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Observation of Seven Astrophysical Tau Neutrino Candidates with IceCube
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We report on a measurement of astrophysical tau neutrinos with 9.7 yr of IceCube data. Using
convolutional neural networks trained on images derived from simulated events, seven candidate v,
events were found with visible energies ranging from roughly 20 TeV to 1 PeV and a median expected
parent v, energy of about 200 TeV. Considering backgrounds from astrophysical and atmospheric
neutrinos, and muons from z%*/K* decays in atmospheric air showers, we obtain a total estimated
background of about 0.5 events, dominated by non-v, astrophysical neutrinos. Thus, we rule out the
absence of astrophysical v, at the 5¢ level. The measured astrophysical v, flux is consistent with
expectations based on previously published IceCube astrophysical neutrino flux measurements and

neutrino oscillations.

DOI: 10.1103/PhysRevLett.132.151001

In 2013 IceCube discovered a flux of neutrinos of
astrophysical origin [1-3]. The astrophysical neutrino
(@™") flux normalization and index y carry information
about neutrino sources and their environments [4-15].
Different 1" production mechanisms lead to different
v, v, v, ratios at the sources but, after standard neutrino
oscillations over astrophysical distances, detectable numbers
of all three neutrino flavors are expected at Earth [16-24].
Previous measurements at lower energies, using neutrinos
produced at accelerators and in the atmosphere (™), have
detected v, produced directly [25] and through neutrino
oscillations [26-28]. At the much higher energies accessible
to this analysis, 12™ are strongly suppressed relative to
12 [29], while an unexpected level of presence of 225 in
the 1*"° flux could be an indication of new physics [30-43].

Previous analyses [44-47] by IceCube to detect 1"
included searches for double-cascade signatures, such as the
distinctive “double bang” [16] in the full detector or “double
pulse” (DP) waveforms in one or two individual photo-
sensors. The DP signature is produced by the distinct arrival
times of light signals at one or more photosensors from the
v, interaction and 7 decay vertices. IceCube previously
observed two candidate 12, ruling out the null hypothesis
of no 1" at 2.8¢ [46]. The analysis presented in this Letter
reports on the low-background, high-significance detection
of seven 12" candidate events through the use of convolu-
tional neural networks (CNNSs).

IceCube [48] is a neutrino observatory with 5160 digital
optical modules (DOMs) on 86 strings [48,49] in a cubic
kilometer of ice at the South Pole. Charged particles

produced in neutrino interactions emit Cherenkov light
[50] while propagating through the ice; photomultiplier
tubes in the DOMs convert this light into electrical pulses
that are digitized in situ. Light is deposited in the detector
in several distinct patterns: long tracks, single cascades,
and double cascades. Tracks are produced by muons from,
e.g., v, charged-current (CC) interactions, and can start or
end inside, or pass through, the detector. Single cascades
arise from electromagnetic and/or hadronic particle show-
ers produced by deep inelastic neutrino-nucleon inter-
actions in or near the detector, or by 7, via the Glashow
resonance [51,52]. Double cascades are formed by high-
energy v, cc interactions in or near the detector that produce
a hadronic shower and a 7 lepton at the interaction vertex,
followed by a second electromagnetic or hadronic shower at
the 7 decay vertex (BR[r — (e, h)] ~ 83%). With a decay
length of ~50 m/PeV, the 7 can travel a macroscopic
distance in the ice. For v, energies satisfying E, 2 1 PeV
and favorable geometric containment, the double-bang
signature can be created, with two energetic and well-
separated cascades. Such events are intrinsically rare. In
contrast, for lower E,_between roughly 50 TeV-1 PeV, the
v, flux is expected to be higher but in CC interactions the
two cascades are closer together. Two cascades as close as
about 10 m can produce distinctive patterns correlated
across multiple DOMs and strings as the light from each
cascade passes by, as well as DP waveforms in one or
more DOMs.

We analyzed 9.7 yr of IceCube data from 2011-2020,
triggering on approximately 10'> downward-going cosmic-
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FIG. 1. Top: Simulated rate of v*" CC events binned by the

number of p. e. detected by DOMs on the most illuminated string
in the event, Q%% before any selection criteria (solid) and after
the CNN-based criteria (dashed) described in the text. (Down-
ward-going cosmic-ray muons trigger the detector at about 3 kHz,
are effectively removed by our selection criteria, and are not
shown on the plot; other backgrounds are similarly heavily
reduced and also not shown.) Bottom: Ratio of rates (selected
or all), showing that signal efficiency grows above about
2000 p.e. The IceCube “GlobalFit” 1" flux [53] is assumed.
(Error bars are statistical only.).

ray muons, 10° 2™, and 10* 1 [53-56]. We required that
the DOMs on the most illuminated string collected at least
2000 photoelectrons (p. e.) (see Fig. 1) and at least 10 p. e. in
the two next-highest-charge, nearest-neighbor strings. Signal
events will appear more like cascades than tracks in IceCube,
so we also selected events whose morphology was better
described by the cascade hypothesis. Aside from 0.6% (22
live days) of the data sample used to confirm agreement
between data and simulation (data that were subsequently
excluded from our analysis and which contained no signal-
like events), we performed a “blind” analysis that only used
simulated data to devise all selection criteria and analysis
methodologies. After application of these initial selection
criteria, there was roughly 300 times more background than
signal. The expected number of p. e. on the most illuminated
string for 12" CC events after application of these criteria,
and additional CNN criteria described below, is shown
in Fig. 1.

