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Introduction: Neutrino observations are a unique probe of the universe’s highest-energy phe-
nomena: Neutrinos are able to escape from dense astrophysical environments that photons cannot 
and are unambiguous tracers of cosmic ray acceleration. As protons and nuclei are accelerated, 
they interact with gas and background light near the source to produce subatomic particles such as 
charged pions and kaons, which then decay, emitting neutrinos. We report on results of an all-sky 
search for these neutrinos at energies above 30 TeV in the cubic kilometer Antarctic IceCube obser-
vatory between May 2010 and May 2012.

Methods: We have isolated a sample of neutrinos by rejecting background muons from cosmic ray 
showers in the atmosphere, selecting only those neutrino candidates that are fi rst observed in the 
detector interior rather than on the detector boundary. This search is primarily sensitive to neutri-
nos from all directions above 60 TeV, at which the lower-energy background atmospheric neutrinos 
become rare, with some sensitivity down to energies of 30 TeV. Penetrating muon backgrounds were 
evaluated using an in-data control sample, with atmospheric neutrino predictions based on theo-
retical modeling and extrapolation from previous lower-energy measurements.

Results: We observed 28 neutrino candidate events (two previously reported), substantially more 
than the 10.6  expected from atmospheric backgrounds, and ranging in energy from 30 to 1200 
TeV. With the current level of statistics, we did not observe signifi cant clustering of these events in 
time or space, preventing the identifi cation of their sources at this time.

Discussion: The data contain a mixture of neutrino fl avors compatible with fl avor equipartition, 
originate primarily from the Southern Hemisphere where high-energy neutrinos are not absorbed 
by Earth, and have a hard energy spectrum compat-
ible with that expected from cosmic ray accelerators. 
Within our present knowledge, the directions, ener-
gies, and topologies of these events are not compatible 
with expectations for terrestrial processes, deviating at 
the 4σ level from standard assumptions for the atmo-
spheric background. These properties, in particular 
the north-south asymmetry, generically disfavor any 
purely atmospheric explanation for the data. Although 
not compatible with an atmospheric explanation, the 
data do match expectations for an origin in uniden-
tifi ed high-energy galactic or extragalactic neutrino 
accelerators.
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Evidence for High-Energy
Extraterrestrial Neutrinos
at the IceCube Detector
IceCube Collaboration*

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 about 30 TeV. Twenty-six additional events were observed, substantially
more than expected from atmospheric backgrounds. Combined, both searches reject a purely
atmospheric origin for the 28 events at the 4s level. These 28 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, however,
consistent with generic predictions for an additional component of extraterrestrial origin.

H
igh-energy neutrino observations can pro-

vide insight into the long-standing problem

of the origins and acceleration mecha-

nisms 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 proportional to the energies of the

high-energy protons that produced them. These

neutrinos can be detected on Earth in large under-

ground detectors by the production of secondary

leptons and hadronic showers when they interact

with the detector material. IceCube, a large-volume

Cherenkov detector (1) made of 5160 photomul-

tipliers (PMTs) at depths between 1450 and 2450 m

in natural Antarctic ice (Fig. 1), has been designed

to detect these neutrinos at TeV-PeV energies. Re-

cently, the Fermi collaboration presented evidence

for acceleration of low-energy (GeV) cosmic ray

protons in supernova remnants (2); neutrino obser-

vations 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 ex-

pected from atmospheric backgrounds and a pos-

sible hint of an extraterrestrial source (3). Although

that analysis had some sensitivity to neutrino

events of all flavors above 1 PeV, it was most sen-

sitive to nm events above 10 PeV from the region

around the horizon, above which the energy thresh-

old increased sharply to 100 PeV. As a result, it

had only limited sensitivity to the type of events

found, which were typical of either ne or neutral

current events and at the bottom of the detectable

energy range, preventing a detailed 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 characterize the flux responsible for these

events by conducting an exploratory search for

neutrinos at lower energies with interaction verti-

ces well contained within the detector volume,

discarding events containing muon tracks orig-

inating outside of IceCube (Fig. 1). This event

selection (see Materials and Methods) allows the

resulting search to have approximately equal sen-

sitivity to neutrinos of all flavors and from all

directions. We obtained nearly full efficiency for

interacting neutrinos above several hundred TeV,

with some sensitivity extending to neutrino ener-

gies as low as 30 TeV (see Materials andMethods).

