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Abstract: The IceCube neutrino observatory is capable of detecting ultra-high energy cosmic neutrinos of PeV –
EeV energies. The initial search of the ultra-high energy neutrinos using the fully completed IceCube detector has
detected two neutrino events with energies above 1 PeV. The next challange is an identification of their origin. In
this paper, we propose to extend IceCube’s online follow-up beyond PeV energies, thus to the Southern sky, by
performing the search process in a real time manner. A generated online alert of an ultra-high energy neutrino-
induced muon or tau event would trigger follow-up observations in the X-ray and the gamma-ray bands to search
for transient phenomena coincident in time and space. We describe the the technique implemented in the ultra-high
energy alert system and discuss their expected performance. The future prospects are also discussed in context of
the field of view of an air Cherenkov telescope or Swift/XRT.
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1 Introduction
High energy cosmic neutrinos are important messengers
to probe the origin of high energy cosmic rays. Neutrinos
up to EeV energies are expected to be produced in the
cosmic-ray acceleration processes at the source site. A
neutrino penetrates over cosmological distance without
being deflected by cosmic magnetic field nor absorbed by
the photon field. Therefore, a straightforward interpretation
of their arrival direction as the origin of cosmic-rays is
possible.

The IceCube neutrino observatory [1] at the geographic
South Pole is now in full operation. IceCube is a cubic kilo-
meter scale deep underground Cherenkov neutrino detector.
The IceCube detector construction was completed in De-
cember, 2010. The IceCube array comprises 5160 optical
sensors on 86 cables, over a 1 km3 fiducial volume of ice at
a depth between 1450 m and 2450 m. Searches for extrater-
restrial neutrinos with energies above the TeV range [2, 3]
and above the PeV range [4, 5] have been performed with
partially completed detector. The first search for very high
energy diffuse neutrinos using the fully completed IceCube
detector has detected two events of neutrinos above PeV en-
ergies [6]. The followup search of the PeV events revealed
a further excess of events over the expected background
distributions [7]. However, no significant point-source of
neutrinos was observed. One of the interesting hypotheses
to explain these recent observations are that observed ultra-
high energy cosmic neutrinos are originated from transient
sources, such as gamma-ray bursts (GRBs) or active galac-
tic nucleus (AGN) flares.

Optical and gamma-ray follow-up observations prompt-
ed by neutrino signals have been under active study in Ice-
Cube [8, 9]. These follow up alert systems have also been
in a state of stable operation. Because of a large amount of
downward-going muon background in IceCube, currently

the real-time event searches are limited in the Northern sky
and an alert is generated when multiple neutrino events are
detected in a given directional and time window for the fur-
ther background rejection. In the ultra-high energy region,
these directional and multiplet conditions can be relaxed
because the background event rates steeply decrease with
energies. Therefore a real-time alert triggered by a detec-
tion of single well reconstructed ultra-high energy neutrino
would provide a powerful tool to identify high energy astro-
nomical phenomena which emit cosmic rays for a short pe-
riod of time in the Southern sky. In this paper, we describe
the technique to be implemented in the online ultra-high
energy alert system with IceCube. Future prospects are also
discussed.

2 Ultra-high energy neutrinos in IceCube
Neutrino event signatures in IceCube are determined using
the Cherenkov light output from the penetrating high energy
charged particles in ice. These charged particles are induced
by charged-current, neutral-current, or Glashow resonance
interactions of neutrinos and the Earth. Neutrino events
in IceCube are distinguished as a track-like light pattern
originating from neutrino-induced muons or high energy
taus (tracks) and a spherical light pattern produced by
hadronic or electromagnetic particle showers (cascades).
While the previous searches above PeV energies did not
distinguish these event topologies and were sensitive to
both type of events, the directional resolution of track
type events is significantly higher than that of cascade-like
events. Expected angular resolutions for well reconstructed
track-like events are ∼ 1◦ and ∼ 10◦ for cascade-like
events. Therefore when considering the precision of the
directional reconstruction and the field of view of follow-
up instruments, only track-like events are considered as
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Fig. 1: Event number distributions from the Monte Carlo simulation of 1 year livetime of the full IceCube detector. The
color scale (z-axis) represents the number of events per year per bin. (a) the signal distribution as a function of Monte
Carlo truth muon and tau energies and cosine of zenith angle (cosθMC). (b) the signal distribution as a function of NPE
and cosine of reconstructed zenith angle (cosθreco). (c) the atmospheric background distribution as a function of NPE and
cosine of reconstructed zenith angle (cosθreco). The lines in the panels (b) and (c) indicate the final selection criteria.
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Fig. 2: The angle difference between the Monte Carlo truth
direction and reconstructed direction for the event selection.
Signal model is assumed to follow a E−2 power-law flux
between PeV and 100 PeV. The selected events are to be
further reconstructed with more computationally intensive
algorithms for the alert information.

candidates. These track-like signals can be selected with
a goodness-of-fit parameter from an event reconstruction
using a track hypothesis.

Figure 1 (a) shows the neutrino-induced muon and tau
track event distributions as function of truth energy and
zenith angle, with the condition of at least 1000 photo-
electrons observed by the IceCube detector. Neutrino-
induced events which reaches as muon and tau track at
880 m from the IceCube center is considered in the plot.
Energies of muons and taus are represented at the position
of 880 m radius. Signal neutrino flux on the Earth surface is
all flavor sum of neutrinos represented by a E−2 power-law
flux with assumed 1:1:1 neutrino flavor ratio and 1:1 neutri-
no to anti-neutrino ratio. The all flavor total neutrino flux is
assumed to be E2φνe+νµ+ντ

= 3×10−8GeVm−2sec−1sr−1.
It can be observed that due to the energy dependence of

the neutrino interaction cross section, the mean free path of
ultra- to extremely-high energy neutrinos is much shorter
than the typical path length in the Earth, thus a large part of

the high energy neutrino signal is expected from directions
close to the horizon with downward-going track geometries.

