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We report on results of an all-sky search for high-energy neutrino events interacting within the
IceCube neutrino detector conducted between May 2010 and May 2012. The search follows up on
the previous detection of two PeV neutrino events, with improved sensitivity and extended energy
coverage down to approximately 30 TeV. Twenty-six additional events were observed, substantially
more than expected from atmospheric backgrounds. Combined, both searches reject a purely atmo-
spheric origin for the twenty-eight events at the 4σ level. These twenty-eight events, which include
the highest energy neutrinos ever observed, have flavors, directions, and energies inconsistent with
those expected from the atmospheric muon and neutrino backgrounds. These properties are, how-
ever, consistent with generic predictions for an additional component of extraterrestrial origin.

INTRODUCTION

High-energy neutrino observations can provide insight
into the long-standing problem of the origins and acceler-
ation mechanisms of high-energy cosmic rays. As cosmic
ray protons and nuclei are accelerated, they interact with
gas and background light to produce charged pions and
kaons which then decay, emitting neutrinos with energies
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proportional to the energies of the high-energy protons
that produced them. These neutrinos can be detected on
Earth in large underground detectors by the production
of secondary leptons and hadronic showers when they
interact with the detector material. IceCube, a large-
volume Cherenkov detector [2] made of 5160 photomul-
tipliers (PMTs) at depths between 1450 and 2450 meters
in natural Antarctic ice (Fig. 1), has been designed to
detect these neutrinos at TeV-PeV energies. Recently,
the Fermi collaboration presented evidence for accelera-
tion of low energy (GeV) cosmic-ray protons in supernova
remnants [3]; neutrino observations with IceCube would
probe sources of cosmic rays at far higher energies.

A recent IceCube search for neutrinos of EeV (106

TeV) energy found two events at energies of 1 PeV (103

TeV), above what is generally expected from atmospheric
backgrounds and a possible hint of an extraterrestrial

mailto:ckopper@icecube.wisc.edu (C.K.)
mailto:ckopper@icecube.wisc.edu (C.K.)
mailto:naoko@icecube.wisc.edu (N.K.)
mailto:nwhitehorn@icecube.wisc.edu (N.W.)


3

Top

veto region

125 meters

90 meters

10 meters

veto region

Side 

fiducial volume

fiducial volume

80 meters

-1450 m

-2085 m

-2165 m

-2450 m

FIG. 1. Drawing of the IceCube array. Results here are from
the complete pictured detector for 2011-2012 and from a par-
tial detector missing the dark gray strings in the bottom left
corner for the 2010-2011 season. The side view (right) shows a
cross-section of the detector indicated in the top view (left) in
blue. Events producing first light in the veto region (shaded
area) were discarded as entering tracks (usually from cosmic
ray muons entering the detector). Most background events
are nearly vertical, requiring a thick veto cap at the top of
the detector. The shaded region in the middle contains ice
of high dust concentration [1]. Because of the high degree of
light absorption in this region, near horizontal events could
have entered here without being tagged at the sides of the
detector without a dedicated tagging region.

source [4]. Although that analysis had some sensitiv-
ity to neutrino events of all flavors above 1 PeV, it was
most sensitive to νµ events above 10 PeV from the region
around the horizon, above which the energy threshold in-
creased sharply to 100 PeV. As a result, it had only lim-
ited sensitivity to the type of events found, which were
typical of either νe or neutral current events and at the
bottom of the detectable energy range, preventing a de-
tailed understanding of the population from which they
arose and an answer to the question of their origin.

