Search for astrophysical neutrino-induced cascades with IceCube-40
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We report on the search for astrophysical neutrino-induced cascades in the IceCube detector.
The data for this search were collected between April 2008 and May 2009 when the first 40
IceCube strings were deployed and operational. We observed fourteen cascade candidate events

1

after event selection, on an expected background of 4.37}') atmospheric neutrino events and
7.7 + 1.0 atmospheric muon events. At a 90% confidence level we set an all-flavour upper limit
of PimE? <5.21 x 1078 GeVsr~'s 'em ™2 on the diffuse flux from astrophysical neutrinos for the
energy range 25 TeV to 5012 TeV, assuming an E, 2 spectrum and a neutrino flavour ratio of 1:1: 1

at the Earth.

I. INTRODUCTION

The sources of the highest energy cosmic-rays are
unknown. Astrophysical objects targeted as possible
sources include supernova remnants, active galactic nu-
clei, gamma-ray bursts, and core collapse supernova.
High energy neutrino production is predicted to occur
in regions of the universe where cosmic-rays are acceler-
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ated. Cosmic-ray protons are expected to interact with
ambient protons or photons surrounding their accelera-
tion site[30]. Although to date no astrophysical sources
of neutrinos have been conclusively identified, analyses
searching for them have established limits enabling as-
trophysical models to be constrained.

Fermi acceleration of charged particles in magnetic
shocks followed by collisions with matter or radiation be-
tween the astrophysical source and the Earth leads to a
harder energy spectrum for astrophysical neutrinos than
that arising from atmospheric neutrinos, typically close
to an E; 2 spectrum. Due to oscillations neutrinos from
meson decay sources arrive at the Earth with a flavour
ratio of approximately v,:v,: v, = 1:1:1[12, 14]. The as-
trophysical neutrino flux is not known but is expected to
be lower than the Waxman-Bahcall upper bound[43].

Diffuse analyses search for an all-sky neutrino flux. If



there are numerous astrophysical sources with unobserv-
ably low fluxes the aggregate flux may still be observable
as a diffuse flux. A cascade analysis searches for the sig-
nature of a neutrino-induced particle shower. Cascades
arise from the interaction of all three active flavours of
neutrinos; the charged-current electron-neutrino interac-
tion and the neutral-current electron-, muon-, and tau-
neutrino interactions.

The IceCube neutrino detector observes the Cherenkov
radiation from secondary charged particles produced
in neutrino-nucleon interactions in the medium. The
Cherenkov radiation is recorded by an optical sensor ar-
ray deployed in the ice at the South Pole. Track events
initiated by particles such as muons are observed as a
cone of Cherenkov light traveling through the detector
at speeds close to ¢, while cascade events are appear as
point-like Cherenkov emitters over a small region in the
ice.

An advantage of a cascade search over a muon search is
that cascade events have superior energy resolution. This
is particularly important for diffuse searches which use a
change in the spectral shape to recognise the presence of
an astrophysical neutrino flux on top of the atmospheric
neutrino background. The superior energy resolution for
cascade events is due to the fact that cascades deposit
their energy within a small spatial region, while muons
deposit energy over their entire track length.

Previous diffuse searches have been performed using
muons[4] and all-flavour cascades[6], yielding results con-
sistent with the background prediction and have set lim-
its on astrophysical neutrino models.

This paper presents the diffuse cascade search for as-
trophysical neutrino-induced cascades in the 40-string
IceCube detector. In section II the IceCube detector and
IceCube-40 dataset is described. In section III the simu-
lation of signal and background events is described, the
event selection criteria is outlined, and the systematic un-
certainties to the analysis is presented. In section IV the
results from the cascade analysis is presented and section
V concludes the work.

