
Figure 5.8: Left: a simulated track made by a 117 TeV muon in IceCube. Middle: a simulated

lepton decays to hadrons of 2.92 PeV. A

CC interaction and NC interaction of all neutrino flavors will be of this event shape. Right:

CC event, the second “bang” is from the

lepton decay to 119 PeV hadrons. The time sequence is indicated by rainbow colors with red
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• Cubic-kilometer, high 
energy neutrino telescope 
located at geographic South 
Pole

• 86 in-ice strings

• 60 Digital Optical Modules 
(DOM) per string

• DOMs are deployed between 
1450m to 2450m in depth

• Densely instrumented sub-
array “DeepCore” at  center 
bottom of detector

• 81 IceTop surface stations

• 2 tanks per station

Goal: detecting TeV-PeV astrophysical neutrinos 
Construction completed in December 2010

Inter-string spacing ~125 m
Vertical DOM spacing ~17m

IceCube Detector 
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5,160&of&these&buried&in&ice&

Figure 6
Click here to download high resolution image

ATWD%digi)zed%waveform%
for%a%single%photoelectron%(SPE)%

• Digitization of Photomultiplier Tube (PMT) 
waveforms in ice

• Analog Transient Waveform Digitizer (ATWD) 
waveform: 

- Three channels with (16x, 2x, 0.25x) of nominal gain 107

- Time window: 422.3 ns, 128 samples with 3.3ns/sample

IceCube DOMs and Waveforms 
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4Detection Principle - Cherenkov Radiation 

•  Neutrinos cannot 
be detected directly


• Detecting light from 
neutrino interactions 
with the ice nuclei


• Sensitive to single 
photons

μ
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(1) Track:  νμ CC (2) Cascade:  νe CC, 
all-flavor NC, low-E ντ

Neutrino Signatures in IceCube 

DataData

“high degeneracy”
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(1) Track:  νμ CC (2) Cascade:  νe CC, 
all-flavor NC, low-E ντ

Detection of High-Energy Astrophysical Neutrinos 

DataData

“high degeneracy”

“Evidence for High-Energy Extraterrestrial 
Neutrinos at the IceCube Detector”

No dedicated identification
 for tau neutrinos

.. but essential in astro. nu
flavor ratio measurement 
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5.2.4 Double Cascades

At energies above 1 PeV, a ⌫⌧ undergoing CC interaction in IceCube produces a hadronic cascade

and a ⌧ lepton that can penetrate tens of meters through the ice before decay. A ⌧ will decay

to hadrons 64.8% of the time, to electrons 17.8% of the time and to muons 17.4% of the time.

Hadronic and electronic tau decays will produce a second cascade. These two subsequent deposi-

tions of energy would form the distinctive pattern of a “double bang” signature for ⌫⌧ in IceCube

[2], see right panel of Figure 5.8. To date, this signature has not been observed in IceCube. This

work looks for a double cascade which can be resolved by a single IceCube sensor, as described in

Chapter 6.

Figure 5.8: Left: a simulated track made by a 117 TeV muon in IceCube. Middle: a simulated
cascade event made by a 3.61 PeV ⌫⌧ CC event, the ⌧ lepton decays to hadrons of 2.92 PeV. A
⌫e CC interaction and NC interaction of all neutrino flavors will be of this event shape. Right:
a simulated double bang event made by a 328 PeV ⌫⌧ CC event, the second “bang” is from the
⌧ lepton decay to 119 PeV hadrons. The time sequence is indicated by rainbow colors with red
representing early and blue late.

5.3 Simulations

Physical processes in IceCube are simulated in a chain of Monte Carlo simulations, which model

the particle interactions and propagations occurring both in the air and in the ice, and the detector

response when photons register at the detector. To meet the challenge of computational expense, a

scheme of weighting is employed in IceCube’s particle simulations.

76

E ντ = 300 PeV

(3) Double Cascades: 
High-E ντ CC

Neutrino Signatures in IceCube - Not Yet Detected 

Simulationl⌧ ⇠ 1PeV/50m
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5.2.4 Double Cascades

At energies above 1 PeV, a ⌫⌧ undergoing CC interaction in IceCube produces a hadronic cascade

and a ⌧ lepton that can penetrate tens of meters through the ice before decay. A ⌧ will decay

to hadrons 64.8% of the time, to electrons 17.8% of the time and to muons 17.4% of the time.