The data-taking period is shared with the earlier

high-energy analysis: Data shownwere 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.

Results

In the 2-year data set, 28 events with in-detector

deposited energies between 30 and 1200 TeV

were observed (Fig. 2 and Table 1) on an ex-

pected background of 10:6þ5:0
−3:6 events from at-

mospheric muons and neutrinos (see Materials

and Methods). The two most energetic of these

were the previously reported PeVevents (3). Seven

events contained clearly identifiable muon tracks,

whereas the remaining 21 were showerlike, con-

sistent with neutrino interactions other than nm
charged current. Events containing muon tracks

in general have better angular resolution, typi-

cally of better than 1 degree (4), compared to the

10 to 15 degrees typical of events without visible

muons (see Materials and Methods). Four of the

low-energy tracklike events started near the de-

tector boundary and were down-going, consistent

with the properties of the expected 6.0 T 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 IceTop 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
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Fig. 1. Drawing of the IceCube array. Results are from the complete pictured detector for 2011 to
2012 and from a partial detector missing the dark gray strings in the bottom left corner for the 2010 to
2011 season. (A and B) The side view (B) shows a cross section of the detector indicated in the top view
(A) 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 ver-
tical, requiring a thick veto cap at the top of the detector. The shaded region in the middle contains ice
of high dust concentration (24). 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.
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events and inconsistent with backgrounds from

penetrating muons or with detector artifacts, which

would have been expected to trace the locations of

either the fiducial volume boundary or the posi-

tions of the instrumentation.

As part of our blind analysis, we tested a pre-

defined fixed atmospheric-only neutrino flux

model (5), including a benchmark charm com-

ponent (6), reevaluated using current measure-

ments of the cosmic ray spectrum in this energy

range (7, 8). This adds an additional 1.5 charm

neutrinos to our mean background estimate and

predicts, on average, 6.1 (p/K and charm) back-

ground neutrinos on top of the 6.0 T 3.4 back-

ground muon events. Significance was evaluated

on the basis of the number of events, the total

collected PMT 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 background components. To nevertheless

obtain an indication of the range of possible

significances, we calculated values relative to

background-only hypotheses with charm at the

level called “standard” in (6) as a benchmark flux

as well as at the level of our current 90% confi-

dence level (CL) experimental bounds (8) (corre-

sponding to 3.8 times standard). 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 sig-

nificance of 3.3s (one-sided). Combined using

Fisher’s method with the 2.8s observation of

the earlier analysis where the two highest energy

events were originally reported (3), and which uses

the same benchmark atmospheric neutrino flux

model, we obtain a final significance for the entire

data set of 28 events of 4.1s. The same calculation

performed a posteriori on all 28 events gives 4.8s.

These two final significances would be reduced to

Fig. 2. Distribution of best-fit de-
posited energies and declinations.
Seven of the events contain muons
(crosses) with an angular resolution
of about 1°, whereas the remainder
are either electromagnetic (EM) or ha-
dronic showers (filled circles) with an
energy-dependent resolution of about
15°. Error bars are 68% confidence in-
tervals including both statistical and
systematic uncertainties. Energies shown
are the energy deposited in the de-
tector, assuming that all light emission
is from electromagnetic showers. For
ne 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.
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Table 1. Propertiesof the28events.Shownare the deposited electromagnetic-
equivalent energy (the energy deposited 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 showerlike). The energy shown
is equal to the neutrino energy for ne charged-current events, within experimen-
tal uncertainties, and is otherwise a lower limit on the neutrino energy because

of exiting muons or neutrinos. Errors on energy and the angle include both
statistical and systematic effects. Systematic uncertainties on directions for
showerlike events were determined 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 (4). Additional per-event information, includ-
ing event displays, can be found in the supplementary materials.

