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The search for extremely high-energy neutrinos with IceCube
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Abstract: The IceCube neutrino telescope was constructed to search for high energy neutrinos of cosmic origin. At
the highest energies, neutrinos associated with the interaction of the most energetic cosmic rays with cosmic microwave
background photons (GZK effect) are considered a guaranteed signal, with expected event rates of up to a few events
per year in a cubic kilometer detector. Searches for GZK neutrinos have been performed using data taken with the
intermediate construction stages of the now complete IceCube detector. We present the results of ﬁnished and on-going
analyses, with a focus on the search using data taken between spring 2009 and spring 2010, when the IceCube detector
was roughly 70% complete.
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Introduction

The detection of extremely-high energy (EHE) neutrinos
with energies in excess of 107 GeV may shed light on the
yet unknown origin of the highest energy cosmic rays.
The direct observation of EHE charged cosmic ray particles is limited by their inevitable energy loss in the cosmic microwave background through photo-pion production, known as the Greisen-Zatsepin-Kuzmin (GZK) effect [1]. The trajectories of the charged cosmic ray particles with diminished energies will have been randomized in cosmic magnetic ﬁelds upon arrival at the Earth.
Neutrinos from the decays of the secondary charged pions,
π ± → μ± νμ → e± νe νμ νμ , will travel in straight lines and
unattenuated over cosmological distances and carry information about the sources of EHE cosmic rays.
The IceCube neutrino observatory consists of a cubic kilometer sized Cherenkov detector embedded in the 2800 m
thick glacial ice cap at the South Pole and an overlying
square kilometer surface air-shower array. The in-ice detector consists of 5160 light sensitive digital optical modules (DOMs) deployed at depths between 1450 and 2450 m
on 86 vertical cables (“strings”). Each DOM is equipped
with a 25 cm photo-multiplier tube (PMT) along with two
waveform digitizers and supporting data acquisition, calibration, and control hardware [2, 3]. Interactions of high
energy neutrinos with the surrounding matter are detected via their Cherenkov emissions in the highly transparent
Polar ice [4]. With its large detection volume, the in-ice de-

tector is the ﬁrst neutrino telescope with a realistic chance
to detect the small ﬂux of EHE neutrinos associated with
the GZK effect.
During IceCube’s construction phase, which started in
2005, data taken with the partially instrumented in-ice neutrino telescope have been searched for signatures of EHE
neutrinos [5, 6]. The analysis of data taken during the years
2008/2009, when 40 of the 86 strings of the in-ice detector
were deployed, has led to the currently most stringent limits on ﬂuxes of EHE neutrinos with energies between 1 PeV
and 10 EeV (Figure 1). In these proceedings, we report on
a search for EHE neutrinos in data taken with the 59-string
detector between spring 2009 and spring 2010.

