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Abstract: Neutrinos produced in astrophysical sources such as active galactic nuclei and gamma ray bursts are
thoroughly mixed en route to earth. Therefore we expect a 1:1:1 neutrino flavor ratio from astrophysical sources at
the earth’s surface. IceCube is designed to detect all flavors of astrophysical neutrinos, each of which produce
distinctive light patterns in the detector. At sufficiently high energies the charged current interaction of the tau
neutrino and subsequent decay of the tau lepton within the detector, may appear as one or more double pulses in
the IceCube module waveforms. We will review the sensitivity of the double pulse signature to astrophysical tau
neutrinos.
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1 Introduction
If extremely energetic cosmic rays are accelerated in astro-
physical sources such as active galactic nuclei (AGN) [1]
and gamma ray bursts (GRBs) [2], then there should be a
corresponding flux of extremely energetic neutrinos from
these sources. While charged cosmic ray particles are de-
flected en route to earth by magnetic fields, neutrinos
are neutral and can travel astronomical distances without
change of trajectory. Thus neutrinos can point back to their
astrophysical origin. The three flavors of neutrinos (ν + ν̄)1

from the Standard Model, νe, νµ and ντ , with an expected
flux ratio of 1:2:0 at source of production, would mix thor-
oughly over astronomical distances. Therefore we expect
a 1:1:1 neutrino flavor ratio from astrophysical sources in
terrestrial detectors [3].

The IceCube Neutrino Observatory, located at the geo-
graphic South Pole [4] is designed to detect astrophysical
neutrinos and is sensitive to all three neutrino flavors. Each
flavor makes distinctive light patterns in the detector. There
are two major types of neutrino interaction light patterns in
IceCube. One is track-like, produced by a muon resulting
from the charged current (CC) interaction of a muon neu-
trino. The other is cascade-like, made by electron neutrino
and low energy tau neutrino CC interactions and neutral cur-
rent (NC) interactions of all three flavors. The primary back-
ground to astrophysical neutrino searches are muons and
neutrinos from the atmosphere which are produced in air
showers induced by cosmic rays. At sufficiently high ener-
gies, the tau lepton produced by the CC interaction of a tau
neutrino may travel substantially long distances (O(10) m
at 100 TeV) before decaying. The hadronic shower from the
interaction vertex and the electromagnetic/hadronic shower
from the tau decay are well separated in time, and hence
photons from these two showers registered at the nearby
IceCube photon sensors may appear as double pulses in
these sensors, see Fig. 1. The tau neutrino channel is of
particular interest for astrophysical neutrino searches be-
cause the flux of tau neutrinos from the atmosphere due to
oscillation and prompt charm production is very low [5].
Therefore, a high energy tau neutrino detected in IceCube

Figure 1: Sketch of a tau neutrino undergoing CC interac-
tion in the IceCube PMT array.

is likely to be of astrophysical origin. A dedicated analysis
searching for astrophysical tau neutrinos was carried out
during IceCube’s construction phase when only 22 strings
were instrumented [6]. Neutrino flux upper limit set by this
analysis was superseded by later IceCube analyses search-
ing for extremely-high-energy (EHE) neutrinos [7, 8].

2 The IceCube Waveforms
IceCube consists of 86 strings, each of which is instru-
mented with 60 Digital Optical Modules (DOMs). Most
strings are deployed on a hexagonal grid with 120 m hor-
izontal string-to-string spacing and 17 m vertical DOM-
to-DOM spacing. The inner DeepCore detector includes
8 strings with smaller string-to-string and DOM-to-DOM
spacing. The DOM consists of a glass pressure vessel en-
closing a 10-inch photomultiplier tube (PMT) and a main
board which contains the digitizing electronics [9]. The
PMT signal is split into three amplifier channels, each with
a different gain. All three channels are digitized by a sepa-
rate Analog Transient Waveform Recorder (ATWD) which
digitizes at a rate of 3.3 ns per sample for 128 samples. A
longer signal is recorded by the Fast Analog to Digital Con-