Hadronic and electronic tau decays will produce a second cascade. These two subsequent deposi-

tions of energy would form the distinctive pattern of a “double bang” signature for ⌫⌧ in IceCube

[2], see right panel of Figure 5.8. To date, this signature has not been observed in IceCube. This

work looks for a double cascade which can be resolved by a single IceCube sensor, as described in

Chapter 6.

Figure 5.8: Left: a simulated track made by a 117 TeV muon in IceCube. Middle: a simulated
cascade event made by a 3.61 PeV ⌫⌧ CC event, the ⌧ lepton decays to hadrons of 2.92 PeV. A
⌫e CC interaction and NC interaction of all neutrino flavors will be of this event shape. Right:
a simulated double bang event made by a 328 PeV ⌫⌧ CC event, the second “bang” is from the
⌧ lepton decay to 119 PeV hadrons. The time sequence is indicated by rainbow colors with red
representing early and blue late.

5.3 Simulations

Physical processes in IceCube are simulated in a chain of Monte Carlo simulations, which model

the particle interactions and propagations occurring both in the air and in the ice, and the detector

response when photons register at the detector. To meet the challenge of computational expense, a

scheme of weighting is employed in IceCube’s particle simulations.
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Schematic ντ CC interaction in IceCube

 E ντ = 3.6 PeV

Tau Neutrino Charged-Current Double Pulse Events 
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9Background — Atmospheric Muons & Neutrinos 

IC79%muon%MC%event%

2600/sec(of(these(in(IC86..(
Major%background!%

Red:%early%
Blue:%late%

‣Conventional: 

‣ Prompt: 

dN

dE⌫
⇠ E�3.7

⌫

dN

dE⌫
⇠ E�2.7

⌫

Atmospheric prompt ντ is ~10 times lower than νμ and νe 

⌫e : ⌫µ ' 1 : 1

⌫e : ⌫µ ' 1 : 2

neutrino : muon ~ 1 : 106
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Muons

ντ νμ

Signal Backgrounds

TeV-scale stochastic losses ~O(10) 
meters near some DOM 

Double Pulse Event Candidates 



Donglian Xu  |  Tau Neutrinos in IceCube  |  IPA 2017, Madison

11

Note: DPA only runs on ATWD waveforms with accumulated charge > 432 PE 

ICRC2013 poster: “Detecting Tau Neutrinos in IceCube with Double Pulses” 
[arXiv:1309.7003]

1st trailing edge: 
Width 2 & 
Steepness 2

1st rising edge: 
Width 1 &  
Steepness 1

2nd rising edge: 
Width 3 & 
Steepness 3

Double Pulse Algorithm (DPA) 

http://arxiv.org/abs/1309.7003
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12Identified Double Pulse Waveforms

Signal: 

Background: 

Figure 6.5: Top: a double pulse waveform made by a CORSIKA event (simulated atmospheric
muon). Bottom: first derivative of the ATWD waveform from the top.

6.2 Double Pulse Waveform Identification Algorithm

The goal of the double pulse algorithm (DPA) is to identify waveforms with double pulse features

that are consistent with a ⌫⌧ double pulse waveform while rejecting waveforms with features that

are consistent with late scattered photons from a single cascade event such as a NC or ⌫e CC

interaction. Since double pulse waveforms from atmospheric muon background events are very

similar to those from a ⌫⌧ , such events are eliminated at a later stage discussed in Section 6.3.2.

The DPA identifies events with at least one hit DOM that has a substantial double pulse feature

which is consistent with two consecutive energy depositions near the DOM.

6.2.1 The Algorithm

The double pulse algorithm uses 7 parameters to characterize a waveform that has substantial

double pulse features:

97

Figure 6.6: Top: a double pulse waveform made by a simulated ⌫µ CC event. Bottom: first
derivative of the ATWD waveform from the top.