Here we present a follow-up analysis designed to char-
acterize the flux responsible for these events by conduct-
ing an exploratory search for neutrinos at lower energies
with interaction vertices well contained within the de-
tector volume, discarding events containing muon tracks
originating outside of IceCube (Fig. 1). This event se-
lection (see Materials and Methods) allows the resulting
search to have approximately equal sensitivity to neutri-
nos of all flavors and from all directions. We obtained
nearly full efficiency for interacting neutrinos above sev-
eral hundred TeV, with some sensitivity extending to
neutrino energies as low as 30 TeV; see Fig. 7 in Ma-
terials and Methods. The data-taking period is shared
with the earlier high-energy analysis: data shown were
taken during the first season running with the completed
IceCube array (86 strings, between May 2011 and May
2012) and the preceding construction season (79 strings,
between May 2010 and May 2011), with a total combined
live time of 662 days.
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FIG. 2. Distribution of best-fit deposited energies and decli-
nations. Seven of the events contain muons (crosses) with an
angular resolution of about 1◦, while the remainder are either
electromagnetic or hadronic showers (filled circles) with an
energy-dependent resolution of about 15◦. Error bars are 68%
confidence intervals including both statistical and systematic
uncertainties. Energies shown are the energy deposited in
the detector assuming all light emission is from electromag-
netic showers. For νe charged-current events this equals the
neutrino energy; otherwise it is a lower limit on the neutrino
energy. The gap in Edep between 300 TeV and 1 PeV does not
appear to be significant: gaps of this size or larger appear in
28% of realizations of the best-fit continuous power-law flux.

RESULTS

In the two-year dataset, 28 events with in-detector
deposited energies between 30 and 1200 TeV were ob-
served (Fig. 2, Table I) on an expected background of
10.6+5.0

−3.6 events from atmospheric muons and neutrinos;
see Materials and Methods. The two most energetic
of these were the previously reported PeV events [4].
Seven events contained clearly identifiable muon tracks,
whereas the remaining twenty-one were shower-like, con-
sistent with neutrino interactions other than νµ charged-
current. Four of the low energy track-like events started
near the detector boundary and are downgoing, consis-
tent with the properties of the expected 6.0 ± 3.4 back-
ground atmospheric muons, as measured from a control
sample of penetrating muons in data. One of these—
the only such event in the sample—had hits in the Ice-
Top surface air shower array compatible with its arrival
time and direction in IceCube (event 28). The points at
which the remaining events were first observed were uni-
formly distributed throughout the detector (Fig. 3). This
is consistent with expectations for neutrino events and in-
consistent with backgrounds from penetrating muons or
with detector artifacts, which would have been expected
to trace the locations of either the fiducial volume bound-
ary or the positions of the instrumentation.
As part of our blind analysis, we tested a pre-defined

fixed atmospheric-only neutrino flux model [6] includ-
ing a benchmark charm component [7], reevaluated using
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FIG. 3. Coordinates of the first detected light from each
event in the final sample. Penetrating muon events are first
detected predominantly at the detector boundaries (top and
right sides) where they first make light after crossing the veto
layer. Neutrino events should interact uniformly throughout
the approximately cylindrical detector volume, forming a uni-
form distribution in (r2, z) with the exception of interactions
in the less-transparent ice region marked “dust layer”, which
is treated as part of the detector boundary for purposes of
our event selection. The observed events are consistent with
a uniform distribution.

current measurements of the cosmic-ray spectrum in this
energy range [8, 9]. This adds an additional 1.5 charm
neutrinos to our mean background estimate and predicts
on average 6.1 (π/K and charm) background neutrinos
on top of the 6.0± 3.4 background muon events. Signifi-
cance was evaluated based on the number of events, the
total collected photomultiplier charge of each, and the
events’ reconstructed energies and directions (see Mate-
rials and Methods). Our procedure does not allow us to
separately incorporate uncertainties on the various back-
ground components. To nevertheless obtain an indica-
tion of the range of possible significances we have calcu-
lated values relative to background-only hypotheses with
charm at the level called “standard” in [7] as a bench-
mark flux as well as at the level of our current 90% CL ex-
perimental bounds [9] (corresponding to 3.8 times “stan-
dard”). To prevent possible confirmation bias, we split
the data set into two samples. For the 26 new events
reported here, using the benchmark flux, we obtain a
significance of 3.3σ (one-sided). Combined by Fisher’s
method with the 2.8σ observation of the earlier analy-
sis where the two highest energy events were originally
reported [4], and which uses the same benchmark atmo-
spheric neutrino flux model, we obtain a final significance
for the entire data set of 28 events of 4.1σ. The same
calculation performed a posteriori on all 28 events gives
4.8σ. These two final significances would be reduced to
3.6σ and 4.5σ, respectively, using charm at the level of
our current 90% CL experimental bound.