1. IceCube doesn’t discriminate ν and ν̄
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Figure 2: Top: a simulated ATWD double pulse waveform
from a ντ CC interaction. Bottom: derivative of the above
double pulse waveform, the horizontal axis of the waveform
derivative is plotted in terms of bin numbers, each of which
consists of four ATWD sampling bins (4 × 3.3 ns/sample =
13.2 ns).

verter (FADC) at 25 ns per sample for 256 samples. Typi-
cally, a DOM launch is a single photoelectron (SPE) which
only uses the highest-gain channel of the ATWD. However,
high-charge waveforms such as those which are used in
this analysis are clipped in the high-gain channel, so they
launch the low-gain channels as well. Since this analysis
depends on the shape of individual waveforms, it should be
noted that although IceCube employs a lossy compression
algorithm for transmitting most waveforms to the Northern
hemisphere, all waveforms which use the lower-gain chan-
nels are transmitted uncompressed, so there is no loss of
information.

The basic unit of IceCube data is a hit, or a signal
recorded on a single PMT. The DOMs communicate with
each other via a local coincidence (LC) signal and send
the full digitized waveforms to the surface if a DOM is
launched in coincidence with its nearest or next-to-nearest
neighbor. On the surface, trigger algorithms are applied;
the most common being a simple majority trigger of 8 or
more hits within a time window. A set of hits within a
trigger window is denoted an ”event”, which is then sent to a
filtering algorithm to determine whether the event is sent to
the Northern hemisphere for analysis. This analysis uses the
Extremely High Energy (EHE) filter which selects events
where more than 1000 photoelectrons (PE) are deposited in
the detector.

3 Potential ντ Double-Pulse Events
Whether photons from the two showers from a ντ CC event
will appear in the waveform as double-pulse feature or not,
is a combination of three effects - time separation between
the two showers, distances of the two vertices from the
DOM and orientation of the two vertices with respect to
the DOM. We denote distances from both cascades to a
nearby DOM as d1 and d2, time for photons to travel from
both vertices to that DOM as t1 and t2, tau length and
lifetime as dτ and tτ . For unscattered photons, the arrival
time difference between photons from the two cascades

Figure 3: Top: a simulated ATWD double pulse waveform
of a muon bundle event. Bottom: derivative of the above
double pulse waveform, the horizontal axis of the waveform
derivative is plotted in terms of bin numbers, each of which
consists of four ATWD sampling bins (4 × 3.3 ns/sample =
13.2 ns).

arriving at a nearby DOM is ∆tarr = |t2 − t1| = | d2−d1
Vice
|,

where vice =
c

nice
is the speed of light in ice, nice = 1.36

is the refractive index of Antarctic glacial ice. Photons
from the two cascades may appear as double pulses in the
digitized waveforms if ∆tarr is within the range such that the
double-peak feature can be resolved, which is at least 100 ns
given the typical time profile of the light distribution from
a single cascade. Photons traveling in the glacial ice will
undergo complex scattering and absorption [10], therefore
the double pulse feature is harder to resolve in distant DOMs
due to the smearing effect of scattering. Therefore, the most
likely DOMs with double pulse waveforms are the ones
close to the interaction and decay vertices. In order to study
double pulse events a sample of ντ Monte Carlo simulation
with energies between 1 TeV and 10 PeV was generated
with an E−1 neutrino spectrum to maximize the statistics
of high energy events. This sample can be subsequently
re-weighted to a more realistic E−2 spectrum to calculate
event rates. To select double pulse candidates, we performed
a geometrical selection of d1 < 200 m and d2 < 200 m
and ∆tarr > 100 ns on a sample. Any ντ CC event that has
DOMs satisfying this criteria is considered as a potential
double pulse event. All events passed these criteria are
found out to have neutrino energies greater than 100 TeV.
In order to develop an automate algorithm to search for
double pulse waveforms, we began with a sample of visually
selected double pulse waveforms from these events. An
example of a ντ double pulse waveform is shown in top
panel of Fig. 2. Based on features of these waveforms, a
computational double pulse algorithm was developed and
optimized to identify the ντ double pulse signature. The
algorithm is described in the following section.