• Waveforms from the ATWD digitizer in the lowest gain channel available are used, since

higher gain channels are generally clipped for high-amplitude waveforms. The integrated

amplitude is called wf qtot. Waveforms with integrated amplitude less than 10000 mV·ns

are rejected. With base impedance of 47 ohms and nominal gain of 107 [185], this translates

to ⇠ 432 PE. FADC waveforms are not used since they do not have multiple gain channels

available and since they have coarser timing, causing double pulse features to be blended

together or clipped.

• The beginning of the waveform is detected by a sliding time window of 3.3 ns equal to one

ATWD bin size which searches for a monotonic increase in the waveform amplitude within

a time span of 19.8 ns (6 ATWD bins).

• Once the beginning of the waveform is found, the waveform is divided into 13.2 ns segments

(4 ATWD bins) and the first time derivative is calculated for each segment . The bottom panel

98

Figure 6.8: Left: single energetic waveform from a simulated ⌫⌧ NC event with long bumpy
trailing edge that was identified as double pulse by DPA. Right: single energetic waveform from
a simulated ⌫⌧ NC event with second pulse being late pulse responding to the saturated first main
pulse. Late pulses in data have a different (smoother) shape and do not trigger the DPA.

Figure 6.9: Left: double pulse waveform from a Glashow resonance event simulated ⌫̄ee ! ⌫̄µµ
from OM (39, 51). Right: double pulse waveform from the same Glashow resonance event ⌫̄ee !
⌫̄µµ from OM (39, 52).

when they became available months later. The E�1 samples have many more high energy events

simulated than the E�2 samples, and hence more double pulse waveforms are identified from those

newer samples. However, the total (misidentified) double pulse event rates from these cascade-

like backgrounds are nearly two orders of magnitude lower than the event rates from signal. This

indicates that the optimization of DPA settings are extremely efficient in cascade-like background

103

Atmospheric μ νμ CC

ντ NC: single cascade

ντ CC

Most important to reject 

at waveform level
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Trigger

Filter
QTot>1000 PE

Identify events with
 double pulse waveforms

Reject track-like 
backgrounds

Geometrical 
containment 

10% of 

3-yr data

Event Selection and Cut Efficiency
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Rates in 914.1 days L5 L6

CORSIKA 3.5±3.4 0.08±0.06

Blind Sample 3±2 0

In 914.1 days

Signal 0.54±0.01

Total background 0.35±0.06

• Sensitivity: 5.1 ×10-8 GeV cm-2 sr-1s-1 

   - Flux per flavor: 1.0 ×10-8 GeV cm-2 sr-1s-1 (Phys. Rev. Lett. 113, 101101)

• Middle 90% signal energy range: 214 TeV - 72 PeV 

Sensitivity:

Unblinding 
Results:

Sensitivity and Results
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15Events at Level 5

Three double pulse events found before containment cut
8

FIG. 7. Event 1 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on May
30, 2011. The colored spheres indicate hit DOMs, with size indicating the amount of charge deposited on the sphere and color
indicating time: red is earlier, blue is later.

FIG. 8. Event 2 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on November
27, 2011.

FIG. 9. Event 3 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on August
28, 2012.

8

FIG. 7. Event 1 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on May
30, 2011. The colored spheres indicate hit DOMs, with size indicating the amount of charge deposited on the sphere and color
indicating time: red is earlier, blue is later.

FIG. 8. Event 2 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on November
27, 2011.

FIG. 9. Event 3 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on August
28, 2012.
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FIG. 7. Neutrino flux upper limits and models as a function
of the primary neutrino energy. The thick red curve is the ⌫⌧
di↵erential upper limit derived from this analysis, including
systematic and statistical errors. In computing the di↵erential
upper limit, values of the flux limit were calculated for each
energy decade with a sliding energy window of 0.1 decade.
The thick black error bars depict the all-flavor astrophysical
neutrino flux observed by IceCube [2]. The thick dashed line is
the di↵erential upper limit derived from a search for extremely
high energy events which has found the first two PeV cascade
events in IceCube [40, 41]. The blue dotted line is the Auger
di↵erential upper limit from ⌫⌧ induced air showers [26]. The
orange dashed line is the Waxman-Bahcall upper bound which
uses the UHECR flux to set a bound on astrophysical neutrino
production [42]. The dash-dotted line (magenta) represents
the prompt neutrino flux predicted from GRBs; prompt in
this context means in time with the gamma rays [43]. The
dash-dot-dot line (grey) indicates the neutrino flux predicted
from the cores of active galaxies [44]. The thin dash-triple-
dot line (red) shows the neutrino flux predicted from starburst
galaxies, which are rich in supernovae [45].

