutrino oscillation mechanism, with several currently
in operation and many more planned for the future [2]. One of the more recent contributors to
the understanding of the neutrino oscillation framework is the IceCube detector [3], specifically
through the use of the DeepCore extension [4], which will be discussed here.

Due to the nature of this publication, the mechanics of neutrino oscillation will not be re-
viewed here. Instead we discuss the oscillation analyses that primarily concern the propagation
of muon-type neutrinos, although the use of electron-type neutrinos may also become important
in future detectors. The most relevant quantity is the probability that a neutrino produced as a
muon-type is detected as the same type following propagation. This probability can be expressed
for vacuum oscillations, as shown in Equation (1), in which L[km] represents the distance trav-
elled and E[GeV] represents the neutrino energy.

Py, v, ~ 1 — sin® 2653 sin’ [1.27Am§2L/E] (1)

In Equation (1), the mixing angle (623) as well as the mass difference (Amgz) between the
second and third mass eigenstates are the only oscillation parameters included. This is a good
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approximation at neutrino energies above roughly 15 GeV and assuming three neutrino flavours.
At lower energies, mixing with the first neutrino mass eigenstate must be considered, requiring
Equation (1) to be extended. In addition to the inclusion of the first mass eigenstate, further mod-
ifications of the oscillation probability must be applied to account for the effect of matter on the
propagation. This effect was first described by Wolfenstein, Mikheyev, and Smirnov and is called
the MSW effect [5,6]. Examining propagation of neutrinos through the Earth and assuming the
PREM density profile [7], this modulation has its largest impact at a neutrino energy of 6.2 GeV
and a cosine of the zenith angle of —0.68. Even with these corrections, the L/E dependence of
Equation (1) on the phase of the oscillation probability remains unchanged. This is the focus of
the current DeepCore measurements.

Examination of the survival probability for muon-type neutrinos has shown that there is also
a parametric resonance that must be considered. The resonance has been well described [8], and
shows a large effect for neutrino energies less than 7 GeV and with the cosine of the zenith
angle (the metric used to define the path length through the Earth of the incoming neutrino) less
than —0.68. At these angles, the low-energy oscillations are enhanced because of the “step” in
the Earth’s density at the core. While the impact of the parametric resonance and MSW effect
is minimal in the DeepCore analyses discussed next, it must be taken into consideration for the
planned future atmospheric measurements detailed at the conclusion of this note.

2. Detector

The IceCube detector [9] is a three-dimensional array of photosensors deployed in the deep
glacial ice at the South Pole, designed to detect the light produced in neutrino interactions. Neu-
trinos interact in one of two ways in the ice; a neutral current interaction which exchanges a Z°
and produces a shower of hadrons and a charged-current interaction which exchanges a W+ and
produces a charged lepton. As the secondary particles travel faster than the speed of light in the
medium, Cherenkov radiation is generated, which is detected by the detector.

Events in the IceCube detector are separable using the interaction type. When a muon-type
neutrino undergoes a charged current interaction, a muon is produced that will generate light
along its path which, depending on the energy, could extend for kilometres. The signature of this
event in the detector gives rise to the classification in IceCube as “track-like”.

For all neutral-current interactions, a “shower” of hadrons is produced at the interaction ver-
tex, accompanying the outgoing neutrino. This classification of event is referred to as “cascade-
like” because of the localized production of hadrons. This same shape is produced by the
charged-current interaction of electron-type neutrinos where the outgoing particle causes an
electromagnetic shower. Finally, tau-type neutrinos can undergo a charged-current interaction
whereby the tau lepton decays to a muon, producing a track-like signature or, for the majority of
cases, an electromagnetic shower and cascade-like signature. Due to the low cross-section and
branching ratio, this event type is significantly suppressed at energies relevant to the atmospheric
oscillation analysis discussed here.

