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 3Why is it important? 

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

 Atmo. ντ production is negligible, one ντ event can be 5σ astrophysical 

 Essential in precision measurement of neutrino flavor ratio at Earth 
‣ Test standard oscillation over astronomical baselines 
‣ Probe dominant emission processes at source 
‣ Constrain new physics models

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).
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Previous effort to find taus … w/o explicitly sensitive observables 

Astro. Neutrino Flavor Composition Measurement 
15

FIG. 10. Confidence regions for the astrophysical power-law
index, � and flux normalization, �0. The blue contours show
the confidence region for the joint fit of the cascade and start-
ing track samples, which is the main result obtained here. The
red contours show the confidence region for a fit of starting
tracks only, and the green contours show the confidence re-
gion for a fit of cascades only, and all are consistent with each
other. The confidence region from the IceCube analysis of
through-going tracks [24] is shown in orange, which is in ten-
sion with the cascade confidence region. The contours from
the starting track sample are consistent with both cascade
and through-going samples.

through-going tracks, which found � = 2.13 ± 0.13 [24].
There are a couple of possible explanations for the latter
tension. First, the through-going tracks have consider-
ably higher neutrino energies than the current sample,
with 90% of the sample sensitivity in the energy range
from 194 TeV to 7.8 PeV. Using the same method as in
Ref. [24], the current sample has a 90% central range of
3.5 TeV to 2.6 PeV. For reference, 90% of the selected
contained events are in the energy range from 3.3 TeV to
220 TeV; this range is much lower than for the sensitivity
because the most energetic events have the largest e↵ect
on the astrophysical flux measurement. If the astrophys-
ical flux is not a single power law, then one might mea-
sure di↵erent spectral indices in di↵erent energy ranges.
Or, with di�culty, one might find di↵erent spectral in-
dices for tracks and cascades. One way to test this hy-
pothesis is to repeat the fit, allowing the astrophysical
spectral indices and normalizations to vary between the
starting tracks and cascades. When this is done, we find
a power-law index of � = 2.43+0.28

�0.30 for starting tracks
and � = 2.62 ± 0.08 for the cascades. The two indices
are compatible within uncertainties. Figure 10 shows the
two-dimensional confidence regions for the cascade and
track measurements, the combined measurement, and the
previous through-going track fit. Confidence regions are
derived from the profile likelihood over all nuisance pa-
rameters, and it is assumed the test statistic follows a
�

2 distribution throughout. The cascade sample drives
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FIG. 11. Confidence regions for astrophysical flavor ratios
(fe : fµ : f⌧ )� at Earth. The labels for each flavor refer to the
correspondingly tilted lines of the triangle. Averaged neutrino
oscillations map the flavor ratio at sources to points within the
extremely narrow blue triangle diagonally across the center.
The ⇡

�
1
3 : 1

3 : 1
3

�
� composition at Earth, resulting from a�

1
3 : 2

3 : 0
�
S

source composition, is marked with a blue circle.
The compositions at Earth resulting from source compositions
of (0 : 1 : 0)S and (1 : 0 : 0)S are marked with a red triangle and
a green square, respectively. The updated best-fit neutrino
oscillation parameters from [61] are used here. Though the
best-fit composition at Earth (black cross) is (0 : 0.21 : 0.79)�,
the limits are consistent with all compositions possible under
averaged oscillations.

the combined-sample index of 2.62 ± 0.07, by virtue of
the much better energy resolution and lower atmospheric
background compared to tracks. Within the uncertainty,
the starting track power-law index is also compatible
with that from the through-going tracks. We considered
alternate scenarios with a double power-law or a power
law with a cuto↵ that could explain a harder power-law
index found at high energies, but we found no evidence
for either when fitting our sample alone. All later results
will continue the assumption of an unbroken power-law
spectrum.