Dep. Energy Time Decl. R.A. Med. Angular Event
ID (TeV) (MJD) (deg.) (deg.) Error (deg.) Type

1 47.6+6.5
−5.4 55351 −1.8 35.2 16.3 Shower

2 117+15

−15 55351 −28.0 282.6 25.4 Shower

3 78.7+10.8
−8.7 55451 −31.2 127.9 . 1.4 Track

4 165+20

−15 55477 −51.2 169.5 7.1 Shower

5 71.4+9.0
−9.0 55513 −0.4 110.6 . 1.2 Track

6 28.4+2.7
−2.5 55568 −27.2 133.9 9.8 Shower

7 34.3+3.5
−4.3 55571 −45.1 15.6 24.1 Shower

8 32.6+10.3
−11.1 55609 −21.2 182.4 . 1.3 Track

9 63.2+7.1
−8.0 55686 33.6 151.3 16.5 Shower

10 97.2+10.4
−12.4 55695 −29.4 5.0 8.1 Shower

11 88.4+12.5
−10.7 55715 −8.9 155.3 16.7 Shower

12 104+13

−13 55739 −52.8 296.1 9.8 Shower

13 253+26

−22 55756 40.3 67.9 . 1.2 Track

14 1041+132

−144 55783 −27.9 265.6 13.2 Shower

15 57.5+8.3
−7.8 55783 −49.7 287.3 19.7 Shower

16 30.6+3.6
−3.5 55799 −22.6 192.1 19.4 Shower

17 200+27

−27 55800 14.5 247.4 11.6 Shower

18 31.5+4.6
−3.3 55924 −24.8 345.6 . 1.3 Track

19 71.5+7.0
−7.2 55926 −59.7 76.9 9.7 Shower

20 1141+143

−133 55929 −67.2 38.3 10.7 Shower

21 30.2+3.5
−3.3 55937 −24.0 9.0 20.9 Shower

22 220+21

−24 55942 −22.1 293.7 12.1 Shower

23 82.2+8.6
−8.4 55950 −13.2 208.7 . 1.9 Track

24 30.5+3.2
−2.6 55951 −15.1 282.2 15.5 Shower

25 33.5+4.9
−5.0 55967 −14.5 286.0 46.3 Shower

26 210+29

−26 55979 22.7 143.4 11.8 Shower

27 60.2+5.6
−5.6 56009 −12.6 121.7 6.6 Shower

28 46.1+5.7
−4.4 56049 −71.5 164.8 . 1.3 Track

TABLE I. Properties of the 28 events. Shown are the de-
posited electromagnetic-equivalent energy (the energy de-
posited by the events in IceCube assuming all light was made
in electromagnetic showers) as well as the arrival time and
direction of each event and its topology (track or shower-
like). The energy shown is equal to the neutrino energy for
νe charged-current events, within experimental uncertainties,
and is otherwise a lower limit on the neutrino energy due to
exiting muons or neutrinos. Errors on energy and the angle
include both statistical and systematic effects. Systematic
uncertainties on directions for shower-like events were deter-
mined on an individual basis; track systematic uncertainties
here are equal to 1◦, which is an upper limit from studies of
the cosmic ray shadow of the moon [5].

DISCUSSION

Although there is some uncertainty in the expected
atmospheric background rates, in particular for the con-
tribution from charmed meson decays, the energy spec-
trum, zenith distribution, and shower to muon track ratio
of the observed events strongly constrain the possibility
that our events are entirely of atmospheric origin. Al-
most all of the observed excess is in showers rather than
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FIG. 4. Distributions of the deposited energies and declination angles of the observed events compared to model predictions.
Zenith angle entries for data (right) are the best-fit zenith position for each of the 28 events; a small number of events (Table I)
have zenith uncertainties larger than the bin widths in this figure. Energies plotted (left) are reconstructed in-detector visible
energies, which are lower limits on the neutrino energy. Note that deposited energy spectra are always harder than the spectrum
of the neutrinos that produced them due to the neutrino cross-section increasing with energy. The expected rate of atmospheric
neutrinos is shown in blue, with atmospheric muons in red. The green line shows our benchmark atmospheric neutrino flux (see
text), the magenta line the experimental 90% bound. Due to lack of statistics from data far above our cut threshold, the shape
of the distributions from muons in this figure has been determined using Monte Carlo simulations with total rate normalized
to the estimate obtained from our in-data control sample. Combined statistical and systematic uncertainties on the sum of
backgrounds are indicated with a hatched area. The gray line shows the best-fit E−2 astrophysical spectrum with a per-flavor
normalization (1:1:1) of E2Φν(E) = 1.2 · 10−8 GeV cm−2 s−1 sr−1.