The IceCube photosensors that detect the neutrino interaction light are deployed on long
“strings” which extend more than two and a half kilometres in the ice. The instrumentation
on each of the strings begins 1450 m below the ice surface and extends vertically for roughly
one kilometre. Each string has 60 PMTs situated in glass spheres along with the associated elec-
tronics [3] to make up a Digital Optical Module (or DOM). The IceCube detector has 78 strings
which are separated by roughly 125 m and the DOMs on the strings themselves are separated
vertically by 17 m (see Fig. 1). This configuration instruments roughly a gigaton of the ice, a
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Fig. 1. Artist cross-section of the IceCube detector, showing the IceTop array at the surface of the ice and the IceCube
array roughly 1.5 km below. The DeepCore strings are shown in the shaded region at the middle of the IceCube detector.
(For interpretation of the colours in this figure, the reader is referred to the web version of this article.)

volume of one cubic kilometre, with 4680 ten inch photomultiplier tubes (PMTs) [10] laid out in
a roughly hexagonal grid as shown in Fig. I, which includes the IceTop array [11].

The primary goal of the IceCube detector is to study high-energy neutrinos produced in astro-
physical sources, which have a very low flux and therefore require a large target mass. IceCube
reported the discovery of a high-energy neutrino flux [12] utilizing an analysis that demanded
each event start inside the instrumented fiducial mass and deposit more than 30 TeV in energy.
The flavour ratio of the high-energy neutrinos (between 25 TeV and 2.8 PeV) has been measured
[13], and provides constraints on both astrophysical production mechanisms and fundamental
physics. The sensitivity of the high energy neutrino flavour ratio to neutrino oscillations was rec-
ognized even before IceCube was built [ 13], and the possibility to search for new physics through
the oscillations of high energy neutrinos has been examined by several authors [14—17].

It was also recognized [ 18-21,8] that a slightly lower energy threshold would provide a copi-
ous flux of atmospheric neutrinos in the range of L/E (see Eq. (1)) relevant to neutrino flavour
oscillations, opening a window of opportunity to study neutrino physics in the ice. A reduced en-
ergy threshold provides several other advantages, including enhanced sensitivity to dark matter,
specifically through searching for WIMP annihilations in the Sun, the Galactic Centre, and the
Halo. The searches for galactic supernova neutrinos, slow moving monopoles, and low energy
neutrinos from astrophysical sources add to the motivation for this extension.
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Fig. 2. The effective mass (effective volume times density) of the IceCube and DeepCore detectors, showing the effect
of the additional strings. Shown here is the effective mass for vy, .

2.1. DeepCore

In order to lower the neutrino-energy detection threshold, eight strings were installed in the
centre of the IceCube detector, which are separate from the hexagonal grid, referred to as the
DeepCore extension. The string-to-string spacing for these additional sensors is between 40 and
70 m and the DOMs are located on the strings with a reduced spacing of 7 m for the lowest
50 DOMs. The location of the strings can be seen in Fig. 1, in which the DeepCore strings are
shown in the red cylinder.

The design of the DeepCore strings was aided considerably by the information obtained from
operation of the AMANDA detector [22] (the predecessor to IceCube). As seen in Fig. 1, the
DeepCore DOMs are deployed to avoid a portion of the ice found to have a dust concentration
that was much higher than the surrounding ice [23], and demonstrated by the IceCube Collab-
oration to have a distinct increase in the light absorption. The DOM-to-DOM spacing for the
photodetectors located above this “dust layer” is 10 m instead of the 7 m used on the rest of the
string to provide an atmospheric-muon veto cap above the primary DeepCore array.

In addition to the photodetector density changes, roughly 75% of the PMTs on DeepCore
strings have a higher quantum efficiency (approximately 1.39 times the efficiency of the standard
IceCube DOMs [4]). These changes (the increase in the density of photodetectors in the ice and
the increase in the efficiency of the PMTs) lowered the energy threshold for neutrino detection
as shown in Fig. 2 for muon-type neutrinos.

It is clear from Fig. 2 that these eight strings have a significant impact on the sensitivity of
the detector to low-energy (10 GeV < E < 100 GeV) neutrinos, precisely the range of inter-
est considered for studies of atmospheric neutrino oscillation. In addition to the lowered energy
threshold, the DeepCore detector extension benefits from being located at the centre of the Ice-
Cube detector. The IceCube DOMs surrounding the DeepCore strings provide an excellent veto
against incoming muons that could otherwise be mistaken for neutrinos produced in the atmo-
sphere [4].

