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One of the prime goals of the IceCube Neutrino Observatory is to identify tau neutrinos in the
astrophysical neutrino flux. The most recent tau neutrino search is based on the high-energy
starting event (HESE) sample and has not found any events that could be classified as tau
neutrinos. However, this sample rejects all events in the outer detector region to suppress
atmospheric background. Given the low expected number of identifiable tau neutrino events it
is desirable to combine different suitable event selections in future searches. Here we present
an approach where we use an event selection based on a shower-like event signature rather
than a fiducial volume veto. This retains events in the outer parts of the detector while greatly
reducing background from track-like events. We identify tau neutrino events by means of direct
reconstruction of the double cascade topology. Based on Monte Carlo studies, combining this
sample and the HESE sample will enhance the number of identifiable tau neutrino events by
∼20-45% for a given observation time at a similar background level.
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1. Introduction

The IceCube Neutrino Observatory is a km3 Cherenkov detector at the South Pole [1]. It dis-
covered an astrophysical flux of high energy neutrinos in 2012 [2]. The highest energies deposited
in the detector by neutrino interactions are well above 1 PeV, meaning that the neutrinos responsi-
ble cannot have been produced locally in the Earth’s atmosphere and must be of cosmic origin. If
the dominant production mechanism is π± decay resulting in a flavor ratio of νe : νµ : ντ of 1 : 2 : 0
at the source, the expected flavor ratio on Earth is νe : νµ : ντ ≈ 1 : 1 : 1 due to neutrino mixing [3].
Therefore, we expect one third of the astrophysical flux measured with IceCube to be caused by ντ

interactions. With a negligible atmospheric ντ content [4, 5], identifying ντ interactions in the Ice-
Cube data would be yet another smoking gun signature of the cosmic origin of the highest-energy
neutrino flux. However, to this day no ντ event has been identified with IceCube [6, 7].

There are three event topologies in IceCube to be distinguished. Track-like events stem from
charged current νµ interactions and atmospheric muons, as well as charged current ντ interactions
where the τ lepton decays muonically (branching ratio of ∼ 17%). Cascade-like events come from
νe or neutral current interactions, and from charged current ντ interactions where the τ lepton
decays too quickly to be resolved.

Only charged current ντ interactions can create a double cascade [8], where the first cascade
comes from the neutrino interaction and τ production, and the second from the τ decaying electro-
magnetically or hadronically (branching ratio of ∼ 83%). However, the τ lepton has a mean decay
length of 〈Lτ〉 ∼ 50 m ·Eτ [PeV], where Eτ is the τ energy. Therefore, charged current ντ inter-
actions become distinguishable from νe or neutral current interactions only at energies & 100 TeV.
More details on these event topologies can be found in [7]. So far, two dedicated ντ analyses have
been presented using different event selections. While [6] looked for double pulse signatures in the
waveform of individual digital optical modules (DOMs) in 3 years of IceCube data, [7] searched
for double cascades using direct reconstruction in 6 years of IceCube data. At neutrino energies
& 100 TeV, where the τ lepton can live long enough to create a resolvable double cascade sig-
nature in the detector, the measured neutrino flux is rather low. Here we present an approach to
increase the event sample used for the double cascade search by combining different selections of
high-energy neutrino events.

2. Data Samples

2.1 High-Energy Starting Events (HESE)

The HESE sample is based on the event selection described in [2]. A veto layer is used to
suppress incoming atmospheric background, resulting in a decreased effective volume. All events
are thereby required to start inside the detector. It is an all-flavor event selection, with events
classified as cascade-like or track-like. As the HESE event selection does not discriminate event
shapes, it retains a similarly high efficiency for ντ events at all tau decay lengths.

In the years 2012-2016, four cascade-like events with energies above 100 TeV were seen in
HESE, but not in the cascade sample described below, as they did not fulfill all of the cascade-
selection criteria. The currently available HESE sample contains 49 events with a deposited energy
above 60 TeV in the years 2010-2016, with an estimated background of 9 atmospheric neutrino
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events and 2 atmospheric muons [9]. This is the event selection used in [7], where the third event-
topology of a double cascade has been introduced.