II. THE ICECUBE DETECTOR

IceCube is the first kilometre-scale Cherenkov neutrino
telescope. IceCube consists of optical sensors, called
Digital Optical Modules (DOMs)[2], designed to detect
Cherenkov photons produced by secondary particles from
neutrino-nucleon interactions occurring within the ice.
The DOMs are deployed between depths of 1450 m and
2450 m on 40 strings lowered into the ice. Each string has
60 DOMs attached that are optically coupled to the sur-
rounding ice. The vertical spacing of the DOMs on each
string is approximately 17m and the horizontal spacing
between the strings is approximately 125 m.

On board each DOM is a 25cm diameter R7081-02
PhotoMultiplier Tube (PMT)[3], made by Hamamatsu
Photonics, and a data acquisition system housed within

a pressure sphere made of 13 mm thick borosilicate glass.
The PMTs dynamic range is 200 photoelectrons per 15 ns
and it is designed to accurately record the amplitudes
and widths of the pulses with a timing resolution of 5 ns.
Their peak quantum efficiency is approximately 25 % and
are operated at a gain of 107.

The data acquisition system records the arrival times
of the detected photoelectrons from Cherenkov radi-
ation. The DOM mainboard is 274mm in diameter
and contains the central processor that receives signals
from the PMT. High-bandwidth waveform capture is ac-
complished by an Application Specific Integrated Circuit
(ASIC) including an Analog-to-digital Transient Wave-
form Digitizer (ATWD) and a flash Analog-to-Digital
Converter (fADC). The ATWDs provide a sampling rate
of 300 MHz over a time window of 450 ns. The ATWDs
have four channels, each storing 128 samples with 10 bit
resolution. One channel is used for flasher runs and cali-
bration, while the other three channels have various gains
which are used to digitize the PMT output. The fADC
has a coarser sampling of 40 MHz and records data over
a longer time period of up to 6.4us. The PMTs pro-
duce time-stamped digitized signal waveforms which are
transmitted to the surface for analysis.

The data for this cascade analysis was collected be-
tween April 2008 and May 2009 when 40 of the IceCube
strings were deployed and operational. Figure 1 shows
the IceCube-40 detector configuration where the point
(z,y,2) = (0,0,0) is the centre of the complete 86-string
detector.
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FIG. 1: The IceCube-40 detector configuration. The filled
circles are the positions of the strings in the zy-coordinate
system.

The trigger requirement for the IceCube-40 cascade
physics stream was the Simple Multiplicity Trigger
(SMT), which required that eight DOMs were hit within
a 5000ns time window. A waveform of photons verses
time was produced for the event. The hit was sent to
the surface of the detector if the local coincidence crite-
ria were met. Local coincidence required a neighbour-
ing DOM on the same string, either one DOM above



or one DOM below, also detecting light within the lo-
cal coincidence time window of £1000ns. The data rate

for IceCube-40 from the trigger level was approximately
1500 Hz.

IIT. ANALYSIS

After the trigger condition the backgrounds arising
from atmospheric muons and atmospheric neutrinos re-
mained many orders of magnitude above the rate of
neutrino-induced cascades expected from astrophysical
sources. This analysis consisted of a series of cuts,
called filtering levels, on reconstructed event variables
designed to distinguish between background events and
signal events. Filtering cuts were developed using the
simulation and a sample of 10% of the data. The re-
maining 90% of the data was blinded until all cuts were
finalised so that classifications of events were free from
bias. Section IIT A describes the simulated datasets used
to develop filtering cuts, section III B describes filter lev-
els 3 to 6, and section III C describes the systematic un-
certainties associated with the analysis.

A. Simulation

Interactions of all flavours of neutrinos were simulated
to model neutrino signal and background. The simula-
tion program used, based on the program All Neutrino
Interaction Simulation (ANIS)[26], produces neutrinos
isotropically over the Earths surface and propagates them
to interact in or near the detector volume. The CTEQ
5 model was used for the neutrino cross-sections. The
neutrino background for this search is from atmospheric
neutrinos, assumed to arise from the Bartol model[13]
for conventional atmospheric neutrinos and the Sarcevic
model[21] for prompt atmospheric neutrinos.

