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Search for astrophysical neutrino-induced cascades using IceCube-40

THE ICECUBE COLLABORATION1

1See special section in these proceedings

Abstract: IceCube is the first cubic-kilometre scale neutrino observatory dedicated to detecting astrophysical neutrinos.
A large contribution to the expected neutrino signal is from electromagnetic and hadronic showers (cascades) initiated
by charged current νe interactions, and neutral current νe, νμ and ντ interactions. Cascade energy is reconstructed with
better resolution than muons, and the atmospheric background is lower. The energy spectrum of astrophysical neutrinos
is expected to be harder than that of atmospheric neutrinos, so an astrophysical neutrino signal could be observable as a
break in the cascade energy spectrum.
Cascades are difficult to detect due to a large background coming from atmospheric muons and muon bundles, many
orders of magnitude larger than the cascade signal. Large statistics, advanced reconstruction methods and machine
learning techniques are required to isolate cascade events within the data. There is growing evidence for neutrino-induced
cascade events in IceCube in several analyses that were carried out using data from April 2008 to May 2009, when 40
IceCube strings were operational. This is the largest instrumented volume, and yields the most sensitive search for a
diffuse flux of astrophysical neutrinos using cascades to date.
Two of the IceCube-40 analyses are described in these proceedings. The high energy analysis measures four background
events, and sets a 90% confidence level limit for all flavour astrophysical neutrino flux of 9.5×10−8 GeVsr−1s−1cm−2

over the energy range 89 TeV to 21 PeV. The mid energy analysis observes 14 cascade candidate events. The background
to these events is under investigation. Three of the observed events have reconstructed energies above 100 TeV.
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1 Introduction

High energy neutrino production is predicted to occur in re-
gions of the universe containing astrophysical objects that
emit large amounts of energy [1]. The same regions are
predicted to emit the highest energy cosmic rays, whose
origins are yet unknown. These are dense regions where
large gravitational forces generate relativistic jets, accel-
erating charged particles. This is associated with objects
such as supernovae, gamma ray bursts, and active galactic
nuclei. High energy neutrinos originating from these ob-
jects may be observed as a diffuse flux by detectors such as
IceCube.
A large proportion of the expected diffuse flux which inter-
acts with nucleons in the detector results in particle showers
(cascades). IceCube is capable of detecting cascades pro-
duced from all flavours of neutrinos. Cascade energy is re-
constructed with better resolution than that from track-like
particles such as muons, since cascades are fully contained
in the detector. Also cascades have lower atmospheric neu-
trino background flux. The astrophysical flux has a harder

energy spectrum than that of atmospheric neutrinos, which
makes diffuse searches a promising route for observing a
break in the energy spectrum of neutrinos from astrophysi-
cal sources. A previous cascade analysis in IceCube [2] has
shown progress towards a detection of atmospheric neutri-
nos, and set a limit of 3.6×10−7 GeVsr−1s−1cm−2 on as-
trophysical neutrinos (assuming a 1:1:1 flavour ratio) for
the energy range 24 TeV to 6.6 PeV, using the 22 string
IceCube detector. There are several cascade analyses us-
ing the larger 40 string IceCube detector: two low energy
analyses described in other proceedings at this conference
[3, 4], and the two high energy analyses described here.
The goal of these high energy analyses is to search for as-
trophysical neutrino-induced cascades.

2 IceCube-40 Data

IceCube is a Cherenkov neutrino detector located at the
South Pole. The detector is comprised of Digital Opti-
cal Modules (DOMs) [5] situated on strings deployed deep
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in the Antarctic ice. The DOMs house photomultiplier
tubes (PMTs) [6], along with data acquisition software,
in a pressure vessel. There are 60 DOMs on each string
which detect Cherenkov light from charged particles trav-
eling through the ice. The analyses described here uses
data from when the detector was still under construction,
when 40 strings were deployed and acquiring data. Figure
1 shows the IceCube-40 detector configuration.
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Figure 1: IceCube-40 detector configuration.

The IceCube-40 detector was operational from 6th April
2008 to 20th May 2009. During physics runs all event in-
formation was sent from DOMs to the surface for process-
ing if the trigger condition was met. The trigger condition
requires 8 DOMs to be hit within 5000 ns. The IceCube-40
physics dataset contains 374 days of data.