2.2 Contained Cascade Events

The contained cascade event selection makes use of almost the entire instrumented volume
and uses topological criteria like the sphericity of the Cherenkov light pattern to select cascade-like
events and reject track-like events [10, 11]. Therefore, the efficiency of the cascade event selection
to ντ events is highest for events with short tau decay lengths that have spherical light patterns and
decreases with increasing tau decay lengths.

The sample consists of six years (2010-2016) of cascades, of which the high- and medium-
energy part above ∼ 10 TeV deposited energy will be used. In the time period between 2012
and 2016 there are 19 events with energies above 100 TeV, ten of which are not in the HESE
sample. This includes one event originating from an interaction in a layer of ice where light is
strongly attenuated due to a high concentration of dust particles. There is no contamination from
atmospheric muons expected above 60 TeV deposited energy.

Due to the steeply falling spectrum of the astrophysical neutrino flux, most of the identifi-
able double cascade signal is expected to have tau decay lengths close to the resolution threshold.
Therefore, the high-energy part of the cascade sample provides an excellent addition for a search
for ντ interactions. The work presented here is the first study aimed at identifying ντ events in the
contained cascade sample.

2.3 Uncontained Cascade Events

The outer parts of the detector are used as a veto region to varying degrees in both event se-
lections described above. As shown in [10, 12], this area of the detector allows a reasonably good
separation between astrophysical neutrino signal and atmospheric muon background. Events in
the uncontained cascade sample have interaction vertices reconstructed at the rim of the detector,
either close to the outer strings or below the instrumented volume. To suppress background from
atmospheric muons, events with vertices at the corners of the detector are discarded and only high-
energy events are kept. The event selection is designed to provide a sample that is statistically
independent from the contained cascades sample. So far, it has been applied to two years (2010-
2011) of data, but efforts are underway to extend the event selection to all currently available data.
While this sample offers a gain in the number of identifiable ντ events, it is more difficult to re-
construct events not contained inside the detector with the presently used algorithms. Therefore,
the addition of the uncontained cascade event sample for a ντ search is desirable, but challenging.
This sample has not yet been used for follow-up ντ searches, either.

The event numbers for the published samples are summarized in Table 1, showing the number
of events with reconstructed energies > 100 TeV for all topologies (cascades and tracks), cascades
only and cascades found only in that event selection. The effective areas for tau neutrinos for the
three described event selections are shown in Figure 1. Note that the uncontained cascade event
selection has only been applied to two years of data, and efforts are presently ongoing to extend the
event selection; its effective area might therefore change.
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event numbers (> 100 TeV) all topologies cascades unique cascades
HESE 6-year 27 22 7

contained cascades 6-year 26 26 14
uncontained cascades 2-year 9 9 8

Table 1: Number of events with > 100 TeV reconstructed energy observed in the three samples considered.
The number of events for all topologies, cascades, and the number of cascades found only in the given
sample are shown. Note that the published uncontained cascade sample covers two years only.
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Figure 1: Effective areas for tau neutrino interactions using the HESE, contained cascade, and uncontained
cascade event selections. Note that the uncontained cascade event selection is currently studied and might
change.

3. Observables sensitive for tau neutrino identification

This study is done using a reconstruction where an algorithm maximizes the likelihood of
the given event’s light deposition using the double cascade hypothesis [7, 13]. Out of the nine fit
parameters, three are used to identify double cascades: the energy of the first (hadronic) cascade
creating a τ lepton, the length the τ lepton travels before it decays, and the energy of the second
(hadronic or electromagnetic) cascade of the τ decay. Figure 2 shows the simulated survival rate of
astrophysical tau neutrinos with deposited energies above 60 TeV producing a double cascade as a
function of tau decay length in the HESE, combined HESE + contained cascades, and combined
HESE + contained cascades + uncontained cascades samples. Assuming an astrophysical flux of
Φντ

= 1.0 · 10−18( E
100TeV)