The dominant background in this analysis came from
atmospheric muons that were created in air showers due
to cosmic-ray interactions in the Earths atmosphere.
These air showers were simulated using Monte Carlo
techniques with a modified version[17, 18] of COsmic Ray
SImulations for KAscade (CORSIKA)[28]. The interac-
tion models used are Gheisha and QGSJET-II, and pri-
mary energy spectra were simulated from the polygonato
model[32] and the two-component Glasstetter model[27].
The polygonato model uses different energy spectra ac-
cording to the primary element of the cosmic-ray. The
elements are grouped by atomic mass and six different
energy spectra were simulated. The polygonato model
assumed cosmic-rays are composed of all elements up to
uranium. However, CORSIKA only simulates cosmic-
ray primaries up to iron. Elements beyond iron start to
contribute to the cosmic-ray spectrum above primary en-
ergies of approximately 50 PeV and this fraction of the
cosmic-ray flux is ignored in polygonato CORSIKA sim-
ulations. The most challenging background to simulate

in a high-energy cascade analysis is the highest energy
muons arising from high-energy cosmic-rays. In order
to overcome this problem the highest energy events are
oversampled via weighting. For these simulations the
Glasstetter model was used, which assumes the cosmic-
ray flux is composed of only proton and iron elements.
The energy spectra of these elements was fitted to data
taken from the KArlsruhe Shower Core and Array DE-
tector (KASCADE) array[27].

The propagation of muons and taus through the detec-
tor and their energy losses were simulated using a pro-
gram called Muon Monte Carlo (MMC)[16]. The cascade
simulation inside the detector was handled by the Cas-
cade Monte Carlo (CMC)[41] program. For low-energy
cascades of less than 1TeV the event was treated as
an anisotropic point source. For high-energy cascades,
of greater than 1TeV, the event was split into several
smaller cascades along the longitudinal direction of the
cascade.

The optical properties of the ice at the South Pole
vary with depth. Within a fixed wavelength range the
ice properties are described by two parameters; the ef-
fective scattering length and the absorption length. Pho-
ton propagation was simulated using PHOTONICS, a
photon tracking Monte Carlo package[36] that assumes a
planar ice structure. PHOTONICS calculated the pho-
ton flux and time distributions in the ice surrounding
the light source[35] for muon and cascade events. Once
photons have been propagated using PHOTONICS the
DOM electronic response was simulated, accounting for
DOM-to-DOM variations such as their orientation, and
the probability of photon detection was calculated given
each DOM detection efficiency.

B. Event Selection

The event selection for this analysis consists of a series
of cuts performed on reconstructed event variables de-
signed to distinguish between the background events and
signal events. The reconstructed event variables seek to
describe the physical quantities related to the neutrino
which is assumed to have initiated the event. Quantities
are calculated to describe the light distribution observed
within the detector. These quantities can be used to
determine the topological parameters of the event to dis-
tinguish between signal and background. Level 1, the
trigger condition, was described earlier. Level 2, the on-
line pole filter, and beyond are described in this section.

Data received after the trigger condition was satisfied
was dominated by atmospheric muon background. An
online filter performed on the data reduced this back-
ground while retaining the majority of the neutrino sig-
nal for more sophisticated processing. The pole filter
consisted of two cuts, the line-fit velocity and the tensor
of inertia eigenvalue ratio. The pole filter reduced the
data rate by two orders of magnitude to approximately
16 Hz.
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FIG. 2: The IceCube-40 pole filter, the data is shown by the
black filled circles, simulated atmospheric muon background
by the red line, simulated atmospheric electron neutrinos by
the blue line, and simulated E~2 spectrum electron neutrino
signal by the green line.