muon tracks, ruling out an increase in penetrating muon
background to the level required. Atmospheric neutrinos
are a poor fit to the data for a variety of reasons. The
observed events are much higher in energy, with a harder
spectrum (Fig. 4) than expected from an extrapolation of
the well-measured π/K atmospheric background at lower
energies [9–11]: nine had reconstructed deposited ener-
gies above 100 TeV, with two events above 1 PeV, rela-
tive to an expected background from π/K atmospheric
neutrinos of approximately 1 event above 100 TeV. Rais-
ing the normalization of this flux both violates previous
limits and, due to νµ bias in π and K decay, predicts
too many muon tracks in our data (2/3 tracks vs. 1/4
observed).

Another possibility is that the high-energy events re-
sult from charmed meson production in air showers
[7, 12]. These produce higher energy events with equal
parts νe and νµ, matching our observed muon track frac-
tion reasonably well. However, our event rates are sub-
stantially higher than even optimistic models [12] and
the energy spectrum from charm production is too soft
to explain the data. More importantly, increasing charm
production to the level required to explain our observa-
tions violates existing experimental bounds [9]. As atmo-
spheric neutrinos produced by any mechanism are made
in cosmic ray air showers, downgoing atmospheric neu-

trinos from the southern sky will in general be accompa-
nied into IceCube by muons produced in the same par-
ent air shower. These accompanying muons will trigger
our muon veto, removing the majority of these events
from the sample and biasing atmospheric neutrinos to
the northern hemisphere. The majority of our events,
however, arrive from the south. This places a strong
model-independent constraint on any atmospheric neu-
trino production mechanism as an explanation for our
data.

By comparison, a neutrino flux produced in extrater-
restrial sources would, like our data, be heavily biased
toward showers because neutrino oscillations over as-
tronomical baselines tend to equalize neutrino flavors
[13, 14]. An equal-flavor E−2 neutrino flux, for exam-
ple, would be expected to produce only 1/5 track events
(see Materials and Methods). The observed zenith distri-
bution is also typical of such a flux: as a result of absorp-
tion in the Earth above tens of TeV energy, most events
(approximately 60%, depending on the energy spectrum)
from even an isotropic high-energy extraterrestrial pop-
ulation would be expected to appear in the Southern
Hemisphere. Although the zenith distribution is well ex-
plained (Fig. 4) by an isotropic flux, a slight southern
excess remains, which could be explained either as a sta-
tistical fluctuation or by a source population that is either
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FIG. 5. Skymap in equatorial coordinates of the Test Statistic
value (TS) from the maximum likelihood point-source anal-
ysis. The most significant cluster consists of five events—all
showers and including the second-highest energy event in the
sample—with a final significance of 8%. This is not sufficient
to identify any neutrino sources from the clustering study.
The galactic plane is shown as a gray line with the galactic
center denoted as a filled gray square. Best-fit locations of
individual events (listed in Table I) are indicated with verti-
cal crosses (+) for showers and angled crosses (×) for muon
tracks.

relatively small or unevenly distributed through the sky.
This discussion can be quantified by a global fit of

the data to a combination of the π/K atmospheric neu-
trino background, atmospheric neutrinos from charmed
meson decays, and an isotropic equal-flavor extraterres-
trial power-law flux. With the normalizations of all com-
ponents free to float, this model was fit to the two-
dimensional deposited energy and zenith distribution of
the data (Fig. 2) in the range 60 TeV < Edep < 2 PeV,
above the majority of the expected background (Fig. 4).
The data are well described in this energy range by an
E−2 neutrino spectrum with a per-flavor normalization of
E2Φ(E) = (1.2±0.4)·10−8 GeV cm−2 s−1 sr−1. Although
it is difficult to substantively constrain the shape of the
spectrum with our current limited statistics, a flux at this
level would have been expected to generate an additional
3-6 events in the 2-10 PeV range; the lack of such events
in the sample may indicate either a softer spectrum (the
best fit is E−2.2±0.4) or the presence of a break or cut-
off at PeV energies. When limited to only atmospheric
neutrinos, the best fit to the data would require a charm
flux 4.5 times larger than current experimental 90% CL
upper bounds [9] and even then is disfavored at 4σ with
respect to a fit allowing an extraterrestrial contribution.