3 Event selection
The dominant background in the downward-going region
is atmospheric muons. As the zenith angle distribution of
atmospheric muons peaks in the downward-going direction
and sharply decreases towards the horizon with a cut-off
at a θ ∼ 80◦ due to absorption in the Earth, the rejection
of atmospheric muons is achieved by using reconstructed
zenith angle information. In addition, the energy spectra of
signal neutrinos of astrophysical origin is expected to be
much harder than steeply falling atmospheric muon spec-
tra. Combination of these features allow us to form a re-
constructed zenith angle dependent energy threshold as the
selection criteria. In this study the total number of observed
photo-electrons in each event (NPE) is used as a proxy of
the deposited energy in the IceCube detector. Figure 1 (b)
shows the neutrino induced muon and tau track signal event
distributions as a function of cosine of reconstructed zenith
angle and NPE. It can be observed that the feature of the
event distribution in the panel (a) are reproduced using the
simple experimental observables. The dashed lines in Fig. 1
(b) and (c) are the final level selection criteria determined
from the background simulations. Events above the line are
considered to be signal event candidates and directional in-
formation is sent for optical follow up studies. Correspond-
ing cosmic ray induced atmospheric background distribu-
tion is shown in Fig. 1 (c).

Final optimization is still to be decided. Current se-
lection criteria shown in Fig. 1 (b) and (c) expects total
background event rate, which corresponds to a fake alert
rate of 0.1 events/year, while 2 events per year of signal
event rate is predicted from a power-law flux of the level
E2φνe+νµ+ντ

= 3×10−8GeVm−2sec−1sr−1 with the same
selection criteria. The angle differences between the Monte
Carlo truth direction and reconstructed direction ∆Ψ used
for the event selection which is designed to be very fast
algorithm [10] are shown in Fig. 2. The median resolution
of the fast reconstruction is estimated to be 2.0◦. With an
improved optimization of the geometrical reconstruction
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Fig. 3: The effective areas for the final selection criteria. (a)
the 4π average neutrino effective areas and (b) different
zenith angle band averaged neutrino effective areas.

in particular for the horizontal direction, the further reduc-
tion of background events and enhanced number of signal
events can be expected.

4 Performance
Figure 3 presents the neutrino effective area as a function of
energies with the selection criteria defined in the previous
section. Neutrino effective area is the equivalent area at
the Earths surface in which neutrinos are detected with
100% efficiency and proportional to expected signal event
rates. The neutrino effective areas for the track like events
is represented by the black line in the panel (a) in Fig. 3.
The comparison with the gray line which represents the
effective areas for all the events including both cascade
and track topologies indicates an increase of track event
contribution with energies. The propagation length of muon
or tau tracks increases with energies as well as an increase
of neutrino-nucleon cross-section is expected. Thus the
neutrino-induced muon and tau tracks allows us effectively
detects signal induced events at high energies. Tau events
appear to be cascade like at PeV but at the higher energies,
the track-like feature emerges.

Figure 3 (b) shows the neutrino effective area as a
function of energies for different zenith angle bands. The
performance for the zenith angle between 90◦ and 60◦ is
considerably higher than that in the other zenith angles
at high energies. This indicates that we need follow up
telescopes capable of observing these directions.

5 Summary and prospects
We have developed an initial algorithm for the ultra-high
energy neutrino event alert system with IceCube. Our sensi-
tivity for ultra-high energy neutrinos has its peak for zenith
angle band approximately from 60 to 90 degree, implying
a good observation coverage of the Southern sky. The cur-
rent study expands our effective field of view of the on-line
alert system that has been limited to the Northern hemi-
sphere due to the vastly dominated atmospheric muon back-
ground at TeV energies. The expansion, therefore, allow us
to access to a group of the galactic objects of interest. A
coordination with the existing high energy gamma-ray air
Cherenkov telescope in the Southern hemisphere, i.e. the
High Energy Stereoscopic System (H.E.S.S.) [11] will be in
our scope when the online selection procedures discussed
here is finalized. Because of a fairly low background event
rates or a fake alert rate of about 0.1 events/year expected
from the current study, we would consider relatively large
time window for the multi-wavelength correlation study. A
method of significance calculation for an event detection is
to be decided.

The selection procedures described here have already
been implemented in the offline analysis of ultra- to ex-
tremely high energy cosmic neutrino searches using the
IceCube 2012 data [6]. In contrast to the diffuse neutrino
searches, the online signal selection to prompt a follow-up
observation needs to retain signal events with a good angu-
lar resolution only. Therefore a more sophisticated algorith-
m to reconstruct track geometry with better precision are
currently under study. A loose cut using the fast algorithm
described in this paper reduces the expected event rates to
a few events per year. The further reconstruction process
for these interesting events does not consume the computer
resources at the South Pole. Finally, the best available infor-
mation about the well reconstructed track will be sent to the
alert system for the follow-up studies. IceCube has already
implemented the established online alert systems [8, 9]. In-
tegration of the very high energy neutrino information into
the system would extend IceCube’s capability to perform
the online analysis to the Southern sky.
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