The line-fit velocity variable is a quantity which aims
to characterise the speed at which the light from an event
passed through the detector. A straight line was fitted
to the event based on the DOM hit times. Using this
fit an average speed for the event was calculated. This
is the speed that the Cherenkov light appeared to travel
through the detector along the direction of the fit. Cas-
cade events were expected to have a line-fit velocity close
to zero, while muon events were expected to have larger
values of line-fit velocity. Figure 2(a) shows the line-fit
velocity distributions for the data, simulated atmospheric
muon background, simulated atmospheric electron neu-
trino background, and simulated E~2 spectrum electron
neutrino signal.

Tensor of inertia is a reconstruction algorithm analo-
gous to the classical tensor of inertia where the distribu-
tion of light detected by the DOMs plays the role of the
mass distribution. The eigenvalues of the tensor associ-
ated with the light distribution corresponded to finding

values for the lengths of the distributions along the three
principal axes. The eigenvalue ratio is the ratio of the
lowest eigenvalue to the sum of all three eigenvalues. This
quantity is a measure of how spherical the light distribu-
tion is. A spherical cascade event would have all three
eigenvalues equal and an eigenvalue ratio of % Track-
like events are elongated and so have an eigenvalue ratio
approaching zero. Figure 2(b) shows the tensor of iner-
tia eigenvalue ratio for the data, simulated atmospheric
muon background, simulated atmospheric electron neu-
trino background, and simulated E~2 spectrum electron
neutrino signal.

At level 3 the background is strongly peaked at lower
energies. Consequently, the filter was only performed on
events with a reconstructed energy of less than 10 TeV.
Two cuts were performed below this energy: a cut on the
reconstructed zenith direction and a cut on the reduced
log-likelihood. These cuts reduced the data rate by an
order of magnitude to approximately 1.8 Hz.
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FIG. 3: The IceCube-40 level 3 zenith and energy reconstruc-
tions, the four panels show the data, atmospheric muon back-
ground, atmospheric electron neutrino background, and E~2
spectrum electron neutrino signal. The level 3 cuts are shown
by the black lines at zenith = 80° and energy = 10TeV.
Events in the lower left quadrant of each of the panels were
removed.

The reconstructed zenith angle was calculated assum-
ing the event had a track topology. Using this assump-
tion the best fit to the event was found and the zenith
direction of the track calculated. For events with recon-
structed energies of less than 10 TeV the zenith direction
cut was placed at 80° removing most track-like events
that originated from above the horizon. Figure 3 shows
the zenith and energy cuts for the data, simulated atmo-
spheric muon background, simulated atmospheric elec-
tron neutrino background, and simulated E~2 spectrum
electron neutrino signal.

The cascade log-likelihood module calculated a vari-
able which gave the probability of observing the event
hit pattern in the detector, assuming the hypothesis of
a cascade event. For events with a reconstructed energy
of less than 10 TeV the cut on the cascade reduced log-
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the blue line, and simulated E~2 spectrum electron neutrino
signal by the green line.

likelihood was placed at 10. Figure 4 shows the reduced
log-likelihood distributions for the data, simulated atmo-
spheric muon background, simulated atmospheric elec-
tron neutrino background, and simulated E~2 spectrum
electron neutrino signal.

The first cut at level 4 is a cut on the energy recon-
struction which was re-calculated after filter level 3. This
is followed by two further cuts: a cut on the fill ratio vari-
able and a cut on the spacial distance variable. The level
4 cuts reduced the experimental data rate by a further
two orders of magnitude to 2.5 x 102 Hz.