SEARCH FOR NEUTRINO SOURCES

In order to search for spatial clustering, indicating pos-
sible neutrino sources, we conducted a maximum likeli-
hood point source analysis [15]. At each point in the
sky, we tested a point source hypothesis based on full-

sky uncertainty maps for each event obtained from the
reconstruction. This yields a skymap of Test Statistic
values (TS = 2 log(L/L0), where L is the maximized like-
lihood and L0 the likelihood under the null hypothesis),
which reflects any excess concentration of events relative
to a flat background distribution (Fig. 5). To account
for trials due to searching the whole sky, we estimate the
significance of the highest TS observed by performing
the same analysis on the data with the right ascension
of the events randomized. The final significance is then
the fraction of these randomized maps that have a TS
value anywhere in the sky as high or higher than that
observed in data. The chance probability calculated this
way is independent of Monte Carlo simulation. There-
fore, the significance obtained is against the hypothesis
that all events in this sample are uniformly distributed
in right ascension, rather than the significance of a clus-
ter of events above predicted backgrounds. Note that
because muon tracks have much smaller angular uncer-
tainties than showers, their presence can skew the high-
est TS values and overshadow clusters of shower events.
To correct for this effect, and because muon events are
more likely to be atmospheric background, every clus-
tering analysis described here was repeated twice: once
with the full 28 events and once with only the 21 shower
events.

When using all events, the likelihood map reveals no
significant clustering compared to randomized maps. For
the shower events, the coordinates with the highest TS
are at RA=281◦, dec=−23◦ (galactic longitude l = +12◦,
latitude b = −9◦). Five events, including the second
highest energy event in the sample, contribute to the
main part of the excess with two others nearby. The
fraction of randomized data sets which yield a similar or
higher TS at this exact spot is 0.2%. (At the exact lo-
cation of the Galactic Center, the fraction is 5.4%.) The
final significance, estimated as the fraction of random-
ized maps with a similar or higher TS anywhere in the
sky, is 8%. This degree of clustering may be compatible
with a source or sources in the galactic center region but
the poor angular resolution for showers and wide distri-
bution of the events do not allow the identification of any
sources at this time.

Two other spatial clustering analyses were defined a
priori. We performed a galactic plane correlation study
using the full directional reconstruction uncertainty for
each event to define the degree of overlap with the plane.
The plane width was chosen to be ±2.5◦ following TeV
gamma-ray observations [16]. A multi-cluster search us-
ing the sum of log-likelihood values at every local maxi-
mum in the likelihood map was also conducted. Neither
of these analyses yielded significant results.

In addition to clustering of events in space, we per-
formed two tests for clustering of events in time that cal-
culate significances by comparing the actual arrival times
to event times drawn from a random uniform distribution
throughout the live time. Because many sources [17–19]
are expected to produce neutrinos in bursts, identifica-
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tion of such a time cluster could allow association with a
source without reference to the limited angular resolution
of the majority of the observed neutrinos. When using
all events, no significant time cluster was observed. Fur-
thermore, each spatial cluster in Fig. 5 containing more
than one event was tested individually for evidence of
time clustering. Of the eight regions tested, the most
significant was a pair that includes the highest energy
shower in the sample, but was still compatible with ran-
dom fluctuations. The five shower events of the densest
cluster show no significant overall time clustering.

MATERIALS AND METHODS

Event Selection

Backgrounds for cosmic neutrino searches arise entirely
from interactions of cosmic rays in the Earth’s atmo-
sphere. These produce secondary muons that penetrate
into underground neutrino detectors from above as well
as atmospheric neutrinos that reach the detector from
all directions due to the low neutrino cross-section which
allows them to penetrate the Earth from the opposite
hemisphere. These particles are produced in the decays
of secondary π andK mesons; at high energies a flux from
the prompt decay of charmed mesons [20] has been antic-
ipated although not yet observed. Cosmic ray muons are
the dominant background in IceCube due to their high
rate of 3 kHz. These can be removed from the sample ei-
ther by using only upgoing events, by limiting searches to
events at very high energies (above about 1 PeV) [21, 22],
or, as here, by requiring an observation of the neutrino
interaction vertex using the detector boundary to detect
and veto entering muon tracks.
Neutrino candidates were selected by finding events