4 ντ Event Selection
4.1 Filter
The first step in data processing is the EHE filter which
retains 100% of the simulated ντ double pulse events. As
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Figure 4: Distribution of total charge of ντ CC double pulse
events (no filter). Y-axis is event numbers per bin.

shown in Fig. 4, the total event charge of ντ double pulse
events is typically well over 1000 PE, which is the threshold
of the EHE filter.

4.2 Double Pulse Algorithm
The goal of the algorithm is to identify waveforms with
double pulse features which are consistent with a ντ dou-
ble pulse waveform, while rejecting features such as late-
arriving scattered photons from a single cascade event.

• We use waveforms from the ATWD digitizer in the
lowest gain channel available, since higher gain chan-
nels are generally clipped for high-amplitude wave-
forms. Waveforms with integrated amplitude less
than 10000 mV·ns are rejected. With base impedance
of 47 ohms and nomial gain of 107 [9], this translates
to ∼ 131 PE. FADC waveforms are not used since
they do not have multiple gain channels available and
since their coarser timing causes double pulse fea-
tures to be blended together or clipped.

• The beginning of the waveform is detected by a slid-
ing time window which searches for a monotonic in-
crease in the waveform amplitude within the window.

• Once the beginning of the waveform is found, the
waveform is divided into 13.2 ns segments and the
derivative is calculated for each segment. The bottom
panel of Fig. 2 shows an example of an ATWD
waveform derivative vector.

• If the derivative is positive in two consecutive seg-
ments, this is considered the rising edge of the first
pulse. When the subsequent derivative is negative for
two consecutive segments, this is considered the trail-
ing edge of the first pulse. The rising edge of the first
pulse is required to have an integrated charge of at
least 3.5 PE. The integrated charge sums up all the
charge corresponding to the entire rising edge, which
usually lasts longer than two segments (26.4 ns) for a
big pulse.

• The second pulse rising edge is defined when the
derivative after the trailing edge of the first pulse is
positive again for three consecutive segments. This

requirement is due to the fact that the second pulse
is often more scattered and therefore has a less steep
rising edge than the first pulse. The second pulse
trailing edge is often outside the ATWD time window,
and is therefore not calculated. The rising edge of the
second pulse is required to have an integrated charge
of at least 5.3 PE.

Figure 5: Simulated ντ CC double pulse event with
Eν =2.67 PeV and 109740 PE deposition in IceCube. Color
denotes photon deposition timing, red: early, blue: late.

A waveform which has a first rising edge, and first
trailing edge and a second rising edge according to the
above criteria is considered a double pulse waveform.

4.3 Efficiency
With the above criteria, the double pulse algorithm is able
to pick up ∼ 90% of the double pulse waveforms from the
270 waveforms selected from the aforementioned ντ MC
sample. The algorithm also picks up about 15% of weak
double pulse waveforms. Cuts to exclude the weaker double
pulse waveforms are under study. The second pulse in these
waveforms is very weak and may be eliminated with cuts
on the width of the second pulse or the charge in the second
pulse relative to the first.

Figure 6: Simulated muon bundle double pulse event with
primary nucleus energy of 280 PeV and 53384 PE deposi-
tion in IceCube. Color denotes photon deposition timing,
red: early, blue: late.