−2 GeV−1 cm−2s−1sr−1, 3.65 tau neutrino double cascade events per
year are expected in the combined sample, but only 1.36 (0.86) of these have a resolvable tau decay
length of > 10 m (> 20 m). The gain from including the contained cascade sample reaches ∼50%
for the lowest resolvable lengths of ∼10 m as compared to the HESE sample alone, and ∼80% if
both contained and uncontained cascades are included. The challenge is to resolve as many of the
events with short decay lengths as possible.
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Figure 2: Simulated survival rates of astrophysical tau neutrino interactions with deposited energies above
60 TeV producing a double cascade as a function of tau decay length in the HESE, combined HESE +
contained cascades, and combined HESE + contained cascades + uncontained cascades samples, assuming
an astrophysical flux of Φντ

= 1.0 ·10−18( E
100TeV )

−2 GeV−1 cm−2s−1sr−1.

The main goal of this study is then separating signal from background events based on the
observables of the fit and classifying them as either double cascade, single cascade, or track in
order to obtain signal and background rates for the combined data sample. Please note that the
separation criteria here are not identical to the ones used in [7], and that we introduce a new variable
in this work, the likelihood ratio, which we describe below. Only charged current ντ interactions
can create a true double cascade. However, the shorter the tau decay length is, the more does the
light pattern resemble that of a single cascade. Large stochastic energy losses along a muon track
can mimic a double cascade.

A useful observable is the tau decay length Lτ , where the algorithm gives a good resolution
above 10 m. Single cascades tend to be reconstructed as either double cascades having small (below
10 m) separation lengths, or with an arbitrary separation length and one of the cascades having
almost no energy. The latter is easily explained by a random noise hit somewhere in the detector
far away from the neutrino interaction. For its removal the energy asymmetry AE := E1−E2

E1+E2
is used,

with E1 (E2) being the reconstructed energy of the first (second) cascade. For single cascades, the
values for AE peak at ±1. Thus, events with high positive or negative energy asymmetries are
classified as single cascades. In this work, we introduce a new parameter to distinguish double
cascades from single cascades. We fix the tau decay length to 0 m and use the reconstruction
algorithm to fit both cascades at the same point, thus making it a single cascade. The likelihood
values are compared to the free minimization, and the event is only classified as a double cascade
if the test statistics −2log L(0m)

L(bestfit) > 1 is fulfilled. This is a powerful tool to distinguish between
single and double cascades, as quite naturally, the single cascade hypothesis describes a real single
cascade better.

Looking at track-like background, the energy asymmetry does not have a strong separation
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power. There is, however, a physical correlation between the mean tau decay length and its energy:
as mentioned above, 〈Lτ〉 ∼ 50 m ·Eτ [PeV], albeit with a large spread about the average value. This
can be used to define a signal region in Lτ -vs.-E2 space, classifying events with Lτ < 500 m ·E2

[PeV] as signal-like, and events with Lτ ≥ 500 m ·E2 [PeV] as track-like (this concept is illustrated
in Figure 2 of [7]). These cuts allow for a 90% double cascade purity in the signal sample selected
from contained cascades.

To get the same purity in the sample containing the additional HESE events, one more variable
has to be used in addition to the cuts developed for the contained cascade sample as a final step to
reduce the remaining track-like background. We use the energy confinement, i.e. the fraction of
the total energy that is deposited in the vicinity of the reconstructed cascade vertices. Only events
with a confined energy fraction close to 1.0 remain in the double cascade sample.

As the reconstruction algorithms used for this study have only been tested for events contained
inside the detector volume, the study initially focused on double cascades with both vertices recon-
structed inside the detector. This restriction poses a major challenge when aiming to extend the
search for ντ interaction to events that do not have both vertices contained inside the detector. Cur-
rently the performance of the algorithm and cuts for events that are outside the detector boundaries
is being studied.