The other parameters in the fit in Tab. II are in
line with expectations. The best-fit prompt flux is
zero, in agreement with many previous IceCube stud-
ies [1, 6, 24, 51], but the 1� upper limit is compatible
with the expected BERSS flux. The conventional flux,
cosmic-ray spectral index and RK/⇡ are all in line with
expectations.

B. Astrophysical neutrino flavor composition

A related test of the astrophysical flux is to measure
the flavor composition of the contained event sample.

ApJ 809, 98 (2015)

a harder spectral index of −2.3 ± 0.3, but with larger
uncertainties. The result is compatible with the one obtained
here.60

We have tested the hypothesis of isotropy by fitting a model
with two astrophysical components, one in the northern and
one in the southern sky. Compared to the all-sky result, the fit
prefers a harder spectrum E 2.0 0.4

0.3( )( )- -
+

in the northern sky and a
slightly softer spectrum E 2.56 0.12( )- o in the southern sky with a
significance of 1.1σ (p = 13%). The result is not conclusive;
the discrepancy could be caused by a statistical fluctuation or
by an additional component that is present in only one of the
hemispheres (either an unmodeled background component or,
e.g., a component from the inner Galaxy, although a single
point source of the required strength to create the anisotropy
anywhere in that region has already been excluded (Adrián-
Martínez et al. 2014)). Further analysis including R.A.
information will be helpful in testing the hypothesis of isotropy
in the future.

Finally, we performed a measurement of the flavor
composition of the astrophysical neutrino flux. In a first test,
we have measured the electron-neutrino fraction at Earth in a
tribimaximal mixing scenario, with equal νμ and ντ fluxes at
Earth. The best-fit fraction is 0.18 ± 0.11, a value compatible
with the fractions expected from pion-decay sources (0.33) and
muon-damped sources (0.22), but incompatible with that
expected from neutron-beam sources (0.56), see Figure 7. In
a second, more general test, we allow the normalizations of all
three flavor components to vary independently and compare the
result to compositions expected for different astrophysical

scenarios in Figure 8. In agreement with the first test, we find
that pion-decay sources and muon-damped sources are well
compatible with our data, while neutron-beam sources are
disfavored with a significance of 3.6σ (p = 0.014%). We do not
find indications for non-standard oscillation scenarios.
Previous measurements of the flavor composition were

presented by Mena et al. (2014) and Palomares-Ruiz et al.
(2015; based on event sample H1, presented in Aartsen
et al. 2014e), and by Palladino et al. (2015), Pagliaroli et al.
(2015), and Aartsen et al. (2015b; based on event samples that
were extended with respect to H1). With respect to these
measurements, the constraints presented here are significantly
improved; we attribute this to the fact that the combined event
sample analyzed here contains a significant number of shower
events as well as track events. Though the best-fit flavor
composition obtained in Aartsen et al. (2015b) (white “+” in
Figure 8) lies outside the 95% C.L. region, the 68% C.L. region
obtained here is completely contained within that obtained in
the previous work, demonstrating the compatibility of the two
results. Because neither analysis was designed to identify tau
neutrinos, a degeneracy with respect to the ντ-fraction is
observed in both; the slight preference toward a smaller ντ-
contribution found here is likely connected to the slight
differences in the energy distributions of the three neutrino
flavors. In future, the identification of tau neutrinos will enable
us to place stronger constraints on the flavor composition of the
astrophysical neutrino flux.