2 Method
The vast majority of the events recorded by IceCube are
due to down-going atmospheric muons that are created by
interactions of high energy cosmic rays in the atmosphere,
and which are sufﬁciently energetic to penetrate the ice
overburden and deposit Cherenkov light in the detector. Against this background, an EHE neutrino interaction inside
or in the vicinity of the detector would stand out with a
much higher Cherenkov light deposition. Figure 2 shows
the expected light deposition in terms of the number of
recorded photo-electrons (N P E) and its correlation with
the zenith angle (cos Θ) of the primary particle tracks for
simulated GZK neutrino induced events and simulated at-
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comprises 330 days of detector livetime. The 10% subset
is discarded, in order to avoid statistical bias.
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Figure 1: Present ﬂux limits on EHE neutrinos compared
to two all ﬂavor GZK neutrino ﬂux predictions, YT ((m,
Zmax ) = (4,4) [7] and ESS (ΩΛ = 0.7) [8], and the
Waxman-Bahcall bound [9]. Limits from IceCube 40string GZK neutrino search (IC-40 GZK, differential limit
and E −2 spectrum integrated limit) [6] are shown as thick
black lines, the limit from an UHE neutrino search (IC-40
UHE) [10] is shown as grey horizontal line. Less stringent
limits were set by Auger (PAO) [11], ANITA [12], and the
IceCube 22-string detector (IC-22) [5].
mospheric background events. For both signal and background events, the light yield is strongly correlated with
cos Θ. For down-going atmospheric muon events, the expected N P E rapidly decreases with increasing inclination
of primary particle track, because with increasing slant depth the muons will lose more energy before reaching
the detector. Below the horizon (cos Θ < 0), low energy atmospheric neutrinos arriving from the opposite hemisphere
are the only expected background. The detection probability of GZK neutrinos is highest for directions close to the
horizon, because of the relatively short neutrino interaction
length at EHE energies.
Exploiting the correlation between the event light yield and
the track direction, the data selection criteria to separate
signal from background events in IceCube’s EHE neutrino
searches have routinely been designed as two-dimensional
boundaries in the N P E-cos Θ-plane [5, 6]. Simple geometric ﬁt methods, whose performance proved robust against systematic uncertainties in the detector response,
were used to infer the track directions. In this analysis,
we follow the same strategy, but we use a different ﬁtting
algorithm than previous analyses to determine the track direction.
Following a blind analysis procedure, the selection criteria
are optimized on simulated signal and background events.
A subset of 10% of the experimental data, evenly distributed throughout the data taking period, is used to validate the
detector simulation. After the selection criteria are developed, the data selection is applied to the blinded 90% of the
data, which for the 2009/2010 data-taking period roughly

The dominant background at the ﬁnal data selection levels is high multiplicity muon bundles induced predominantly by heavy cosmic ray primaries with PeV to EeV energies. This background was simulated with the CORSI KA air-shower simulation [13] using the SIBYLL 2.1 [14]
hadronic interaction model. Two primary types, proton
and iron, with energies between 104 and 1011 GeV were
simulated. The primaries were sampled from a power-law
energy spectrum following dN/dE ∝ E −2 , in oder to
over-sample the high energy end of the cosmic ray spectrum, which is most important to this analysis. Proton and
iron components are then re-weighted to broken power-law
spectra, whose combination approximates the all particle
spectrum at PeV energies and above [15].
Signal events induced by EHE neutrinos in the energy
range between 105 and 1011 GeV were simulated with
the JULIeT package [16]. The charged secondary particles
were sampled from an energy spectrum ∝ E −1 . The events
can be re-weighted to various GZK neutrino ﬂux predictions. In these proceedings, we use the predictions from
references [7] and [8] (c. f. YT and ESS in Figure 1). The
quoted event rates correspond to the sum of all three neutrino ﬂavors, νe , νμ , and ντ .

4 Event selection
The ﬁrst data selection for the various IceCube analyses is
performed on-line at the South Pole, before data are sent to
the northern hemisphere. For this analysis, the on-line ﬁlter
required a minimum of 630 photo-electrons to be recorded
in an event.
Following the analysis strategy that was developed for the
40-string detector [6], further data reduction is achieved by
requiring at least 200 DOMs to have registered light within
a time window of [−4.4μs, 6.4μs] around the largest local
light deposition in the detector. The latter is deﬁned as the
time at which 10% of the largest PMT pulse was captured.
Further, we require the total number of photo-electrons
recorded in this time window to be larger than 3200. With
these requirements, the atmospheric background is reduced
by two orders of magnitude, while 75% of the signal is retained (Table 1). While the previous EHE search used the
lineﬁt algorithm [17, 5] to reconstruct the track directions, we use a different algorithm in this analysis, the dipoleﬁt
 , to the light
[17]. The dipoleﬁt assigns a dipole moment, M
pattern recorded in each event:
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Figure 2: Expected light yield (logarithm of the number of detected photoelectrons, log10 (N P E)), for simulated signal
and background events and a subset of the experimental data set (left) and the correlation with the cosine of the zenith
angle of the primary particle tracks for simulated atmospheric background events (middle) and GZK neutrinos (right).
The background prediction includes cosmic ray induced muons, assuming a cosmic ray spectrum according to [15], and
atmospheric neutrinos according to [18] with a contribution from prompt neutrinos according to [19]. The GZK neutrino
spectrum is simulated according to [7] (c. f. YT in Figure 1).
cut
N P E > 630
N P E > 3200 and NDOM > 200
log10 (N P E) − 0.5 · D > 4