The spatial distance variable was formed from a split
reconstruction. In a split reconstruction an event is di-
vided into two parts based on the times of the hit DOMs
with each part of the event reconstructed separately. Re-
constructed quantities using the first part of the hits
in the event are denoted by the subscript 1 and recon-
structed quantities from the second part of the hits in the
event are denoted by the subscript 2. The spatial dis-
tance variable SD is the difference in the vertex position
reconstruction of each part of the event and is calculated
from

SD = /(X — X1)24 (Yo —Y1)2 4 (Zy — Z1)2. (1)

If the event was a cascade event, and hence had a spher-
ical hit topology, the vertex positions from each part of
the event should reconstruct to the same location in the
detector. If the event was a background muon event and
hence had a track-like topology, the vertex positions from
each part of the event should reconstruct to different loca-
tions in the detector. The cut on the spatial distance vari-
able was placed at 40m. Events with their two vertices
reconstructed more than 40m apart are removed from
the event selection. Figure 5(b) shows the spacial dis-
tance distributions for the data, simulated atmospheric
muon background, simulated atmospheric electron neu-
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FIG. 5: The IceCube-40 level 4 filter, the data is shown by the
black filled circles, simulated atmospheric muon background
by the red line, simulated atmospheric electron neutrinos by
the blue line, and simulated E~2 spectrum electron neutrino
signal by the green line.

trino background, and simulated E~2 spectrum electron
neutrino signal.

In the calculation of the fill ratio variable a sphere of
radius D, centered on the reconstructed vertex, was de-
fined by the average distance between each DOM hit in
the event and the reconstructed event vertex. The fill
ratio variable is the ratio of the number of hit DOMs
within this sphere to the total number of DOMs within
the sphere. If the event was a cascade event, and hence
had near-spherical topology, the fill ratio should be close
to one. If the event was track-like the fill ratio will be
much less than one. The cut on fill ratio variable was
placed at 0.4. Figure 5(a) shows the fill ratio distribu-
tions for the data, simulated atmospheric muon back-
ground, simulated atmospheric electron neutrino back-
ground, and simulated E~2 spectrum electron neutrino
signal.

At level 5 containment cuts were performed. Contain-
ment cuts are necessary because the background events



which survived to this filter level are cascade-like and are
mostly at the edges of the detector. The first contain-
ment cut performed was on the reconstructed z-vertex
position of the event, the following two containment cuts
were performed on the zy-event position. The contain-
ment cuts reduced the experimental data rate by another
order of magnitude to 2.1 x 1073 Hz.
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FIG. 6: The IceCube-40 level 5 depth containment filter,
the data is shown by the black filled circles, simulated atmo-
spheric muon background by the red line, simulated electron
atmospheric electron neutrinos by the blue line, and simulated
E~2 spectrum electron neutrino signal by the green line.

The cut on the reconstructed z-vertex position was
placed at —450m and at 450m. This removed events
that were reconstructed within 50 m of the top and bot-
tom boundaries of the detector. Figure 6 shows the re-
constructed z-vertex position distributions for the data,
simulated atmospheric muon background, simulated at-
mospheric electron neutrino background, and simulated
E~2 spectrum electron neutrino signal.

There were two containment cuts on the zy-event po-
sition. The first, called string containment, was on the
events reconstructed xy-vertex . This cut required the
vertex position to be reconstructed inside the outer ring
of strings. This requirement excluded string 21 because
it formed a sharp point in the detector layout in which a
lot of background was reconstructed due to muons pass-
ing nearby without depositing light in other parts of the
detector. The second zy-containment cut, called DOM
charge containment, is concerned with the DOM that
measures the largest deposited charge. This cut required
that the DOM with the largest deposited charge be lo-
cated on an inner string. The boundary of the string con-
tainment cut and the effect of these containment cuts is
shown in Figures 7(a)-7(c). These Figures show the xy-
coordinate system for the data, simulated atmospheric
muon background, simulated atmospheric electron neu-
trino background, and simulated E~2 spectrum electron
neutrino signal. The effect of each containment cut is
shown by the distribution of the reconstructed vertex po-
sitions. Figure 7(a) shows the distribution of the recon-
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FIG. 7: The IceCube-40 level 5 containment filter, the four
panels show the reconstructed xy-vertex positions for the
data, atmospheric muon background, atmospheric electron
neutrino background, and E~2 spectrum electron neutrino
signal.

structed vertex positions before either xy-containment



cut, Figure 7(b) shows the distribution of the recon-
structed vertex positions after the string containment
cut and Figure 7(c) shows the distribution of the recon-
structed vertex positions after the string containment cut
and the DOM charge containment cut.
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FIG. 8 The eight input variables that were fed into the
TMVA algorithm to produce the BDT response score. The
BDT response score had much greater separation power of
background and signal than these variables do individually.