In addition to the hardware differences described above, updates to the trigger were also ne-
cessitated by the lower-energy events to produce the gains shown in Fig. 2. The required number
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of coincident pairs of hits was lowered from eight to three, producing a new trigger more sensi-
tive to low-light events. Applying these hardware and software changes, the detection threshold
of the DeepCore extension is lowered and the noise background is reduced so that the signal
from neutrinos generated in the atmosphere is more easily identified.

3. Atmospheric neutrinos

The atmosphere of the Earth is constantly being bombarded by cosmic rays, primarily made
up of protons and helium nuclei produced by astrophysical objects [1]. These cosmic rays have
been observed over a wide range of energy, from 10” to 102 eV.

The incoming cosmic rays interact with nucleons in the atmosphere surrounding the Earth
causing hadronic cascades that, in turn, produce mesons, primarily pions and kaons. The first in-
teractions occur roughly 20 km above the Earth, although heavier nuclei (of which there are few)
can interact at higher altitudes. The resulting cascade includes an electromagnetic portion, oc-
curring primarily through the decay of the ¥ to two photons that subsequently create additional
photons and electrons.

In the hadronic portion of the cascade, pions are copiously produced and make up more than
99% of the particles [1]. The decays of these pions produce neutrinos as well as muons that
can go on to decay into electrons and more neutrinos. An example (for the ) is shown in
Equation (2). An analogous equation exists for the interaction involving the 7.

pT + N — 't + hadrons
L>M+ + vy
|—>e+ +ve + ‘_}u 2

The process shown in Equation (2) holds for muons having energies less than a few GeV that
decay in the atmosphere. Muons with higher energies have a high probability of reaching the
Earth before decaying, and are the primary source of background for neutrino studies, discussed
next.

3.1. Background

The dominant source of background for this analysis are atmospheric muons produced in cos-
mic ray showers, e.g. the second line in Equation (2). For each atmospheric neutrino interaction
detected, roughly 10® muons trigger the detector [4]. A large portion of this flux is relatively
simple to remove given DeepCore’s location at the centre of IceCube. In order to exploit the
advantage of having the DOMs surrounding the DeepCore detector, a specific cut (filter) was
created for the low-energy data. This filter runs over triggered events and determines if there are
hits in the “veto region” that are causally connected (based on the speed of light in the ice) to the
hits recorded in DeepCore. The removal of these events provides a more pure sample on which
to run the analysis.

4. Analysis
In order to study the neutrino oscillation parameters, there are two particularly important

actions taken on the data: the event selection and the reconstruction. Once these are defined so
that the background events are largely removed and the parameters of the original neutrino are
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known, the more precise version of Equation (1) [1] can be used to extract the values of the
mixing angle and the difference between the squared masses. Each of these vital aspects of the
analysis will be addressed separately.

4.1. Event selection

The primary goal of the event selection is to ensure that the final data set is composed mostly
of track-like events. There are still a significant number of atmospheric muons left in the data
sample. These primarily consist of muons that have passed between the IceCube strings, avoiding
detection, and therefore not being removed by the IceCube veto. The applied cut examines the
position of the earliest DOM involved in the trigger, requiring it to be within the DeepCore
fiducial volume. The total charge due to photons in the DOMs before the trigger (and that above
the fiducial volume), as well as the charge collected as a function of time, are also used to remove
these background events. The most significant cut is the use of the number of DOMs that record
a hit (their signal is above the signal threshold) in coincidence with the photons expected from
an atmospheric muon. In order to perform this cut, a muon hypothesis is generated and the
likelihood of the event fitting with that hypothesis is calculated. If the likelihood is above the set
threshold, the event is removed.

The final cut is to only analyze events that have a zenith angle such that they are entering the
detector from below the horizon. This serves to dramatically reduce the number of atmospheric
muons while retaining a sufficient amount of neutrinos to perform an analysis, roughly 40%
[24].