events are consistent with atmospheric muons interacting453

near the edge of the detector, producing a double pulse454

waveform in a cascade-like event but failing the subse-455

quent containment cut at Level 6. The observation of 3456

events in 914.1 days of livetime matches the CORSIKA457

prediction at level 5 as discussed in Section III B. The458

events and their corresponding double pulse waveforms459

are shown in Figures 8, 9 and 10.460

Based on zero observed events, an integrated astro-461

physical ⌫⌧ flux upper limit is set to be E2�⌫⌧ = 5.1 ⇥462

10�8 GeV cm�2 sr�1 s�1. A ⌫⌧ flux di↵erential upper463

limit in the energy range of 214 TeV to 72 PeV, which464

contains 90% of the predicted ⌫⌧ CC events, is also ex-465

tracted following the procedure that was employed in de-466

riving quasi-di↵erential upper limits from previous EHE467

cosmogenic neutrino searches in IceCube [40, 46, 47]. In468

this procedure, flux limits were computed for each en-469

ergy decade with a sliding energy window of 0.1 decade,470

assuming a di↵erential neutrino flux proportional to471

1/E2 [48]. Since zero events were found, the 90% C.L.472

event count limit in each energy decade is 2.44 based473

on the Feldman-Cousins approach [49]. The dominant474

sources of systematic error in this analysis are indepen-475

dent of energy. Therefore, all the sources of systematic476

and statistical error are incorporated in the limit cal-477

culation by uniform scaling of the e↵ective area. The478

di↵erential upper limit is plotted in Figure 7.479

VI. CONCLUSION480

The double pulse search method is shown to be robust,481

with the observed background from cosmic ray induced482

muons matching prediction. The search is more sensi-483

tive to tau neutrinos between 214 TeV and 72 PeV than484

to any other flavor. Given the astrophysical neutrino485

flux observed by IceCube, fewer than one tau neutrino486

candidate event is expected in three years of IceCube487

data, and none are observed. A di↵erential upper limit488

has been placed on the astrophysical tau neutrino flux,489

with an energy threshold three orders of magnitude lower490

than previous dedicated tau neutrino searches by cos-491

mic ray air shower detectors. Searches for double bang492

events with well separated cascades in IceCube are under-493

way. Future extensions of IceCube such as the proposed494

IceCube-Gen2 detector [50] will have a factor of 5 to 10495

times more sensitivity to astrophysical tau neutrinos than496

the current IceCube detector.497
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• Zero events found in 914 days

• Integrated limit:
E2ϕν = 5.1x10-8 GeV-1 s-1 sr-1 cm-2

• Middle 90% energy range:
214 TeV - 72 PeV 

Phys. Rev. D 93, 022001 
 http://arxiv.org/abs/1509.06212

http://arxiv.org/abs/1509.06212
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17Future Tau Neutrino Searches in IceCube 

‣ Double cascades:

• Double pulse waveform method - “Double Pulse” 

(re-optimizing DP waveform identification, machine learning, …)


• Dedicated double-vertex reconstructions - “Double Bang”

(ice properties, likelihood reconstructions, PDF templates, …)


‣ Future IceCube-Gen2: 

• ~ 2-3 times sensitivity    for 

double pulse events


•  ~10 times sensitivity    for 
double bang events

https://arxiv.org/abs/1412.5106

https://arxiv.org/abs/1412.5106
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18Conclusion & Outlook 

• IceCube has detected a diffuse astrophysical neutrino flux


• The first tau neutrino search with the complete IceCube 
detector found zero events in three years (0.54 expected) 

• First upper limit set for astrophysical tau neutrinos at the 
O(PeV) region


• A new method for astrophysical tau neutrino search in the 
waveforms: lower detection energy threshold to O(100 TeV) 

• Dedicated tau neutrino search analyses are ongoing


• Future IceCube-Gen2 is expected to see up to an order of 
magnitude increase in sensitivity for astrophysical tau 
neutrinos
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• Fundamental properties: 
✦ Precision measurement of neutrino flavor ratio at Earth

‣ Test standard oscillation over extremely long baselines
‣ Probe dominant emission processes at source
‣ Constrain new physics models.