After the containment cuts were performed the back-
ground and signal were fed into a machine learning algo-
rithm. The package used in this analysis was Toolkit
for MultiVariate Analysis (TMVA)[31] which operates
within the ROOT[15] framework. Eight variables, from
atmospheric muon background simulation and E~2 spec-

trum neutrino signal simulation, were chosen for the
TMVA algorithm. A training phase was performed, us-
ing half of the simulation as input, where the algorithm
learned the different characteristics of the eight variables
for background and signal. A testing phase was then
performed using the other half of the simulation where it
checked, based on the learning from the training phase,
that it could correctly characterise an event as back-
ground or signal. The final output from TMVA was a
variable called the BDT response[31] where the boosting
algorithm used was AdaBoost[24]. This variable is the
score that each event was assigned depending on how
background-like or signal-like TMVA has determined the
event to be. The final phase of TMVA was the evalu-
ation phase. This was run on the data, and the back-
ground and signal simulation that were not used in the
training or testing phases. The BDT response score had
a strong separation power between background and sig-
nal, and gave a better separation than could be achieved
using the variables individually. The eight variables fed
to the TMVA algorithm are

e z-vertex position

e Track zenith direction

e Track reduced log-likelihood

e Line-fit velocity

e Tensor of inertia eigenvalue ratio
e Fill ratio from mean+RMS

e Split time vertex

e Split containment

These variables are shown, as assessed by TMVA, in Fig-
ures 8(a)-8(h). The background is shown in red and the
signal in blue. The background and signal are scaled so
that they are normalised to each other, although at this
level the rate of the signal was still far below that of the
background.

Level 6 is the final analysis filter level. It consisted of a
cut on the BDT response and a cut on the energy. These
cuts were optimised based on the sensitivity and dis-
covery potential using the Feldman-Cousins method[23].
The level 6 cuts reduced the experimental data by a
further four orders of magnitude to 6.4 x 10~7 Hz. The
background rate at this level was below that estimated
for the signal and the data could be unblinded.

To optimise the final level of cuts the experimental
data was used rather than the remaining muon back-
ground from simulation. This was because the available
expected to muon background simulation was limited by
this stage of the analysis, and therefore would not provide
a robust estimation for the best values to place the final
cuts. The experimental data can be used for the optimi-
sation because most events are still expected to be from
muon background events, even at this high filter level.
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FIG. 9: The IceCube-40 level 6 BDT response and en-
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mospheric muon background, atmospheric electron neutrino
background, and E~2 spectrum electron neutrino signal. The
level 6 cuts are shown by the black lines at BDT response
= 0.2 and energy = 25TeV. Events in the upper right quad-
rant were kept.

However, there may be some real signal events within
the remaining data sample, so these must be treated care-
fully. Consequently, events lying far into the signal region
of the parameter space were excluded from the optimi-
sation. In the 10% burn sample of the data there were
two events that lied in this signal region. These two sig-
nal events were excluded from the optimisation of the
final level cut values. The analysis cuts were optimised
based on the sensitivity and discovery potential of the
final sample[29]. Figure 9 shows the BDT response cut
and the energy cut for the data, simulated atmospheric
muon background, simulated atmospheric electron neu-
trino background, and simulated E~2 spectrum electron
neutrino signal.