In addition to filtering events not caused by neutrino interactions, it is also advantageous to
remove events that, while they may be due to neutrinos, are not of sufficient quality for use in the
final analysis and would reconstruct poorly (if at all). These events can be identified by looking
at the “direct photons” that are detected (those that have undergone minimal scattering as they
travel through the ice, which would delay the arrival of the photon at the PMT). The lack of
scattering means that these photons are preferable for use in reconstructions.

The analyses discussed here apply a specific method to remove scattered photons. In this case,
the “primary” DOM is identified where the most charge is collected, defining a starting point
for the cut calculation. Using the time of the hit at this DOM, other photons can be identified
with respect to their scattering by determining the time light takes to travel between the DOMs
including an acceptable delay time. In this case, the delay time was set to 20 ns to allow for some
minimal scattering in the ice. In addition to the timing information, it is expected that the pattern
of hits from direct photons will produce a hyperbolic shape on the string as a function of time
and position (see Fig. 3b) [24].

From the description above, the subsequent application of the event selection cuts provides
the final sample. Fig. 4 illustrates the cumulative effects of the cut application, where the first
cut (the use of the veto strings) significantly reduces the flux of mis-reconstructed atmospheric
muons in the zenith range of interest (defined as up-going, or —1.0 < cos(Breco) < 0.0) while
having very little effect on the simulated neutrino signal. The effect of the second cut (shown in
the third panel) adds the remainder of the cuts previously described. The effect on the neutrino
simulation is still very small while the up-going atmospheric muons are largely removed. The
excess of atmospheric muons at an angle of cos(0y.¢,) & 0.3 is the result of muons that are not
tagged by the veto cut, but these are not used in the final analysis since they are identified as
down-going.
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this article.)
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4.2. Reconstruction

Once events are selected for inclusion in the analysis using these cuts, the timing information
of the arrival at the DOM is used to fit one of two hypotheses for the emission of light; generation
by a cascade-like or a track-like event. The light generated from these two hypotheses creates a
different pattern of hits on the DOMs so that they can be distinguished. Both of these hypotheses
can be fit using likelihood calculation algorithms and the most likely choice will be used. As
discussed previously, one of the strengths of this analysis is the use of only muon-type neutrinos
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that have undergone a charged current interaction and therefore produced a muon. The benefit
of using these events is that they are easily separable from all other types of interactions and the
sample can be extracted with higher purity.

In the oscillation analysis, the zenith angle stands in for the L portion of the L/E ratio,
required for the study. In order to use this ratio, the energy of the incoming neutrino must also
be reconstructed from the data collected by the PMTs. The energy of the selected events is
determined using the interactions of the muon-type neutrinos, modelled as a hadronic shower at
the interaction vertex, as well as a track produced by the muon. The brightness of the hadronic
shower at the interaction vertex is directly proportional to the energy of the hadrons, while the
length of the track provides the energy of the muon. The sum of these two components provides
an estimation of the total energy of the neutrino. The results of the reconstruction of both the
zenith angle and the energy are shown in Fig. 5.

4.3. Systematics

The effects of systematic uncertainties in this analysis are also crucial to consider. These
have been included as nuisance parameters in the fitting procedure, which holds the oscillation
parameters not directly involved in the fit fixed. The systematics are broadly separated into three
categories according to the way in which the effects’ systematic variations are managed.

The first category of systematics are those that have an effect on the number of neutrinos (and
anti-neutrinos) in the sample. This category includes:
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e the level of contamination from atmospheric muons that trigger the detector,
e the atmospheric neutrino flux,

e the ratio of v, to v, production, and

e the index of the neutrino energy spectrum.

A second class of systematic uncertainties deals with the propagation and collection of the
light produced in the events. These systematics are:

o the photon collection efficiency of the DOMs,
o the scattering of photons from the ice immediately surrounding the DOMs, and
o the transmission of photons through the bulk ice.

The final uncertainty is somewhat different from the others of this category because of the dis-
crete nature of the models. IceCube has a limited number of ice models that are used in the
production and fitting of the data [25] so that this uncertainty can be marginalized.