ID
Deposited

energy (TeV)

Time

(modified Julian date)

Declination

(degrees)

Right ascension

(degrees)

Median angular error

(degrees)
Event type

1 47.6−5.4
+6.5 55,351 −1.8 35.2 16.3 Shower

2 117−15
+15 55,351 −28.0 282.6 25.4 Shower

3 78.7−8.7
+10.8 55,451 −31.2 127.9 ≤1.4 Track

4 165−15
+20 55,477 −51.2 169.5 7.1 Shower

5 71.4−9.0
+9.0 55,513 −0.4 110.6 ≤1.2 Track

6 28.4−2.5
+2.7 55,568 −27.2 133.9 9.8 Shower

7 34.3−4.3
+3.5 55,571 −45.1 15.6 24.1 Shower

8 32.6−11.1
+10.3 55,609 −21.2 182.4 ≤1.3 Track

9 63.2−8.0
+7.1 55,686 33.6 151.3 16.5 Shower

10 97.2−12.4
+10.4 55,695 −29.4 5.0 8.1 Shower

11 88.4−10.7
+12.5 55,715 −8.9 155.3 16.7 Shower

12 104−13
+13 55,739 −52.8 296.1 9.8 Shower

13 253−22
+26 55,756 40.3 67.9 ≤1.2 Track

14 1041−144
+132 55,783 −27.9 265.6 13.2 Shower

15 57.5−7.8
+8.3 55,783 −49.7 287.3 19.7 Shower

16 30.6−3.5
+3.6 55,799 −22.6 192.1 19.4 Shower

17 200−27
+27 55,800 14.5 247.4 11.6 Shower

18 31.5−3.3
+4.6 55,924 −24.8 345.6 ≤1.3 Track

19 71.5−7.2
+7.0 55,926 −59.7 76.9 9.7 Shower

20 1141−133
+143 55,929 −67.2 38.3 10.7 Shower

21 30.2−3.3
+3.5 55,937 −24.0 9.0 20.9 Shower

22 220−24
+21 55,942 −22.1 293.7 12.1 Shower

23 82.2−8.4
+8.6 55,950 −13.2 208.7 ≤1.9 Track

24 30.5−2.6
+3.2 55,951 −15.1 282.2 15.5 Shower

25 33.5−5.0
+4.9 55,967 −14.5 286.0 46.3 Shower

26 210−26
+29 55,979 22.7 143.4 11.8 Shower

27 60.2−5.6
+5.6 56,009 −12.6 121.7 6.6 Shower

28 46.1−4.4
+5.7 56,049 −71.5 164.8 ≤1.3 Track
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3.6s and 4.5s, respectively, using charm at the

level of our current 90% CL experimental bound.

Discussion

Although there is some uncertainty in the ex-

pected atmospheric background rates, in partic-

ular for the contribution from charmed meson

decays, the energy spectrum, zenith distribution,

and shower to muon track ratio of the observed

events strongly constrain the possibility that our

events are entirely of atmospheric origin. Almost

all of the observed excess is in showers rather than

muon tracks, ruling out an increase in penetrating

muon background to the level required. Atmo-

spheric 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 p/K atmospheric background at lower

energies (8–10): Nine had reconstructed depos-

ited energies above 100 TeV, with two events

above 1 PeV, relative to an expected background

from p/K atmospheric neutrinos of about one

event above 100 TeV. Raising the normalization

of this flux both violates previous limits and, be-

cause of nm bias in p and K decay, predicts too

many muon tracks in our data (two-thirds of tracks

versus one-fourth observed).

Another possibility is that the high-energy

events result from charmed meson production in

air showers (6, 11). These produce higher-energy

events with equal parts ne and nm, matching our

observed muon track fraction reasonably well.

However, our event rates are substantially higher

than even optimistic models (11) and the energy

spectrum from charm production is too soft to

explain the data. Increasing charm production

to the level required to explain our observations

violates existing experimental bounds (8). Be-

cause atmospheric neutrinos produced by any

mechanism are made in cosmic ray air showers,

down-going atmospheric neutrinos from the south-

ern sky will, in general, be accompanied into

IceCube by muons produced in the same parent

air shower. These accompanying muons will trig-

ger our muon veto, removing most of these events

from the sample and biasing atmospheric neutrinos

to the Northern Hemisphere. Most of our events,

however, arrive from the south. This places a

strong model-independent constraint on any at-

mospheric neutrino production mechanism as an

explanation for our data.