3

FIG. 3. Allowed flavor ratios at Earth for di↵erent choices of
source ratios, assuming standard mixing. Projected 1�, 2�,
and 3� exclusion curves from IceCube-Gen2 are included for
comparison (gray, dotted); see main text.

shrink when the mixing parameters are better known). A
source composition of (1 : 0 : 0)S is already disfavored at
& 2�. While the current IceCube fit is compatible with
the standard

�
1
3 : 1

3 : 1
3

�
� at 1�, the best-fit point cannot

be reached within the Standard Model.

An upgrade of IceCube would have excellent discrim-
ination power, as indicated by the projected sensitivity
curves we estimate for IceCube-Gen2 and show in Fig. 3.
We reduced the IceCube uncertainties by a factor 5, cor-
responding to an exposure increased by a factor ⇠ 25
(⇠ 6 times larger e↵ective area [40] and twelve years
instead of three). The true sensitivity might be worse
(due to sparser instrumentation) or better (due to new
techniques or to the discovery of flavor-identifying sig-
nals [43, 44, 46, 48, 51, 66–74]). To be conservative,
we assumed the best fit will correspond to the most-
frequently considered composition, ( 13 : 1

3 : 1
3 )�, for

which it will be most di�cult to test for new physics.

Flavor ratios with new physics.— New physics
can modify the flavor composition at production, during
propagation, or in interaction. In the first two cases, it
will a↵ect the flavor composition that reaches the detec-
tor; this is our focus. In the last case —which includes,
e.g., non-standard interactions [75] and renormalization
group running of the mixing parameters [76]— we as-
sume that new physics, possibly energy-dependent, can
be separated by probing the interaction length in Earth
via the angular dependence of the neutrino flux [77–80].

In extreme scenarios, there could be only one mass
eigenstate present at detection, and the flavor composi-
tion would correspond to that of one eigenstate. This

FIG. 4. Allowed flavor ratios at Earth in a general class of
new-physics models. These produce linear combinations of
the flavor content of ⌫3, ⌫2, and ⌫1, shown as yellow (dashed)
curves, from left to right. The standard mixing 3� region
from Fig. 2 is shown as a magenta (dotted) curve.

could happen if all but one mass eigenstate completely
decays or if matter-a↵ected mixing at the source singles
out a specific one for emission.

Figure 4 shows the allowed region if we restrict our-
selves to a general class of new-physics models —those in
which arbitrary combinations of incoherent mass eigen-
states are allowed (we give examples below of mod-
els that can access the area outside this region). The
↵-flavor content of an allowed point is computed as
k1 |U↵1|2 + k2 |U↵2|2 + k3 |U↵3|2, where the ki are varied
under the constraint k1+k2+k3 = 1 and the values of the
mixing parameters are fixed. To generate the complete
region, we repeat the procedure by varying the mixing
parameters within their uncertainties.

For a particular new-physics model, the functional
forms and values of the ki are determined by its param-
eters. The most dramatic examples include all variants
of neutrino decay among mass eigenstates, both partial
and complete [25, 81–84], and secret neutrino interac-
tions [85–91]; the ki in these cases depend on neutrino
lifetimes and new coupling constants, respectively. Other
examples are pseudo-Dirac neutrinos [92–94] and deco-
herence on the Planck-scale structure of spacetime [95–
101].

Even with this general class of new-physics models,
only about 25% of the flavor triangle can be accessed.
The current IceCube best fit cannot be reached even by
invoking this class of physics models. IceCube-Gen2 will
be needed to strongly constrain such new-physics models.