The cuts and reconstruction described previously are then used to perform a muon disappear-
ance analysis which calculates the oscillation parameters associated with the measured spectrum.

5. Results

An oscillation analysis has been performed using 953 days of data [24], with a total of 5174
track-like events observed. If there were no neutrino oscillations, 6830 muon-type neutrinos
would have been expected in this time period. The calculation of the oscillation parameters in-
volves the binning of the data in the logarithm of the reconstructed energy between 6 and 56 GeV
and the cosine of the reconstructed zenith angle between —1 and O (restricting the analysis to up-
going events only). A binned maximum likelihood method is then applied with the parameters of
interest being the mixing angle 6,3 and the mass splitting Am%z. In this analysis the oscillation
probabilities are calculated using the three-flavour scheme with all parameters fixed to values
from [26] except 613 which is treated as a nuisance parameter.

If the normal neutrino mass ordering is assumed (the case shown in Fig. 6), the best fit oscilla-
tion parameters are sin? 63 = O.53J_r8:(1)g and Am%2 = 2.721L8:é(9) x 1073 eV2. The results show no
preference for the mass ordering, with the preferred values assuming the inverted ordering being
sin? O3 = 0.511‘8:?? and Am%2 = —2.721‘8:;? x 1073 eV2. The contours produced by this anal-
ysis (shown in Fig. 6) complement those extracted from other experiments designed specifically
to study neutrino oscillations.

The observed neutrinos may be plotted in the more intuitive L/E format, shown in Fig. 7. The
spectrum of the events used in the analysis is shown with the associated uncertainties as well as
the “no oscillation” spectrum expected given the number of events observed. It is clear that the
observed neutrinos deviate from the no-oscillation spectrum. Further, for the L/E values where
no oscillation is expected, the observed and expected distributions match well, indicating that the
scaling of the expected distribution without oscillation matches the data.

The results obtained from the DeepCore analysis used neutrinos in the energy range from
roughly 10 to 60 GeV, which is an energy region to which other experiments are either largely
insensitive or have an L that puts them beyond the minimum of interest in the oscillation proba-
bility function. Examining the experiments shown in Fig. 6, this energy range complements those
employed by other collaborations, where each of the projects shown use lower energy neutrinos
(with a maximum around 10 GeV, approximately the lower threshold for DeepCore) to determine
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the parameters. It is an important test of neutrino physics over a wide range of energies that the
results shown in Fig. 6, obtained using different energy ranges, are completely compatible.
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6. Future

The DeepCore oscillation analysis has two main aspects that can be improved to provide an
increased sensitivity to the parameters under study; the number of events in the data set (the
“event selection”) and the accuracy with which those events are reconstructed. There are, how-
ever, other oscillation-related topics of importance, namely the ordering of the neutrino masses,
to which no anticipated improvements in DeepCore can provide sensitivity. As such, while work
is on-going to improve DeepCore-related oscillation results, the deployment of additional photo-
sensors in the deep ice is being planned to provide further improvements for current results and
also probe a lower energy region with the necessary sensitivity for new oscillation physics. Here
we briefly discuss these efforts.

6.1. Existing detector — DeepCore

In general, the changes aimed at improving the oscillation analysis focus on developing ad-
vanced techniques that can provide reliable reconstructions of the energy and zenith angle for a
wider range of events than those selected in Section 5. Although Fig. 7 does not represent the
method used to extract the oscillation parameters, it is clear that the uncertainty on the L/E pa-
rameter is a limitation of the process. Newly studied algorithms have shown that improvement
on these reconstructions can be achieved.

In the improved reconstruction algorithm, the charge information from the DOM is binned
in time and a likelihood is calculated using the arrival time of the photons at the DOMs. This
method, while resource-intensive, has the advantage that all photons can be used instead of just
those that are not scattered. Models of the scattering and absorption of the ice are used, as dis-
cussed with respect to the DeepCore systematics, to take these effects into account in the final
likelihood. Using this method, significantly more events are included in the final data sample,
and even events without muons of substantial track length can be reconstructed with improved
precision. The impact of this change in algorithm is shown in Fig. 5.