By comparison, a neutrino flux produced in

extraterrestrial sources would, like our data, be

heavily biased toward showers because neutrino

oscillations over astronomical baselines tend to

equalize neutrino flavors (12, 13). An equal-flavor

E
−2 neutrino flux, for example, would be expected

to produce only one-fifth of track events (see

Fig. 3. Coordinates of the first de-
tected 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 cross-
ing the veto layer. Neutrino events should
interact uniformly throughout the ap-
proximately cylindrical detector volume,
forming a uniform 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 de-
tector boundary for purposes of our event
selection. The observed events are con-
sistent with a uniform distribution.
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Fig. 4. Distributions of the deposited energies and declination angles
of the observed events compared to model predictions. (A and B) Zenith
angle entries for data (B) are the best-fit zenith position for each of the 28 events;
a small number of events (Table 1) have zenith uncertainties larger than the
bin widths in this figure. Energies plotted (A) are reconstructed in-detector
visible energies, which are lower limits on the neutrino energy. Note that de-
posited energy spectra are always harder than the spectrum of the neutrinos
that produced them because of 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 the text), and the magenta line shows the experimental
90% bound. Because of a 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 E2Fn(E) = 1.2 × 10−8 GeV cm−2 s−1 sr−1.
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Materials and Methods). The observed zenith

distribution is also typical of such a flux: As a

result of absorption in Earth above tens of TeV

energy, most events (about 60%, depending on

the energy spectrum) from even an isotropic high-

energy extraterrestrial population would be ex-

pected to appear in the Southern Hemisphere.

Although the zenith distribution is well explained

(Fig. 4) by an isotropic flux, a slight southern ex-

cess remains, which could be explained either as a

statistical fluctuation or by a source population that

is either 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 p/K atmo-

spheric neutrino background, atmospheric neutri-

nos from charmed meson decays, and an isotropic

equal-flavor extraterrestrial power-law flux. With

the normalizations of all components free to float,

this model was fit to the two-dimensional depos-

ited energy and zenith distribution of the data

(Fig. 2) in the range of 60 TeV < Edep < 2 PeV,

above most 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 nor-

malization of E2F(E) = (1.2 T 0.4) × 10−8 GeV

cm−2 s−1 sr−1. Although it is difficult to substan-

tively constrain the shape of the spectrum with

our current limited statistics, a flux at this level

would have been expected to generate an ad-

ditional three to six events in the 2 to 10 PeV

range; the lack of such events in the sample may

indicate either a softer spectrum (the best fit is

E
−2.2 T 0.4) or the presence of a break or cutoff at

PeVenergies. When limited to only atmospheric

neutrinos, the best fit to the data would require a

charm flux 4.5 times larger than the current ex-

perimental 90% CL upper bounds (8) and even

then is disfavored at 4s with respect to a fit

allowing an extraterrestrial contribution.

Search for Neutrino Sources

To search for spatial clustering, indicating pos-

sible neutrino sources, we conducted a maximum

likelihood point source analysis (14). 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

sky map of test statistic values [TS = 2log(L/L0),

where L is the maximized likelihood and L0 is

the likelihood under the null hypothesis], which

reflects any excess concentration of events rela-

tive 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 ran-

domized. The final significance is then the frac-

tion 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 cal-

culated this way is independent of Monte Carlo

simulation. Therefore, the significance obtained

is against the hypothesis that all events in this

sample are uniformly distributed in right ascen-

sion, rather than the significance of a cluster of

events above predicted backgrounds. Note that

because muon tracks have much smaller angular

uncertainties than showers, their presence can

skew the highest TS values and overshadow clus-

ters of shower events. To correct for this effect,

and because muon events are more likely to be

atmospheric background, we repeated every clus-

tering analysis described here 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 right as-