We acknowledge the support from the following agencies:
U.S. National Science Foundation–Office of Polar Programs,
U.S. National Science Foundation–Physics Division, Univer-
sity of Wisconsin Alumni Research Foundation, the Grid
Laboratory Of Wisconsin (GLOW) grid infrastructure at the
University of Wisconsin–Madison, the Open Science Grid
(OSG) grid infrastructure; U.S. Department of Energy, and
National Energy Research Scientific Computing Center, the
Louisiana Optical Network Initiative (LONI) grid computing
resources; Natural Sciences and Engineering Research Council
of Canada, WestGrid and Compute/Calcul Canada; Swedish
Research Council, Swedish Polar Research Secretariat, Swed-
ish National Infrastructure for Computing (SNIC), and Knut
and Alice Wallenberg Foundation, Sweden; German Ministry
for Education and Research (BMBF), Deutsche Forschungsge-
meinschaft (DFG), Helmholtz Alliance for Astroparticle
Physics (HAP), Research Department of Plasmas with Com-
plex Interactions (Bochum), Germany; Fund for Scientific
Research (FNRS-FWO), FWO Odysseus programme, Flanders
Institute to encourage scientific and technological research in
industry (IWT), Belgian Federal Science Policy Office
(Belspo); University of Oxford, United Kingdom; Marsden
Fund, New Zealand; Australian Research Council; Japan
Society for Promotion of Science (JSPS); the Swiss National
Science Foundation (SNSF), Switzerland; National Research
Foundation of Korea (NRF); Danish National Research
Foundation, Denmark (DNRF).

APPENDIX A
TABLE OF INTERACTION TYPES

Table 10 lists the fractions of neutrino interaction types that
contribute to the event samples introduced in Section 2.

Figure 8. Profile likelihood scan of the flavor composition at Earth. Each point
in the triangle corresponds to a ratio : :en n nm t as measured on Earth, the
individual contributions are read off the three sides of the triangle. The best-fit
composition is marked with “×”; 68% and 95% confidence regions are
indicated. The ratios corresponding to three flavor composition scenarios at the
sources of the neutrinos, computed using the oscillation parameters in
Gonzalez-Garcia et al. (2014, inverted hierarchy), are marked by the square
(0:1:0), circle (1:2:0), and triangle (1:0:0), respectively. The best-fit composi-
tion obtained in an earlier IceCube analysis of the flavor composition (Aartsen
et al. 2015b) is marked with a “+.”

60 We have established the compatibility in a separate fit without the
corresponding data set, i.e., without sample H1. The 68% uncertainty interval
for the spectral index obtained in this fit (−2.45 ± 0.10) overlaps with that
obtained in Aartsen et al. (2014e).

13

The Astrophysical Journal, 809:98 (15pp), 2015 August 10 Aartsen et al.

arXiv:1808.07629
Phys. Rev. Lett. 114, 171102

High degeneracy between ντ and νe in the cascades 

Combined fit: 
through-going tracks + cascades 

Combined fit: 
starting tracks + cascades
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 5Event Signatures in IceCube 
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(1) Track: charged current νμ 

(2) Cascade / Shower: all neutral 
current, charged current νe, low-E 
charged current ντ

• <1o Angular resolution

• Factor ~ 2 energy 
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• 10o Angular resolution 
above 100 TeV

• 15% energy resolution 
on deposited energy

“high degeneracy”
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 6Event Signatures in IceCube 
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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 charged 
current

Simulation
• Tau decay length scales ~ 1PeV / 50m

• There is some hint… work in progress
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 7Tau Neutrino Interaction with Double Pulse Waveforms

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

⌧� ! ⌫⌧ + hadrons

⌧� ! ⌫⌧ + ⌫̄e + e�

⌧� ! ⌫⌧ + ⌫̄µ + µ�

⌫⌧ +N ! ⌧� +X
(64.8%)(

(17.8%)(
(17.4%)(

Schematic ντ CC interaction in IceCube

 E ντ = 3.6 PeV
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 8Double Pulse Event Candidates

Muons

ντ νμ

Signal Backgrounds

TeV-scale stochastic losses ~O(10) 
meters near some DOM 
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 9Identifying DP Waveforms with Straight Cuts 

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

Method: “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

http://arxiv.org/abs/1309.7003


Donglian Xu | Astrophysical Tau Neutrinos in IceCube Waveforms | VLVnT 2018, Dubna

 10Initial results from analyzing 3 years of data…
Trigger

Filter
QTot>1000 PE

Identify events with
 double pulse waveforms

Reject track-like 
backgrounds

Geometrical 
containment 

10% of 

3-yr data

Phys. Rev. D 93, 022001 (3-yr) 
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 11Initial results from analyzing 3 years of data…
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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 at final cut
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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.