We then created 2D images of DOM number (corre-
sponding to depth) vs time in 3.3 ns bins, with each pixel’s
brightness proportional to the digitized waveform amplitude
in that time bin. Images were created for the 180 DOMs on
the most illuminated string and its two nearest and highest-
illuminated neighbors, providing three images per event.
The image for the highest-charge string on a candidate
signal event is shown in Fig. 2 (left). The three images were
then processed by CNNs, trained to distinguish images
produced by simulated signal and background events and
based on VGG16 [57], with a total of O(100 M) trainable
parameters for the high-dimensional signal parameter space.
Three separate CNNs were used to distinguish the v, signal
from remaining backgrounds produced by (i) single cascade
neutrino interactions such as v, , ; neutral current (NC) and
v, CC, (ii) downward-going muons (u), and (iii) both v,
interactions producing muon tracks and y | ; the associated

25 25
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FIG. 2. Candidate v detected in September 2015. The left
plot shows the DOM number (proportional to depth) versus the
time of the digitized PMT signal in 3.3 ns bins for the highest-
charge string, with the scale giving the signal amplitude in p.e. in
each time bin. The total p.e. detected on the string, Q;., is shown.
The right plot shows S(C,), that string’s saliency map for Cj,
with darker regions indicating where the C; score is more
sensitive to a changing light level (see text). (The Supplemental
Material [59] shows three-string views and signed saliencies for
all seven v candidates).

CNN scores are denoted Cy, C,, and Cj, respectively, with
ranges [0,1]. Figure 2 (right) shows S(C), the saliency [58]
for C;, here defined as the magnitude of the gradient of the
CNN score (scaled to [0,1]) of C; with respect to the signal
amplitude at each pixel. For reference, the contour (solid
line) shows where the detected light falls to zero, and is
essentially an outline of the plot on the left. (Points outside
the contour are variously acausally early, very late, or at
distances that are many absorption lengths from the event
vertices.) Large S(C,) values indicate where and when
changes in light level most effectively change C;. Small
S(Cy) values appear in highly illuminated regions and in
regions with no light. Bright regions contribute to C, but C|
is not as sensitive there to changes in light level as at
the leading and trailing edge envelopes of the light from the
event, which are roughly coincident with the contour. The
saliency thus shows that C; is sensitive to the overall shape
of emitted light in the detector.

The scores were calculated for each event, and a signal-
to-noise ratio of ~14 was obtained by requiring events to
have high scores (C; > 0.99, C, > 0.98 and C5 > 0.85).
The dominant backgrounds come from other £*" flavors
and ™. The expected energy spectra for signal and the
dominant backgrounds, after application of initial and then
final selection criteria (including the high CNN scores), are
shown in Fig. 3.

A subdominant “edge event” background was observed
from simulated cosmic-ray muons that deposited most of
their Cherenkov light on a single string on the outer edge of
the detector. We required C; > 0.95 for edge events,
reducing this background by about an order of magnitude
at an estimated 15% signal loss. Table I lists the expected
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FIG. 3. Top: Expected rate vs energy of 12" CC events,

astrophysical and atmospheric neutrino backgrounds with initial
selection criteria applied (dashed) and with final selection criteria
then also applied (solid); for 2™ the IceCube GlobalFit flux [53]
was assumed. Bottom: Ratio of v CC rates after final and
initial selection criteria. (Statistical error bars are too small to be
visible. Although not shown in the plot, the backgrounds were
simulated up to E, = 100 PeV).

number of events, after application of the initial and final
sets of selection criteria, assuming the best-fit parameters
from two IceCube flux measurements.