cension = 281°, declination = −23° (galactic lon-

gitude 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 random-

ized data sets that yield a similar or higher TS at

this exact spot is 0.2%. (At the exact location of the

galactic center, the fraction is 5.4%.) The final sig-

nificance, estimated as the fraction of randomized

maps with a similar or higher TS anywhere in the

sky, is 8%. This degree of clustering may be compat-

ible with a source or sources in the galactic center

region, but the poor angular resolution for showers

and the wide distribution 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 re-

construction uncertainty for each event to define

the degree of overlap with the plane. The plane

width was chosen to be T2.5° on the basis of TeV

gamma-ray observations (15).Amulticluster search

using the sum of log-likelihood values at every

local maximum in the likelihood map was also

conducted. Neither of these analyses yielded sig-

nificant results.

In addition to clustering of events in space,

we performed two tests for clustering of events

in time that calculate significances by compar-

ing the actual arrival times to event times drawn

from a random uniform distribution throughout

the live time. Because many sources (16–18) are

expected to produce neutrinos in bursts, identi-

fication of such a time cluster could allow asso-

ciation with a source without reference to the

limited angular resolution of most of the ob-

served neutrinos. When using all events, no sig-

nificant time cluster was observed. Furthermore,

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 com-

patible with random 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 Earth’s

atmosphere. These produce secondary muons

that penetrate into underground neutrino detec-

tors from above, as well as atmospheric neutrinos

that reach the detector from all directions because

of the low neutrino cross section, which allows

them to penetrate Earth from the opposite hemi-

sphere. These particles are produced in the decays

of secondary p and K mesons; at high energies,

a flux from the prompt decay of charmed mesons

Fig. 5. Sky map in equatorial coordinates of the TS value from the maximum likelihood point
source analysis. 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 curved gray line with the galactic
center at the bottom left denoted by a filled gray square. Best-fit locations of individual events (listed in
Table 1) are indicated with vertical crosses (+) for showers and angled crosses (×) for muon tracks.
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(19) has been anticipated, although not yet ob-

served. Cosmic ray muons are the dominant back-

ground in IceCube because of their high rate of

3 kHz. These can be removed from the sample

either by using only up-going events, by limiting

searches to events at very high energies (above

~1 PeV) (20, 21), or, as here, by requiring an ob-

servation 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 en-

tering muon track would have been reliably iden-

tified if present. In particular, we required that

each event have fewer than three of its first 250

observed photoelectrons detected in the veto

region. In addition, we required that the event

produce at least 6000 photoelectrons overall to

ensure that statistical fluctuations in the light

yield were low enough for entering muons to re-

liably produce light in the veto region. This event

selection rejects 99.999% of the muon background

above 6000 photoelectrons (Fig. 6) while retaining

nearly all neutrino events interacting within the

fiducial volume at energies above a few hundred

TeV (Fig. 7). This selection is largely independent

of neutrino flavor, event topology, or arrival direc-

tion. It also removes 70% of atmospheric neutrinos

(22) in the Southern Hemisphere, where atmo-

spheric neutrinos are usually accompanied into

the detector by muons produced in the same parent

air shower. To prevent confirmation bias, we con-

ducted a blind analysis designed on a subsample

of 10% of the full data set.

Event Reconstruction

Neutrino interactions in IceCube have two pri-

mary topologies: showers and muon tracks. Show-

ers are created by secondary leptons and hadronic

fragmentation in ne and nt charged-current in-

teractions and by neutral-current interactions of

neutrinos of all flavors. At the relevant energies

(≥50 TeV), showers, including tracks left by t

leptons, have a length of roughly 10 m in ice

and are, to a good approximation, point sources

of light (23). Secondary muon tracks are created

primarily in nm 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 de-

tector. Note that, for a flux consisting of a mix-

ture of flavors, this implies that showers will be

the dominant topology because nm CC represents

only a small fraction of the total event rate: For

an equally mixed E−2 spectrum, about 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 pho-

tons in the individual PMTs retain the memory

of the direction of the primary lepton. Compar-

ison of these distributions with expectations from

simulated showers yields a typical median angular

resolution of 10° to 15°. Resolution on deposited

energy, from the recorded waveform amplitudes,

is typically 10 to 15%. In events with a muon

track, the extension of the track in the detector

provides a much tighter constraint on direction

than the shapes of the waveforms alone, improv-

ing angular resolution greatly to better than 1°

(4). Energy reconstruction only yields a lower

limit on neutrino energy 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 (24) and the

optical sensitivity of the PMTs (25).