Phys. Rev. D 93, 022001 (3-yr) 

3 events found before 
 containment cut, 

matching Monte Carlo

First astro. ντ limit at ~ PeV
E2ϕν = 5.1x10-8 GeV-1 s-1 sr-1 cm-2
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 12Improved Event Selection with Straight Cuts 

Trigger

L4: Double Pulse Events
New! Local Coincidence

L5: Particle Identification
Track VS Cascades

L6: Reject Corner Events
“Safeguard”

Forward Folding  
measure flux or 

set limits

+ +…
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The improved tau double pulse analysis gains ~ a factor of 2 
in effective areas, comparing to the published results in PRD 

We expect 1.8+/-0.023 NuTau events and 1.6+/-0.11 
background events in 8 years 

Sensitivity at 90% C.L. is: 
 

�⌫⌧ = 1.49 · 10�18 GeV�1 cm�2 s�1 sr�1 · ( E

100TeV
)�2.13

<latexit sha1_base64="cr9yo8LzInYPIqzVQuJJ1vTnTDM="></latexit><latexit sha1_base64="cr9yo8LzInYPIqzVQuJJ1vTnTDM="></latexit><latexit sha1_base64="cr9yo8LzInYPIqzVQuJJ1vTnTDM="></latexit><latexit sha1_base64="cr9yo8LzInYPIqzVQuJJ1vTnTDM="></latexit>

Improved Event Selection with Straight Cuts 
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 14Improved Event Selection with Machine Learning

Double Pulse waveform identification

… …

Describe each waveform with O(10) observables

Signal Background

▪ Train a Random Forest to distinguish 
double pulse waveforms from single 
cascade waveforms

▪ Relatively pure sample of events with 
double pulse waveforms

▪ Signal still overwhelmed by atmos. muons
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Classification score cut
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Keep events with at least one waveform score above 0.2
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Track / Cascade separation

… …

Signal Background

Contained 𝜈𝜏 CC 𝜈µ CC, atmospheric µ

0.0 0.2 0.4 0.6 0.8 1.0

Classification score
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IceCube preliminary

Atmos. µ
⌫µ CC

⌫⌧ CC Contained

⌫⌧ CC Uncontained

▪ Train a 2nd Random Forest removing the 
track-like background events to obtain a 
tau-neutrino dominated sample

▪ Use the Model Rejection Factor to 
optimize the classification score cut 

Improved Event Selection with Machine Learning
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Analysis sensitivity

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

log(E⌫ / GeV)
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PRD93, 022001
⌫⌧ CC

⌫µ CC

⌫e CC + GR

IceCube 
Preliminary

▪ Final cut event expectation: O(2.5) signal and O(1.2) background events in 7 years
▪ Signal effective area improved by a factor ~2 compared to the previously published 

double pulse analysis
▪ Average upper limit if there is no 

true signal present can be 
calculated from the Model Rejection 
Factor

Resulting sensitivity for 90% upper limits:

�⌫⌧ = 1.32 · 10�18 GeV�1 cm�2 s�1 sr�1 ·
✓

E

100TeV

◆�2.13

Improved Event Selection with Machine Learning
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 17Summary

‣ Improved event selections are finalized for tau neutrino 
double pulse analyses in IceCube with 8 years of 
collected data 

‣ With improvements in event selection, ~a factor of 2 is 
gained in tau neutrino double pulse effective areas 

‣ We expect to see ~ 2 – 3 tau neutrino double pulse 
events in 8 years 

‣ Looking to unblind full sample soon, stay tuned!