4. Results from the combined sample

The expected signal and background rates are investigated for the contained cascade and the
HESE sample separately, as well as for the combination of both samples. Note that the contained
cascade sample has significant overlap with the HESE selection; ∼ 50 % of the events in the com-
bined sample pass both event selections. While there is no overlap between contained and uncon-
tained cascades by construction, there is some overlap between the HESE and uncontained cascades
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Figure 3: Simulated passing rates of astrophysical tau neutrino interactions with deposited energies above
60 TeV producing a double cascade with separation > 10 m in the contained cascades and HESE event
selection, and the combined sample for the same flux as in Figure 2. Left: Passing rate as a function of
energy. Right: Passing rate as a function of tau decay length.
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samples from events at the bottom of the detector. This has been taken into account properly when
combining the samples.

Figure 3 shows the passing rates of astrophysical tau neutrino interactions in the contained
cascades and HESE samples, as well as in the combined sample. Given the nature of the event
selections considered here, it is not surprising that the cascade sample retains many ντ events with
low tau decay lengths, while the HESE sample has a much higher efficiency for ντ events with
tau decay lengths above ∼ 100 m, as the contained cascades event selection selects shower-like
topologies and rejects events with elongated or track-like light patterns. Combining both samples
for a search for ντ -interactions is thus desirable.

Our results are shown in Figure 4. For reconstructed tau decay lengths > 20 m, the combined
sample will lead to an increase in identifiable tau neutrino events by ∼ 30% as compared to the
HESE selection alone assuming a hard spectrum with a spectral index of γ = −2. The expected
gain in the 10-20 m separation length region is even higher at ∼ 50%. With this spectrum, ∼ 3
signal events with separation lengths above 20 m are expected in the combined sample with eight
years of data, at a background level of 10 %. With a measured spectral index of γ−2.48±0.08 in
the cascade sample [11], the number of very high-energy events is expected to be lower. Therefore,
it is even more important to extend the ντ search to the cascade sample, as it has a larger effective
area than HESE at lower energies and separation lengths. For the softer spectral index of −2.48,
∼ 2 events are expected in the combined sample for eight years of data, for separation lengths
> 20 m. The gain from including the cascade sample is shown in Table 2 for both spectra.

The uncontained event selection provides additional events not seen in either of the other
samples. However, the performance of the double cascade reconstruction algorithm on uncontained
events needs to be studied further. Assuming that a similar efficiency as for contained events can
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Figure 4: Simulated rates of identifiable astrophysical tau neutrino interactions with a reconstructed double
cascade with separation > 20 m in the contained cascades and the contained cascades + HESE combined
sample after cuts have been applied, assuming the same flux as in Figure 2.
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energy spectrum E−2 E−2.48

tau decay length 10−20 m > 20 m 10−20 m > 20 m
gain from including ∼ 50 % ∼ 30 % ∼ 65% ∼ 35%

cascades ∼ 40 % ∼ 50 %

Table 2: Gain in the observable number of events with > 60 TeV deposited energy from combining the
contained cascade sample with the HESE sample. The E−2 spectral index denotes the flux used in Figure 2,
the E−2.48 spectral index denotes the flux observed in [11].

be achieved, an additional ∼ 15% identifiable tau neutrino events can be added to the combined
HESE and contained cascades sample.

5. Summary and Outlook

Six years of IceCube data have not yet revealed astrophysical ντ interactions. However, the
most promising search to date has been based on only the HESE sample, with an expectation of∼ 2
identifiable ντ events [7]. Combining this effort with the high-energy part of the contained cascade
sample increases the expected number of identifiable ντ events by∼ 30% in the almost background
free region of separation lengths ≥ 20 m and by ∼ 50% for separation lengths of 10-20 m. For a
softer spectrum, the importance of combining the two samples is even higher, and the gain from
incorporating the cascade sample is ∼ 65% for separation lengths of 10-20m.

Another not yet incorporated sample is given by the uncontained cascades. While the recon-
struction algorithms used have been developed for events that are contained within the fiducial
volume, a study of their efficiency on not fully contained events is underway. If a good separa-
tion between double cascades and background can be achieved, another ∼ 15% gain in ντ events
(compared to the combined sample of contained cascades and HESE) is possible.
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