Experimental
6.20 × 107
6.65 × 105
336

Background
(6.86 ± 0.18) × 107
(7.68 ± 0.12) × 105
365 ± 6

GZK YT [7]
2.35 ± 0.01
1.80 ± 0.01
1.39 ± 0.01

GZK ESS [8]
1.81 ± 0.01
1.38 ± 0.01
1.07 ± 0.01

Table 1: Expected event rates at various selection levels for 330 days of detector livetime. The signal rates correspond to
the GZK neutrino models according to [7] (YT) and [8] (ESS). Errors are statistical only.

where ri is the vector of spatial coordinates of the DOM
that recorded the ith light signal in time, and NDOM is the
total number of DOMs ﬁred in the event. The magnitude of
 | takes values between 0 and 1, and
the dipole moment |M
provides a measure for the directionality of the light ﬂow in
 | indicate a track-like signal,
the event: large values of |M
while small values indicate a rather spherical light pattern.
EHE neutrino interactions typically yield small dipole moments. Cascades induced by νe and ντ interactions naturally generate spherical light patterns, and the light pattern
from νμ induced EHE muons has a broad radial distribution. Low energy atmospheric muon events on the other
hand, typically have dipole moments close to 1.
Figure 3 shows the correlation between the magnitude
and the direction (cos ΘM ) of the dipole moment for atmospheric background events and GZK neutrino signal.
Background events cluster in the region with large dipole
moments and down-going directions. A combination of
both magnitude and direction of the dipole moment, D =
 |, is used as a measure of the similarity
cos ΘM + 2 · |M
of an event to a down-going track. Compared to a cut on
the reconstructed direction only, a larger fraction of the extremely bright EHE neutrino signal events is preserved.
Background events with low values of D are predominantly induced by low energy neutrinos and atmospheric muons that pass outside the instrumented volume and
deposit only very little Cherenkov light. Figure 4 shows
the correlation of D with the light yield N P E. Signal
and background events are well separated in the D-N P E-

plane. A two-dimensional cut in this plane deﬁned by
(log10 (N P E) − 0.5 · D) > 4 reduces the atmospheric
background by two more orders of magnitude, while the
expected GZK neutrino signal still exceeds one event in
330 days (Table 1).
Additional selection criteria to separate the GZK signal
events from the remaining background are being investigated. A realistic chance to detect a GZK neutrino signal requires the further selection criteria to keep the signal expectation above 1 event, while suppressing the background to a
level of O(0.1) expected events per year. The GZK neutrino search with the 40-string detector [6] achieved a signal
expectation of 0.5 events for GZK models presented here,
above an expected background of roughly 0.1 events at the
ﬁnal selection level. With the larger 59-string detector, improved event selection criteria, and better understanding of
the detector response, the required signal to background ratio to either detect GZK neutrinos or to constrain the here
considered ﬂux predictions seems within reach.

5 Conclusions
The detection of GZK neutrinos with IceCube seems tantalizingly close. The analysis of data taken with an intermediate construction stage of the detector, in which half
the in-ice detector was deployed, allowed to place the most
stringent limits on EHE neutrinos to-date. Data taken with
later construction stages are presently being analyzed. Already the next construction stage, which roughly 70% of
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Figure 3: Observables of the dipoleﬁt. The magnitude of the dipole moment |M
(cos ΘM ) for simulated background events (left) and simulated signal events (middle). The linear combination D =
 | (right), is a measure the similarity of the event to a down-going track.
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events (left) and simulated signal events (middle). The linear combination of D and N P E that is used as a cut parameter
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the two dimensional plots.
the detector components deployed, may reach the sensitivity to probe current models of GZK neutrino ﬂuxes.
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