Interestingly, there is more than one way in which

• Astrophysical ν:  atmospheric ντ production is negligible, 
one ντ event can be 5σ astrophysical. 

M. Bustamante, J. F. Beacom, and W. Winter,  
Phys. Rev. Lett. 115, 161302 (2015). 

C. A. Argüelles, T. Katori, and J. Salvado,  
Phys. Rev. Lett. 115, 161303 (2015).

Impact of Tau Neutrino Identification 
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Figure 3.9: Average length of di↵erent event signatures as a function of the primary
energy. Data taken from Bernard, “Caractérisation des performances d’un télescope sous-marin à
neutrinos pour la détection du cascades contenues dans le cadre du project ANTARES”

length of electrons and photons in ice,12 until the critical energy Ecrit = 80 MeV is
reached.13 Therefore, the cascade maximum is reached after a shower depth of about

xmax = 0.4 m · log2

 Ee
0

Ecrit

!

The total cascade length is about twice this, resulting in a cascade length in the
order of 10 m in IceCube. This simple model of electro-magnetic cascades is known
as Heitler’s model. Starting at about 1 PeV the radiation length X0 increases
with the energy due to the LPM e↵ect: The cross-section of pair-production and
bremsstrahlung decreases at high energies because of destructive interferences
between adjacent scattering points.14

As one can see in Figure 3.9, electro-magnetic cascades are slightly smaller than
hadronic cascades below roughly 100 TeV. Nevertheless, IceCube is not able to
distinguish EM cascades from hadronic cascades, especially for CC electron neutrino
interactions, where the electro-magnetic and hadronic cascades overlap. Thus,
everything explained before about the topology of hadronic cascades in IceCube
also applies to electro-magnetic cascades.

12Tsai, “Pair production and bremsstrahlung of charged leptons”.
13Voigt, “Sensitivity of the IceCube detector for ultra-high energy electron-neutrino events”.
14Migdal, “Bremsstrahlung and Pair Production in Condensed Media at High Energies”.
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Bernard, Frank (2000), PhD thesis 

Tau
: 5m

/10
5 GeV

Muo
n: 5

m/GeV

⌧µ,rest = 2.2⇥ 10�6s
⌧⌧,rest = 2.9⇥ 10�13s

mµ = 105.6 MeV/c2

m⌧ = 1776.8 MeV/c2

Tau vs Muon 
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energy, although conceivably one could get to very low muon energies using events in which the

muon decays in the detector volume.  At low enough energies, tau neutrinos from atmospheric

interactions may start entering as a “background” to cosmological tau neutrinos.  In principle,

background from cosmic-ray muons that have a fortuitous bremsstrahlung interaction could be

estimated from a sample of IceTop-tagged muons in the data.  Background from charged-current

νµ  interactions would have to be estimated from Monte Carlo.

3.  Conclusion

Figure 1 summarizes the tau decay channels that may be accessible to IceCube.  In addition to the

canonical double bang channel, five other channels may also be detectable.  The energy range is

extended considerably beyond that available from just the double bang channel alone, and in many

cases the overlapping energy ranges will permit IceCube to make simultaneous tau neutrino flux

measurements using channels with very different systematics.
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Figure 1: Summary of τ channels possibly accessible to IceCube, shown as a function

of energy and approximate tau decay length, with indications of background level,

acceptance, angular and energy resolutions, and specific anticipated background.
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plus 22 additional DP waveforms from OMs on other 
strings = 34 DP waveforms
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NuTau: 2.42 PeV 
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Decay Vertex (Hadrons): 1.72 PeV 

Top view

• DP events with vertices near DeepCore
are golden events as they make multiple 
adjacent DP waveforms on the same string
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Simulated NuTau CC Event with DP Waveforms
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TABLE I. Predicted event rates from all sources at the final
cut level. Errors are statistical only.

Data samples Events in 914.1 days (final cut)

Astrophysical ⌫⌧ CC (5.4 ± 0.1) · 10�1

Astrophysical ⌫µ CC (1.8 ± 0.1) · 10�1

Astrophysical ⌫e (6.0 ± 1.7) · 10�2

Atmospheric ⌫ (3.2 ± 1.4) · 10�2

Atmospheric muons (7.5 ± 5.8) · 10�2

nos from charmed meson decay [14]. The primary cosmic
ray spectrum used to predict atmospheric neutrino rates
is corrected for air shower measurements in the knee re-
gion of several PeV [35].