4.4 Veto
The major background for this analysis is throughgoing
muon bundles from cosmic ray induced air showers. A
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veto is applied in order to reject background events. This
veto is the same that was used for the high energy starting
events analysis in IceCube which is discussed elsewhere
in these proceedings [11]. The main goal of this veto is to
reject throughgoing muons. The veto region includes the
top 90 m (equivalent to 5 layers of DOMs) of the detector,
the outermost layer of strings, the bottom layer of DOMs
and the DOMs in the 80 m thick dust layer which is located
about 2100 m from the surface of the glacial ice cap [10].
The veto also determines the event start time as the time at
which 250 PE have been deposited in the detector within a
time window of 3000 ns. An event is rejected if more than
3 PE are deposited in the veto region before the event starts.

5 Preliminary Event Rates
The processing chain is applied to all Monte Carlo samples
(both signal and background) and 10% of the total data
collected between May 13 2011 and May 15 2012 in order
to calculate signal and background event rates.

5.1 Signal
From the simulated ντ sample, the rate of CC events above
100 TeV is estimated to be about 16 per year based on
a flux of E2Φνe+νµ+ντ

= 3.6× 10−8 GeV sr−1 s−1 cm−2.
This flux corresponds to the upper limit from a previously
published IceCube extremely-high energy cosmic neutrinos
search [7]. Applying the double pulse requirement yields
0.72±0.06 (stat) signal events per year. With additional veto
applied, 0.32±0.04 (stat) events per year survive.

5.2 Background
The following simulated backgrounds are considered:

• Atmospheric muons and muon bundles from cosmic
ray air showers with primary energy from 105 to
1011 GeV

• Muon and electron neutrinos with an E−2 spectrum
with energies between 10 and 109 GeV.

• Muon and electron neutrinos with energies between
10 and 109 GeV weighted to atmospheric neutrino
models [5, 12].

Before the veto is applied, 8800±1900 (stat) simulated
muon events per year have at least one double pulse wave-
form. Typically these events are muon bundles rather than
single muons. The cause of double pulses in muon bundle
events is stochastic TeV-scale energy loss within O(10) m
of a DOM. Fig. 3 shows a simulated ATWD double pulse
waveform from a muon bundle event. Although the shape
of the waveform is similar to that of a ντ CC double pulse
waveform, Fig. 2, the overall event topology of the event
is very distinctive. While light deposition from a ντ CC
double pulse event is well contained within the detector,
see Fig. 5, a muon bundle double pulse event clearly comes
from outside the detector and has a track-like structure, see
Fig. 6. The veto algorithm rejects 100% of these double
pulse muon and muon bundle events, while retaining ∼
44% of the ντ CC double pulse events.

The remaining sources of background are NC events
from all three neutrino flavors and CC events from νe and
νµ , both of astrophysical and atmospheric origin. Atmo-
spheric neutrino flux consists of a conventional [12] and
a prompt components [5]. Atmopheric neutrino rates are

estimated by weighting the aforementioned neutrino Monte
Carlo samples to these atmospheric neutrino flux models.
The flux of high energy (>100 TeV) atmospheric ντ which
is mainly from prompt charm mesons decay, is ∼ 10 times
lower than that of νµ and νe [5], and hence is not considered
in this analysis. A total of 1.6±0.7 (stat) background neu-
trino events per year survive the veto and the double pulse
cut. A νµ CC event which produces an outgoing muon track
may have double pulse waveforms due to stochastic energy
loss of the muon. Such events should have a track-like ap-
pearance which may be rejected by a cut on the event topol-
ogy. Cascade-like events from NC events of all three fla-
vors or νe CC events tend to have very weak double pulses,
which may be rejected by including cuts on the width and
amplitude of the second pulse.

6 Conclusion
Preliminary studies of a simple double pulse algorithm
search for ντ double pulse signature indicate that we should
be able to see O(1) ντ double pulse events in 3 years of Ice-
Cube data, based on a flux of E2Φνe+νµ+ντ

= 3.6×10−8

GeV sr−1 s−1 cm−2 [7], with no background from atmo-
spheric muons surviving the initial cuts. Future refinements
will include cuts on the width of the pulses, as well as veto
optimization to reject fewer signal events and cuts on event
topology to reject νµ CC double pulse events.
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