Atmospheric Muon Background

Remaining atmospheric muon background comes

from tracks that produce too little light at the edge

of the detector to be vetoed and instead emit

their first detected photons in the interior volume,

mimicking a starting neutrino. These events usually

produce an observable muon track in the de-

tector like that from a nm charged-current event.

Much more rarely, catastrophic energy loss pro-

cesses such as muon bremsstrahlung can create

a showerlike 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 de-

tector. Entering events can be tagged with high

efficiency using the outer layer of IceCube; the

rate of these tagged events that pass the next veto

layer can be used as a control sample to evaluate

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 esti-

mate the final background rate after application
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to pass the veto layer undetected, causing the muon background (red, estimated 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 neutrino flux (blue) have been determined using
Monte Carlo simulations, with the hatched region showing current experimental uncertainties on the atmo-
spheric neutrino background. The largest of these uncertainties is neutrinos from charmed meson decays, a
flux that has yet to be observed and is thus not included in the blue region; the hatched region includes the
best experimental 1s upper limit (8). For scale, two specific charm levels are also shown: a benchmark
theoretical model (6) (green line) and the experimental 90% CL upper bound (8) (magenta line).

www.sciencemag.org SCIENCE VOL 342 22 NOVEMBER 2013 1242856-5

RESEARCH ARTICLE



of a geometrical correction factor of ~2 for the

larger size of the analysis fiducial volume com-

pared to the deep interior fiducial volume (after

two veto layers). The resulting predicted veto pass-

ing 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 photoelectrons, we observed three tagged

events passing the inner veto and so predict 6.0 T

3.4 veto-penetrating muon events in the 2-year

data set.

Atmospheric Neutrinos

Atmospheric neutrino backgrounds, including an

as-yet unobserved component from charmed meson

decays, were estimated on the basis of a param-

etrization of the atmospheric neutrino flux (5, 7),

consistent with previous IceCube measurements

of the Northern Hemisphere muon neutrinos (8).

We have also included a suppression of the atmo-

spheric neutrino background from the Southern

Hemisphere, resulting from the fact that accom-

panying high-energy muons produced in the same

air shower can trigger our muon veto if they pen-

etrate to the depth of the detector. Here, we have

extended previous analytic calculations (22) of

this suppression factor using the CORSIKA (26)

air shower simulation to determine the fraction

of atmospheric neutrinos accompanied at depth

by muons 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 suppression expected at high

energies and most downward angles. The suppres-

sion factor, bounded above at 90% to cover un-

certainties 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 atmospher-

ic neutrino background of 4:6þ3:7
−1:2 events in the

662-day live time. These events would be con-

centrated near the energy threshold of the anal-

ysis because of the steeply falling atmospheric

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

1s upper limit of 3.4 events (8). The spectrum

and composition of cosmic rays and models of

hadronic interactions contribute a rate uncer-

tainty at the relevant energies of þ30%
−20% , which

dominates the uncertainties in the p/K compo-

nent of the spectrum (27). The measured 5%

uncertainty in the electromagnetic energy scale

and detector linearity contributes a proportional

T15% 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 back-

ground 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

atmospheric backgrounds on the basis of 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 relative to the atmo-

spheric 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 com-

puted 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 assum-

ing a constant veto efficiency. Similarly, the likeli-

hood ratio between an isotropic E−2 astrophysical

flux and the expected atmospheric neutrino back-

ground in declination and deposited energy was

calculated 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 cannot produce a

detailed map of the energies and angles of the

penetrating muon background. For this reason,

the muon and neutrino background probabilities

were combined 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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