The largest backgrounds are due to other astrophysical
neutrino interactions, and conventional and prompt atmos-
pheric neutrinos, followed by muons from z*/K* decays in
cosmic-ray air showers. The backgrounds listed in Table I
were estimated using simulation packages for astrophysical
neutrinos [71], muons from cosmic-ray air showers [79,80]
(with cosmic-ray primary flux given by [81] and hadronic
interaction model by [82]), conventional atmospheric neu-
trino flux from 7=/ K* decays [72] following our published
MM flux measurements above E, ~ 50 TeV [73-75], and
prompt atmospheric neutrino flux [56,76-78] postulated to
arise from the decays of charm or heavier mesons produced
in air showers and modeled following Ref. [76]. Electro-
magnetic (EM) and hadronic showers below 1 PeV were
simulated based on the parametrizations of the mean
longitudinal and lateral profiles in Ref. [83] and included
fluctuations in the energy of the hadronic component.
Above 1 PeV the LPM effect [84-86] is used for EM
showers. (Our treatment of possible prompt atmospheric
muons is described in the Supplemental Material [59].) The
total vN deep inelastic scattering cross section is from [87].

TABLE L

astro

Additional potential background from muon deep inelas-
tic scattering (u DIS), given by u + X — v, + X', where the
light from the incoming u followed by the light from the
hadronic cascade could mimic the v, signature, is estimated
from the predicted atmospheric v, CC background. At
energies above roughly 100 TeV, we expect comparable
numbers of atmospheric v, and p [70], but the u energies
will be diminished as they pass through the ice to the
detector, decreasing their ability to mimic the v, signature.
We conservatively doubled the estimated background from
atmospheric v, CC interactions, from 0.005 to 0.01, to
account for the potential background.

We also estimated the background expected from
charmed hadrons produced in energetic v, CC and v NC
interactions. This background component had not initially
been considered in designing the analysis. After unblinding,
we became aware of recent results [88] that indicate that the
strange sea in the nucleon is not as suppressed as had been
previously believed, so that charm production would
thereby be somewhat enhanced compared to our original
estimate. Using a simulated neutrino dataset based on the
HERAPDF1.5 [89] parton distribution functions (PDFs),
and applying a modest correction to reflect more modern
PDFs [88,90-93], the estimated background from 7™
increases by 23% relative to the simulations excluding these
interactions. The theoretical uncertainty from the PDFs at
the 100 TeV scale is roughly 3%, so the increase corre-
sponds to only about (15 £ 0.5)% (0.08 + 0.002 events) of
the total background estimation. We included this additional
background directly to maintain our blindness protocol that
disallowed retraining the CNNS to reject charm background.
Uncertainties in the cross section for the interaction of
charmed mesons and baryons with ordinary matter had a
negligible impact. Backgrounds from on-shell W produc-
tion [94] from high-energy v, /v, interactions, top-quark
decay, and Glashow resonance interactions [95] can produce
energetic v, or z, but are collectively estimated to contribute
roughly an order of magnitude fewer background events
than other sources and were not included in our background
estimate.

For the range of astrophysical neutrino fluxes measured
by IceCube (denoted ¢X<.,,.), and fora 1:1: 1 neutrino flavor
ratio at the detector, we predicted a final sample of 4-8 v,

Expected number of events after initial and final set of selection criteria (including all corrections described in the text) for

signal (vF¢e) and backgrounds, assuming IceCube’s flux from Refs. [53] and (in parentheses) [56]. About 85% of the estimated
contribution from ug}‘(‘,‘mp[ is from v,. Signal and astrophysical background levels vary with the flux. The simulation did not include the
self-veto effect [70] that would reduce the conventional (conv.) and prompt v*™ backgrounds. References to associated simulation
packages are given; see text for details. Errors are statistical only, arising from finite simulation samples.

vite [71] e [71] Vaony. [72-75] Uit [56,76-78] uian,. [79-82]

other

Initial 160 £ 0.2 (190 +=0.3) 400 £ 0.7 (490 £ 0.8)
Final

580+7
6.4 £0.02 (4.0+0.02) 0.34+0.02 (0.2£0.01) 0.140.008

All background
72 +£0.1 8400 & 110 9450 £ 110 (9540 £ 110)
0.1 £0.001 0.01 £0.008 0.5 +0.02 (0.4 £ 0.02)
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Expected signal Expected background Nevt.
0.85 - - i
0.990 0.995 1.000 0.990 0.995 1.000

FIG. 4. Histogram of the C; vs C; CNN scores with all
selection criteria applied. The color in each bin gives the expected
number of signal (left) and background (right) events in that bin,
assuming IceCube’s GlobalFit flux [53]. The approximate
(C,,C3) values of the seven observed candidate 1" are shown
by white circles, with the number inside each circle indicating the
number of candidate events there.

CC signal events. Similarly, the predicted total background
varied for each ¢X$,. Using IceCube’s previous measure-
ments of the spectral index y,y,, this relatively small
number of events constrains the " flux normalization
Pasiro- Data satisfying C, > 0.98 were placed in 4 x 4 bins
in their C; and Cj5 scores.