Figure 5 summarizes the passing rate of signal and
background events at each cut level. At the final cut
level, astrophysical ⌫⌧ events have the highest passing
rate of any source, and the dominant background is as-
trophysical ⌫µ CC events. The e↵ective areas for ⌫⌧ CC
and ⌫µ CC events at the final cut level is shown in Fig-
ure 6. An optimal energy window for the astrophysical
⌫⌧ search in IceCube using this double pulse method is
around the PeV region, where the e↵ective areas for ⌫⌧

CC events are nearly an order of magnitude higher than
that of ⌫µ CC events. It is planned that events found at
final cut level will be further investigated with segmented
energy loss reconstruction algorithms [36] to acquire their
energy loss profile and directionality. Event probabilities
of ⌫⌧ -like or not will also be computed based on likelihood
methods.

IV. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainty considered in
this analysis are neutrino cross sections, anisotropy in
the optical scattering in ice, uncertainty in the optical
scattering and absorption lengths in ice, and DOM ef-
ficiency. The main sources of systematic uncertainty in
the signal are summarized in Table II.

The neutrino cross sections used in this analysis are
from the CTEQ5 model [38]. The CSMS model [39],
which has updated parton distribution functions, pre-
dicts ⇠ 5% fewer events compared to the CTEQ5 model.

An earlier study in IceCube attempting to reconstruct
the double deposition of energy from a ⌫⌧ CC event has
found that the recently identified anisotropy in the op-
tical scattering in ice [40] would modify the number of
expected photons in some DOMs and hence could mimic
a double cascade feature in the reconstructed energy seg-
ments [41]. A study based on simulations with and with-
out this anisotropy found a 7% lower signal event rate
prediction for the double pulse analysis when anisotropy
was included. The e↵ect is small at the waveform level
due to the fact that the double pulse events usually oc-
cur within tens of meters of a DOM, which is within 1-2

FIG. 6. E↵ective areas at final cut level as a function of pri-
mary neutrino energy. Only the middle 90% ⌫⌧ energy range
(214 TeV - 72 PeV) is plotted. The dominant background
for this analysis is due to astrophysical ⌫µ CC events, so only
⌫⌧ CC (solid blue) and ⌫µ CC (dashed red) e↵ective areas
are shown. The plot demonstrates that the optimal energy
window for the astrophysical ⌫⌧ search using the double pulse
waveform approach is from O(100) TeV to O(10) PeV. In par-
ticular, around PeV energies, e↵ective areas for ⌫⌧ CC events
are about an order of magnitude higher than those for ⌫µ CC
events. E↵ective areas for ⌫e (not shown) are 1-2 orders of
magnitude below the e↵ective areas for ⌫⌧ CC, except at the
Glashow resonance energy of 6.3 PeV [37].

scattering lengths in the ice.

The optical scattering length and absorption length
were varied according to the uncertainty in the value of
these parameters [33]. Increasing the absorption by the
allowed uncertainty decreases the signal event rate by
4.9%, and decreasing the absorption and scattering in-
creases the signal event rate by 8.1%.

Since the ⌫⌧ double pulse events are very bright, uncer-
tainty in the DOM e�ciency does not play an important
role. Simulation with the DOM e�ciency set at +10%
and -10% of the nominal values yielded a decrease of
1.6% in the signal event rate when decreasing the e�-
ciency, and an increase of 6.7% in the signal event rate
when increasing the e�ciency.

Adding the various errors in quadrature, the total sys-
tematic uncertainty in the signal is about ±10%.

The uncertainty in the atmospheric muon and neu-
trino background is dominated by statistical error, due
to the fact that few simulated background events pass
the cuts. The largest source of systematic error is un-
certainty in the cosmic ray flux at high energies which
contributes +30%/-50% uncertainty to the atmospheric
muon flux and ±30% uncertainty to the atmospheric neu-
trino flux [42].