3 Analysis

The analyses presented here [10, 11] search for an E−2

neutrino flux within the IceCube-40 dataset. These
searches use cuts on reconstructed event variables, reduc-
ing the background from atmospheric muons to isolate cas-
cade events originating from astrophysical sources.
Neutrino interactions of all flavours were simulated to pre-
dict the expected signal. This was done using Monte Carlo
simulations with an energy spectrum of E−1. These simu-
lated events were then re-weighted for atmospheric and as-
trophysical neutrino spectra. The atmospheric re-weighting
uses the Bartol model [7] for the conventional neutrino flux,
and the Sarcevic model [8] for the prompt neutrino flux.
The astrophysical re-weighting uses an E−2 spectrum.
The dominant background to these analyses comes from at-
mospheric muons, simulated usingMonte Carlo techniques
with CORSIKA [9]. The simulation was used to train ma-
chine learning algorithms to develop cuts to separate signal
from background.

3.1 Filter Levels of Mid Energy Analysis

The first level of filtering is run online at the pole in order
to reduce the data volume to an acceptable level for transfer

via satellite. The pole filter for the cascade stream during
IceCube-40 consisted of two cuts placed on reconstructed
variables. The first variable is a fit to the hit timing, and is
placed to reject track-like events with a high velocity, and
keep cascade-like events with low velocities. The second
variable uses the hit topology of the event defined by Ten-
sor of Inertia eigenvalues. The cut rejects elongated track-
like events, and keeps highly spherical cascade-like events
by cutting on the ratio of lowest eigenvalue to the sum of
the three. After the data is transferred, level 2 process-
ing is run, which consists of further reconstructions used
in higher level filtering.
The level 3 filter reduces the background further in order
to run more advanced reconstruction algorithms. This fil-
ter was applied only to events with a reconstructed cascade
energy below 10 TeV, where the background is most domi-
nant. The first cut variable is the reconstructed zenith direc-
tion assuming a plane-wave track topology. Events coming
from above the horizon (θz < 80◦) are removed. The sec-
ond cut variable is the reduced log likelihood. This variable
is derived from the likelihood that an event is a cascade,
based on the hit pattern in the detector. Events less likely
to be cascades are removed.
The level 4 filter reduces the background further to run
more sophisticated reconstructions with better variable res-
olutions. There are three cuts at this level. The first cut
is on the reconstructed energy, placed at 2.5 TeV. The two
further cuts at this level are on Spatial Distance and Fill
Ratio reconstructions. The Spatial Distance cut splits the
event into two parts based on the timing of hits, with the
vertex position from each half reconstructed separately. If
the event is a spherical cascade-like event the two vertex
positions are expected to be at the same location in the de-
tector. If the event is an elongated track-like event the two
vertex positions will be located far apart. This cut requires
that the two reconstructed vertex positions be within 40 m
of each other. The Fill Ratio cut defines a sphere based
on the radius from the mean position of hit DOMs around
the reconstructed vertex of an event, and looks at the ratio
of DOMs hit within this sphere over the total number of
DOMs. If the event is a spherical cascade-like event the fill
ratio is expected to be close to one. If the event is an elon-
gated track-like event the fill ratio will be much less than
one. This cut requires at least 40% of DOMs within the
sphere to have hits.
The level 5 filter consists of containment cuts. These cuts
are necessary as most of the remaining background events
are located at the edges of the detector. The first contain-
ment cut is on the reconstructed vertex position. This cut
requires that the vertex of the event be more than 50 m in-
side the top and bottom of the detector, and inside the outer
ring of strings (string containment). The second contain-
ment cut is on the charge received by each DOM. This cut
requires that the DOM with the largest charge be located
on an inner string (DOM charge containment). The effect
of these containment cuts is shown in Figure 2. After these
cuts are applied, background and signal simulation are fed
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Figure 2: IceCube-40 detector in xy coordinates, black dots are the string positions. Each figure shows the reconstructed
vertex for simulated E−2 signal. a) Before containment, b) after string containment, c) after DOM charge containment.

into a machine learning algorithm. Multivariate analysis
(TMVA) [12] is used, which assigns a boosted decision
tree (BDT) response score to each event. This BDT re-
sponse has a strong separation power. The variables used
for machine learning are:

• Z vertex position Reconstructed event depth.
• Zenith track direction Reconstructed zenith angle.
• Log likelihood Likelihood event arises from a muon.
• Linefit velocity Particle speed to create hit pattern.
• Eigenvalue ratio Topology of event.
• Fill ratio Ratio of DOMs hit in sphere around vertex.
• Time split Difference in time of two halves of event.
• Containment Event distance from detector centre.

The level 6 filter is the final level of cuts. There are two cuts
at this level: the BDT response from multivariate analysis,
and the reconstructed energy. These cut values are opti-
mised using the Feldman-Cousins [13] method. The BDT
response cut is 0.2, and the energy cut is 25 TeV.