We calculated confidence intervals following Ref. [96]
and using the test statistic defined as TS(4,) =
InL(2,) —InL(2,), where 1, = @(12)/hpom(12), the
measured-to-nominal flux ratio. Here the nominal flux is

one of the four IceCube measured values, and ﬁ, the value
of 1, that maximizes the Poisson likelihood L across all 16
bins. Critical values were extracted at the desired con-
fidence level using the TS distributions from a range of 4,
values, each of which were simulated with 10* pseudo
experiments. This procedure incorporated as nuisance
parameters the systematic uncertainties in the estimated
fluxes for each background component (prior width of
30% for "™ and v*"; 50% for cosmic-ray muons), the
detection efficiency of the DOMs (10%), and the optical
scattering properties of the ice (5%). Since many of these
parameters are degenerate in their effect on the analysis
observables, and we expected fewer signal events than
nuisance parameters, we estimated their impact by incor-
porating randomized versions of the parameters for each of
the pseudo experiments used to calculate the critical value
of our TS. This procedure increased the critical values
relative to their values in the absence of the systematic
uncertainties, widening the extracted confidence intervals.

Seven events remained after applying the final set of
selection criteria to the data, consistent with expectation.
Figure 4 shows the final expected signal and background,
assuming IceCube’s GlobalFit flux, as a function of C; vs
C,. Five of the candidate v, events are in the upper right bin
and two are in the bin just below it. Three of the seven
events were seen in previous IceCube analyses [1,46,47,97],
and one of these three had previously been identified
[46,47] as a candidate 12", For each candidate event we

10° . .
—— signal expectation
. — data
Zm N ‘ H ‘
10! 102 103 10t 105
Reconstructed Energy / TeV
—— signal expectation
1.0 — data

-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
Reconstructed cos 0,e,

FIG. 5. Reconstructed visible energies (top) and cos @,., (bot-
tom) for simulated vS€ (solid histogram) and seven candidate
events (vertical lines) for the flux in Ref. [53]. The upward-going
event with cos6,., ~—0.6 had a reconstructed energy of ~90 TeV.

evaluated the “tauness” as P.(i) = n,(i)/[n,(i) + ny(i)],
where n, and n,;, are the expected signal and background in
bin i (see Fig. 4). P, ranges from 0.90-0.92 for two of the
candidate v,, and 0.94-0.95 for the other five, depending on
the assumed ¢S,. For IceCube’s GlobalFit flux we predict
a total background of 0.5 4= 0.02 events (see Table I); using
the distribution of the seven observed events and expected
backgrounds in the 16 bins in Fig. 4, we exclude the null
hypothesis of no 2" at a (single-sided) significance of
5.16. Under the other three flux assumptions [54-56], the
significances are 5.20, 5.20, and 5.50, respectively. The
best-fit v, flux normalizations are all within the 68%
frequentist confidence intervals of the four IceCube fluxes.

We performed multiple checks on the candidate events
to ensure they were consistent with expectation. For
simplicity and to avoid introducing additional systematic
uncertainties, the analysis did not employ a tailored 2"
reconstruction. However, as a post-unblinding check we
used a reconstruction for single-cascade events [98] to
estimate the energies and directions (Fig. 5) and vertex
positions (see Supplemental Material [59]). The median
expected E, was roughly 200 TeV (for the flux in
Ref. [53]). The dominant up-down asymmetry is due to
Earth absorption and consistent with expectation. Other
polar angle effects such as higher vertical vs horizontal
DOM density and v, regeneration [99] are also included.
(Simulations predict that for E, < 0.5 PeV, the selected
events are biased toward higher average 7 decay lengths
(L,); e.g., for E, ~100 TeV, (L,) ~ 10 m). The events
were more clustered in depth than expected but were
consistent with a statistical fluctuation, as discussed in the
Supplemental Material [59]. We observed no significant
coincident activity in the IceTop cosmic-ray air-shower
surface array for any of the events.

We tested the robustness of the CNNs to hypotheti-
cal improperly modeled uncertainties by evaluating their
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susceptibility to correlated and uncorrelated variations
of the raw data underlying the images. We found that
the probability of background-to-signal migration was
< (240.2) x 107 and of signal-to-background migra-
tion < (3 £ 0.8) x 1073, We also employed targeted tests
to estimate the CNNs’ robustness against less likely
changes in the underlying raw data, including adversarial
attacks [100] against candidate signal and simulated
background events. We found that events only migrated
in response to changes outside our uncertainty envelope.
These tests are described in the Supplemental Material
[59]. We conclude that the CNNs are robust against
detector systematic effects that could present as either
uncorrelated or correlated changes in light levels in one or
more DOMs, or entire strings, in the detector.

Energetic astrophysical sources, in conjunction with
neutrino oscillations over cosmic baselines, provide the
only known way to produce large numbers of v, energetic
enough to create the observed event morphologies. The
result presented in this Letter demonstrates that astrophysical
v, consistent with this hypothesis are present in the IceCube
data and provides powerful confirmation of the earlier
IceCube discovery of astrophysical neutrinos [2,3,101].
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