that originated within the detector interior. Included
were those events that produced their first light within
the fiducial volume (Fig. 1) and were of sufficiently high
energy such that an entering muon track would have been
reliably identified if present. In particular, we required
that each event have fewer than three of its first 250 ob-
served photoelectrons (p.e.) detected in the veto region.
In addition, we required that the event produce at least
6000 p.e. overall to ensure that statistical fluctuations
in the light yield were low enough for entering muons to
reliably produce light in the veto region. This event selec-
tion rejects 99.999% of the muon background above 6000
p.e. (Fig. 6) while retaining nearly all neutrino events
interacting within the fiducial volume at energies above
a few hundred TeV. This selection is largely indepen-
dent of neutrino flavor, event topology, or arrival direc-
tion. It also removes 70% of atmospheric neutrinos [23]
in the Southern Hemisphere, where atmospheric neutri-
nos are usually accompanied into the detector by muons
produced in the same parent air shower. To prevent con-
firmation bias, we conducted a blind analysis designed
on a subsample of 10% of the full dataset.

Event Reconstruction

Neutrino interactions in IceCube have two primary
topologies: showers and muon tracks. Showers are cre-
ated by secondary leptons and hadronic fragmentation in
νe and ντ charged-current interactions and by neutral-
current interactions of neutrinos of all flavors. At the
relevant energies (& 50 TeV), showers, including tracks
left by τ leptons, have a length of roughly 10 meters in
ice and are, to a good approximation, point sources of
light [24]. Secondary muon tracks are created primarily
in νµ charged-current interactions along with a hadronic
shower at the neutrino interaction vertex, and have a
typical range on the order of kilometers, larger than the
dimensions of the detector. Note that, for a flux consist-
ing of a mixture of flavors, this implies that showers will
be the dominant topology since νµ CC represents only
a small fraction of the total event rate: for an equally
mixed E−2 spectrum, approximately 80% of the observed
events would appear as showers.
Although the distribution of hit PMTs in the detector

is approximately spherical for shower events, the detailed
timing patterns of the photons in the individual PMTs
retain the memory of the direction of the primary lepton.
Comparison of these distributions with expectations from
simulated showers yields a typical median angular reso-
lution of 10◦-15◦. Resolution on deposited energy, from
the recorded waveform amplitudes, is typically 10-15%.
In events with a muon track, the extension of the track in
the detector provides a much tighter constraint on direc-
tion than the shapes of the waveforms alone, improving
angular resolution greatly to better than 1◦ [5]. Energy
reconstruction only yields a lower limit on neutrino en-
ergy as a result of the energy removed from the detector
by escaping muons and neutrinos. All quoted directional
and energy reconstruction uncertainties are dominated
by a systematic component arising from uncertainties in
the optical properties of the ice [1] and the optical sensi-
tivity of the PMTs [25].

Atmospheric Muon Background

Remaining atmospheric muon background comes from
tracks that produce too little light at the edge of the de-
tector to be vetoed and instead emit their first detected
photons in the interior volume, mimicking a starting neu-
trino. These events usually produce an observable muon
track in the detector like that from a νµ charged-current
event. Much more rarely, catastrophic energy loss pro-
cesses such as muon bremsstrahlung can create a shower-
like signal, especially in the corners of the detector where
the exiting muon track may not be observed.
The veto passing rate for throughgoing muons, and

therefore the total muon background in the analysis, can
be evaluated directly from the data by implementing a
two-layer anticoincidence detector. Entering events can
be tagged with high efficiency using the outer layer of
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FIG. 6. Distribution of deposited PMT charges (Qtot).
Muons at higher total charges are less likely to pass the veto
layer undetected, causing the muon background (red, esti-
mated from data) to fall faster than the overall trigger rate
(uppermost line). The data events in the unshaded region, at
Qtot > 6000, are the events reported in this work, with error
bars indicating 68% Feldman-Cousins intervals. The best-fit
E−2 astrophysical spectrum (gray line) and atmospheric neu-
trino flux (blue) have been determined using Monte Carlo sim-
ulations, with the hatched region showing current experimen-
tal uncertainties on the atmospheric neutrino background.
The largest of these uncertainties is neutrinos from charmed
meson decays, a flux which has yet to be observed and is thus
not included in the blue region; the hatched region includes
the best experimental 1σ upper limit [9]. For scale, two spe-
cific charm levels are also shown: a benchmark theoretical
model [7] (green line) and the experimental 90% CL upper
bound [9] (magenta line).