Effective Areas at Final Cut



Donglian Xu  |  Tau Neutrinos in IceCube  |  IPA 2017, Madison

25Systematics 9

TABLE II. Source of systematic uncertainty in the signal.

Neutrino cross sections -5%

Anisotropy in the optical scattering in ice -7%

Optical scattering and absorption lengths in ice +8.1%
�4.9%

DOM e�ciency +6.7%
�1.6%

Total +10.5%
�10.0%

V. RESULTS

Zero events were found after all cuts were applied. At
level 5, before the containment cut, three events were
found which each have one double pulse waveform, all of
which occurred on strings at the edge of IceCube. These
events are consistent with atmospheric muons interacting
near the edge of the detector, producing a double pulse
waveform in a cascade-like event but failing the subse-
quent containment cut at Level 6. The observation of 3
events in 914.1 days of livetime matches the CORSIKA
prediction at level 5 as discussed in Section III B. The
events and their corresponding double pulse waveforms
are shown in Figures 7, 8 and 9.

Based on zero observed events, an integrated astro-
physical ⌫⌧ flux upper limit is set to be E2�⌫⌧ = 5.1 ⇥
10�8 GeV cm�2 sr�1 s�1. A ⌫⌧ flux di↵erential upper
limit in the energy range of 214 TeV to 72 PeV, which
contains 90% of the predicted ⌫⌧ CC events, is also ex-
tracted following the procedure that was employed in de-
riving quasi-di↵erential upper limits from previous EHE
cosmogenic neutrino searches in IceCube [42, 48, 49]. In
this procedure, flux limits were computed for each en-
ergy decade with a sliding energy window of 0.1 decade,
assuming a di↵erential neutrino flux proportional to
1/E2 [50]. Since zero events were found, the 90% C.L.
event count limit in each energy decade is 2.44 based
on the Feldman-Cousins approach [51]. The dominant
sources of systematic error in this analysis are indepen-
dent of energy. Therefore, all the sources of systematic
and statistical error are incorporated in the limit cal-
culation by uniform scaling of the e↵ective area. The
di↵erential upper limit is plotted in Figure 10.

VI. CONCLUSION

The double pulse search method is shown to be robust,
with the observed background from cosmic ray induced
muons matching prediction. The search is more sensi-
tive to tau neutrinos between 214 TeV and 72 PeV than
to any other flavor. Given the astrophysical neutrino
flux observed by IceCube, fewer than one tau neutrino
candidate event is expected in three years of IceCube
data, and none are observed. A di↵erential upper limit
has been placed on the astrophysical tau neutrino flux,
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FIG. 10. Neutrino flux upper limits and models as a function
of the primary neutrino energy. The thick red curve is the ⌫⌧
di↵erential upper limit derived from this analysis, including
systematic and statistical errors. In computing the di↵erential
upper limit, values of the flux limit were calculated for each
energy decade with a sliding energy window of 0.1 decade.
The thick black error bars depict the all-flavor astrophysical
neutrino flux observed by IceCube [2]. The thick dashed line is
the di↵erential upper limit derived from a search for extremely
high energy events which has found the first two PeV cascade
events in IceCube [42, 43]. The blue dotted line is the Auger
di↵erential upper limit from ⌫⌧ induced air showers [27]. The
orange dashed line is the Waxman-Bahcall upper bound which
uses the UHECR flux to set a bound on astrophysical neutrino
production [44]. The dash-dotted line (magenta) represents
the prompt neutrino flux predicted from GRBs; prompt in
this context means in time with the gamma rays [45]. The
dash-dot-dot line (grey) indicates the neutrino flux predicted
from the cores of active galaxies [46]. The thin dash-triple-
dot line (red) shows the neutrino flux predicted from starburst
galaxies, which are rich in supernovae [47].

with an energy threshold three orders of magnitude lower
than previous dedicated tau neutrino searches by cos-
mic ray air shower detectors. Searches for double bang
events with well separated cascades in IceCube are under-
way. Future extensions of IceCube such as the proposed
IceCube-Gen2 detector [52] will have a factor of 5 to 10
times more sensitivity to astrophysical tau neutrinos than
the current IceCube detector.
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