3.2 Filter Levels of High Energy Analysis

This analysis was designed to quickly reach a result, and
thus accepted a higher energy threshold [11]. It follows
the mid energy analysis to level 3, then a BDT was trained
using ten variables connected to shape, fit quality and po-
sition of the event. Each variable has a correlation of less
than 30% to reconstructed energy, so BDT score and en-
ergy can be used as quasi-independent variables to suppress
background in the final level. These cuts were optimised
for sensitivity [14], based only on simulation. The back-
ground is very sensitive to cosmic ray composition, ice and
detector properties. In addition, limited statistics for rare
events made the background prediction fragile. The atmo-
spheric muon prediction is 0.72±0.28(stat)±1.54

0.49 (sys)
events, with a large systematic error that is based on a de-
tailed comparison of simulation with data. The system-
atic uncertainty will be reduced with future simulation.
The signal prediction for an all flavor E−2 flux of 10−7

GeVsr−1s−1cm−2 is 7.93±0.13(stat)± 1.47(sys) events
(assuming a flavor ratio of 1:1:1).

4 Results

4.1 High Energy Analysis

In the high energy analysis four events were found. After
careful inspection, all events look similar to background
from atmospheric muons. Due to the systematic error this
result is compatible with a null hypothesis. A limit at 90%
confidence level on the astrophysical neutrino flux was set
using the method of Rolke et. al. [15]:

ΦlimE
−2 ≤ 9.5× 10−8GeVsr−1s−1cm2. (1)

The energy range containing 90% of the signal is 89 TeV
to 21 PeV. A comparison with model predictions and other
analyses limits is shown in Figure 3.

(Energy/GeV)
10

log
3 4 5 6 7 8 9 10 11 12 13

]
−2

cm
−1 s

−1
Fl

ux
 [G

eV
sr

−1010

−910

−810

−710

−610

−510

Limits and Models
IC40 cascades (all flavour) 332 d Prelim.
IC40 EHE (all flavour) 333.5 d Prelim.
IC40 muons 375.5 d Prelim.
IC22 cascades (all flavour) 257 d
IC22 UHE (all flavour) 200 d Prelim.
Waxman Bahcall 1998 x 3/2
Razzaque GRB Progenitor 2003
Waxman Bahcall Prompt GRB
Blazars Stecker 2005
BL LACs Mucke et. al. 2003

 2001eν+μνESS Cosmogenic 

Limits and Flux predictions

Figure 3: Limits and flux predictions for an all flavor dif-
fuse flux. Black lines indicate limits, this high energy anal-
ysis is the solid line. The current best limit is given by
the IceCube-40 diffuse search using muon neutrinos [16].
Theoretical models are thin grey lines.

4.2 Mid Energy Analysis

In the mid energy analysis a total of 14 events were ob-
served. Of these, four events contained early hits, with
timing from before the cascade. This could indicate a back-
ground event due to an atmospheric muon interaction, a
muon neutrino interaction, or muon production within the
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cascade. The background prediction is under investigation.
The remaining events contain no evidence of early hits, and
after visual inspection appear to be high quality cascade
candidate events, including three that have reconstructed
energies above 100 TeV.
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Figure 4: Distributions with final cut values shown by the
vertical lines. a) BDT response, b) Energy spectrum.

Figure 4 shows the BDT response and energy spectrum dis-
tributions. Experimental data, E−2 signal prediction, and
expectation from atmospheric cascades are shown. E−2

signal assumes a flux of 3.6×10−7 GeVsr−1s−1cm−2, the
limit set by previous IceCube-22 cascade analyses [2]. The
vertical line on these distributions indicates the cut value of
0.2 for BDT response and 25 TeV for reconstructed energy.
On the right hand side of these cut values are the 14 events,
which lie above the prediction from atmospheric cascades.
Figure 5 shows a cascade event in IceCube-40 observed by
the mid energy analyses. This event has a BDT response of
0.236, and a reconstructed energy of 144 TeV.

5 Summary

Results of the searches for an E−2 astrophysical neutrino
flux with IceCube-40 are presented. The high energy anal-
ysis observed four background events and set a limit of
9.5×10−8 GeVsr−1s−1cm−2. The mid energy analysis
observed 14 events. The majority of these events appear
to be good cascade candidates, while four contain evidence
of muon tracks. These four events could be background

Figure 5: Cascade event in IceCube-40. Small dots are
position of DOMs, circles show light received, where size
indicates number of photons.

events, or muons from muon neutrino interaction or within
the cascade. Using atmospheric neutrino models Bartol and
Sarcevic, 1.8 conventional events and 2.1 prompt events
are predicted from atmospheric neutrinos. The events are
currently being investigated by performing more extensive
background simulations.
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