IceCube; the rate of these tagged events that pass the
next veto layer can be used as a control sample to eval-
uate the rate at which muons are detected by a single
detector layer as a function of observed light yield. This
per-layer probability can be used to estimate the final
background rate after application of a geometrical cor-
rection factor of approximately a factor of two for the
larger size of the analysis fiducial volume compared to
the deep interior fiducial volume (after two veto layers).
The resulting predicted veto passing rate agrees well with
data at low energies where we expect the event rate to
be background dominated (Fig. 6). In our signal region
above 6000 p.e., we observed three tagged events passing
the inner veto and so predict 6.0 ± 3.4 veto-penetrating
muon events in the two-year data set.
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FIG. 7. Neutrino effective area and volume. Event rates can
be obtained by multiplying the effective areas by 4π, by the
sum of ν and ν̄ fluxes, and by the livetime of 662 days. Top:
Neutrino effective areas for each flavor assuming an equal flux
of neutrinos and antineutrinos and averaged over all arrival
angles. At 6.3 PeV, resonant W production on atomic elec-
trons increases sensitivity to ν̄e. The effective area includes
effects from attenuation of neutrinos in the Earth [26], rel-
evant at energies above 100 TeV. Bottom: Effective target
mass as a function of energy. The deposited energy threshold
in this search causes some flavor bias at low energies due to
missing energy in escaping particles from νµ and ντ charged-
current events. For νe charged-current events, where all the
neutrino energy is visible in the detector, full efficiency is
reached above 100 TeV.

Atmospheric Neutrinos

Atmospheric neutrino backgrounds, including an as-
yet unobserved component from charmed meson decays,
were estimated based on a parametrization of the atmo-
spheric neutrino flux [6, 8] consistent with previous Ice-
Cube measurements of northern-hemisphere muon neu-
trinos [9]. We have also included a suppression of the at-
mospheric neutrino background from the Southern Hemi-
sphere resulting from the fact that accompanying high-
energy muons produced in the same air shower can trig-
ger our muon veto if they penetrate to the depth of the
detector. Here we have extended previous analytic calcu-
lations [23] of this suppression factor using the CORSIKA
[27] air-shower simulation to determine the fraction of
atmospheric neutrinos accompanied at depth by muons
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above 10 TeV, at which they will be reliably detected
by our muon veto. This factor is a strong function of
neutrino energy and angle, with the strongest suppres-
sion expected at high energies and most downward an-
gles. The suppression factor, bounded above at 90% to
cover uncertainties in hadronic interaction models, was
then folded with the northern-hemisphere spectrum to
predict the southern-hemisphere event rate.
This produces an estimate of the atmospheric neu-

trino background of 4.6+3.7
−1.2 events in the 662 day live-

time. These events would be concentrated near the en-
ergy threshold of the analysis due to the steeply falling at-
mospheric neutrino spectrum. Uncertainties in the atmo-
spheric neutrino background are dominated by the flux
from charmed meson decays, which is too small to have
been observed thus far and is currently bounded above
experimentally by a 1σ upper limit of 3.4 events [9]. The
spectrum and composition of cosmic rays and models of
hadronic interactions contribute a rate uncertainty at the
relevant energies of +30%

−20%
, which dominates the uncertain-

ties in the π/K component of the spectrum [28]. The
measured 5% uncertainty in the electromagnetic energy
scale and detector linearity contributes a proportional
±15% uncertainty to the atmospheric background rates.
Given the charge threshold, uncertainty in the light yield
of hadronic showers, which is less well constrained, can
affect the estimated background neutrino rate. However,
the light yield for a hadronic shower is smaller than the
well known light yield for an electromagnetic shower at
the same energy, limiting any resulting increase in the
background rate to no larger than 30%.