As a consequence of being able to reliably reconstruct “lower quality” events, the neutrino
selection efficiency is improved. Preliminary results from this updated analysis have shown that
the increase in the number of events significantly improves the determination of the oscillation
parameters. To continue to reduce the contours shown in Fig. 6 it will be necessary to alter
the detector. DeepCore is still maturing, but no expected analysis improvements can open new
oscillation topics, such as the neutrino mass ordering, except for a new detector configuration.

6.2. New detector — PINGU

Improvements in both the number of neutrino events in the sample and the precision of the
event reconstruction can be enhanced simultaneously by increasing the density of photodetectors
in the DeepCore volume. The examination of these changes has resulted in the planned detector
known as the Precision IceCube Next Generation Upgrade (PINGU) [30].

The PINGU detector will be installed in the same location as DeepCore, at the centre of the
IceCube strings, for similar experimental reasons. The veto capabilities of the IceCube detector
are necessary to reduce the flux of atmospheric muons misidentified as neutrinos. The installation
of the DeepCore detector has dramatically increased the knowledge of the optical transmission in
the ice in this area, knowledge which has been applied to design of PINGU. The DOM-to-DOM
distance (7 m with DeepCore) is lowered to 3 m in the preliminary PINGU design while the
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Fig. 8. Overhead view of IceCube, DeepCore, and PINGU. Note that while IceCube and DeepCore have 60 DOMs per
string, PINGU has 96. Shown in the dashed line is the definition of the fiducial volume for the PINGU detector.

number of DOMs per string is increased from 50 (excluding the DOMs in the DeepCore top veto
cap) to 96. A total of 40 new strings would be located within the DeepCore footprint, lowering
the string-to-string spacing from between 40 and 70 m to 22 m, as shown in Fig. 8. The increase
in photodetector density significantly improves the acceptance of low-energy (< 10 GeV) events
compared to the DeepCore detector. Since the DeepCore strings are included in the PINGU
detector, and the higher density does not increase the acceptance at high energy, the efficiency
above 10 GeV remains largely the same while adding events down to roughly 1 GeV.

Given the detector design shown in Fig. 8, a suite of precision measurements becomes possible
[30]. Using atmospheric neutrinos as the source, our knowledge of the neutrino oscillation pa-
rameters, shown in Fig. 6, may be dramatically improved to the point that PINGU would emerge
as a leading project in the field. In a related search for tau-type neutrinos from oscillated atmo-
spheric neutrinos, the preliminary studies indicate the ability to exclude v, appearance after one
month of data taking and a measurement on the predicted normalization to better than 10% after
the first year. Equally intriguing is the potential for the detector to study the neutrino mass order-
ing. One of the fundamental remaining unknowns in the neutrino sector, the recently measured
relatively large 613 mixing angle makes it possible to utilize atmospheric neutrinos to definitely
measure the mass ordering [8]. With the PINGU detector shown in Fig. 8, the design studies
suggest the ability to identify the mass ordering with a precision of 3¢ after approximately four
years of data taking, depending on a normal or inverted ordering. Long term, a PINGU-scale
detector has the potential to perform the first studies of the structure of the Earth’s core using
atmospheric neutrino tomography. Finally, the PINGU detector would have the ability to sig-
nificantly improve the on-going IceCube-DeepCore research program, including world-leading
indirect dark matter searches to lower particle masses, and sensitivity to supernova neutrinos.

7. Summary

The IceCube experiment has been the leading project in the search for high-energy neutrinos
of astrophysical origin. With the inclusion of the DeepCore subarray, IceCube opened a window
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to particle physics in the Antarctic, including measurement of the atmospheric neutrino oscilla-
tion parameters. There are improvements underway in the analysis of currently in-hand data that
will further increase the precision on the oscillation parameter contours, cementing the position
of DeepCore as a leading experiment in the field. Plans are also currently underway to further
extend the reach of the IceCube facility into neutrino oscillation physics. The planned PINGU
detector is expected to provide the ability not only to improve the constraints on the mixing
parameters, but also answer several of the outstanding questions in neutrino physics today.
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