Blind Calculation of Significance

We evaluated the significance of the excess over atmo-
spheric backgrounds based on both the total rate and
properties of the observed events. From each event, the
total deposited PMT charge, reconstructed energy, and
direction were used to compute tail probabilities rela-
tive to the atmospheric muon and neutrino backgrounds.
Overall significance was computed using the product of
the per-event probabilities as a test statistic.
The muon background probability was computed as

the fraction of the expected background with deposited
charge greater than observed. Above the highest charge
event in the control sample, we set an upper limit on
the passing rate by assuming a constant veto efficiency.
Similarly, the likelihood ratio between an isotropic E−2

astrophysical flux and the expected atmospheric neutrino
background in declination and deposited energy was cal-

culated for each event after folding with the observed
reconstruction uncertainties, and the probability for an
atmospheric neutrino event to have a larger value than
observed was computed. Because our control sample of
background muon events has limited statistics, we can-
not produce a detailed map of the energies and angles of
the penetrating muon background. For this reason, the
muon and neutrino background probabilities were com-
bined by taking the maximum of the two as the statistic
for each event, which will somewhat underestimate the
significance of any excess.
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EVENT 1

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

47.6+6.5
−5.4 55351.3222110 −1.8 35.2 16.3 Shower
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EVENT 2

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

117.0+15.4
−14.6 55351.4659612 −28.0 282.6 25.4 Shower
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EVENT 3

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

78.7+10.8
−8.7 55451.0707415 −31.2 127.9 . 1.4 Track
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EVENT 4

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

165.4+19.8
−14.9 55477.3930911 −51.2 169.5 7.1 Shower
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EVENT 5

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

71.4+9.0
−9.0 55512.5516214 −0.4 110.6 . 1.2 Track
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EVENT 6

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

28.4+2.7
−2.5 55567.6388084 −27.2 133.9 9.8 Shower
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EVENT 7

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

34.3+3.5
−4.3 55571.2585307 −45.1 15.6 24.1 Shower
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EVENT 8

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

32.6+10.3
−11.1 55608.8201277 −21.2 182.4 . 1.3 Track
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EVENT 9

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

63.2+7.1
−8.0 55685.6629638 33.6 151.3 16.5 Shower
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EVENT 10

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

97.2+10.4
−12.4 55695.2730442 −29.4 5.0 8.1 Shower
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EVENT 11

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

88.4+12.5
−10.7 55714.5909268 −8.9 155.3 16.7 Shower
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EVENT 12

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

104.1+12.5
−13.2 55739.4411227 −52.8 296.1 9.8 Shower



23

EVENT 13

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

252.7+25.9
−21.6 55756.1129755 40.3 67.9 . 1.2 Track
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EVENT 14

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

1040.7+131.6
−144.4 55782.5161816 −27.9 265.6 13.2 Shower
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EVENT 15

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

57.5+8.3
−7.8 55783.1854172 −49.7 287.3 19.7 Shower
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EVENT 16

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

30.6+3.6
−3.5 55798.6271191 −22.6 192.1 19.4 Shower
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EVENT 17

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

199.7+27.2
−26.8 55800.3755444 14.5 247.4 11.6 Shower
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EVENT 18

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

31.5+4.6
−3.3 55923.5318175 −24.8 345.6 . 1.3 Track
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EVENT 19

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

71.5+7.0
−7.2 55925.7958570 −59.7 76.9 9.7 Shower
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EVENT 20

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

1140.8+142.8
−132.8 55929.3986232 −67.2 38.3 10.7 Shower
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EVENT 21

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

30.2+3.5
−3.3 55936.5416440 −24.0 9.0 20.9 Shower
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EVENT 22

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

219.5+21.2
−24.4 55941.9757760 −22.1 293.7 12.1 Shower
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EVENT 23

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

82.2+8.6
−8.4 55949.5693177 −13.2 208.7 . 1.9 Track
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EVENT 24

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

30.5+3.2
−2.6 55950.8474887 −15.1 282.2 15.5 Shower
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EVENT 25

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

33.5+4.9
−5.0 55966.7422457 −14.5 286.0 46.3 Shower
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EVENT 26

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

210.0+29.0
−25.8 55979.2551738 22.7 143.4 11.8 Shower
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EVENT 27

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

60.2+5.6
−5.6 56008.6845606 −12.6 121.7 6.6 Shower
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EVENT 28

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6
Time [microseconds]

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

46.1+5.7
−4.4 56048.5704171 −71.5 164.8 . 1.3 Track
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