The optimum cuts for the final level were BDT re-
sponse > 0.2 and energy > 25TeV. Figures 10(a)
and 10(b) show the BDT response and energy distribu-
tions for the data, simulated atmospheric muon back-
ground, simulated atmospheric electron neutrino back-
ground, and simulated E~2 spectrum electron neutrino
signal.

C. Systematic Uncertainties

The largest uncertainties in our analysis arise from our
limited knowledge of the ice properties at the South Pole.
Other small uncertainties arise from the DOM efficien-
cies, neutrino cross-sections, and the seasonal variation
at the detector site. These sources of uncertainty are
described below.

Flasher data from calibration runs is used to develop
ice models by measuring absorption and scattering at
different points throughout the ice with a known light
source[10]. An ice model contains the depth, wavelength,
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FIG. 10: The IceCube-40 level 6 filter, the data is shown
by the black filled circles, simulated atmospheric muon back-
ground by the red line, simulated atmospheric electron neu-
trinos by the blue line, and simulated E~2 spectrum electron
neutrino signal by the green line. The E~2 spectra for muon
and tau neutrino simulations are shown in these plots by the
yellow and magenta lines respectively.

and temperature dependent information throughout the
detector and surrounding ice and bedrock. The model
used in all simulations for this analysis was the Addi-
tionally Heterogeneous Absorption (AHA) model[10]. To
carry out a study of the uncertainties arising from the
ice model, simulated datasets were produced using an
updated ice model. This model, called South Pole ICE
(SPICE)[7], was developed after this analysis was com-
plete. The systematic uncertainty from the ice models
was +24.9% for E~2 neutrino spectrum signal, +17.8%
for atmospheric neutrino background, and +£12.4% for
atmospheric muon background.

A DOMs efficiency is the ratio of the light collected by
a DOM to the total light incident upon that DOM. The
DOM efficiency includes the quantum efficiency of the
PMT and the transmissivity of the optical gel and glass
of each sphere. All DOMs in the IceCube-40 detector
operated at +10% efficiency[3]. The systematic uncer-



tainty from the DOM efficiency was —0.1% +12.6% for
E~2 neutrino spectrum signal and —11.7% +17.2% for
atmospheric neutrino background.

This analysis used neutrino-nucleon cross-sections
from HTEQ[25]. An alternative cross-section model is
CSS[19] which was used for systematic studies. The
systematic uncertainty from the neutrino cross-section
model was £8.7% for E~2 neutrino spectrum signal and
+8.8% for atmospheric neutrino background.

The atmosphere above the IceCube detector varies
throughout the year. This is because of temperature
and pressure variations in the layers of the Antarctic
atmosphere[9]. The muon background simulation was
generated assuming an October atmosphere because this
is close to the average for the whole year. The systematic
uncertainty from seasonal variations is +0.5% for atmo-
spheric muon background.

E;2 spectrum Atm. neutrino Atm. muon

signal background background
Ice properties +24.9% +17.8% +12.4%
DOM efficiencies —0.1% +12.6% —11.7% +17.2% -
Cross-sections +8.7% +8.8% -
Seasonal variation - - +0.5%
Total —26.4% +29.2% —23.0% +26.3% +12.4%

TABLE I: Systematic uncertainties for atmospheric muon
background, atmospheric neutrino background, and E~2
spectrum neutrino signal simulations.

Table I shows a summary of the systematic uncertain-
ties in this analysis. The total systematic uncertainty for
each type of simulation is obtained by the square-root of
the sum of the squares from each systematic source.

IV. RESULTS

After the event selection criteria were finalised the re-
maining 90% of the data was unblinded. The total live-
time of the data for this analysis was 373.6 days.

The neutrino effective area A% (E,, ) is the surface
corresponding to 100% detection efficiency for neutrino
detection. This includes contributions from event inter-
action probability, absorption in the Earth, propagation,
neutrino cross-section, detection probability, and cut effi-
ciencies. The efficiency of the detector can be represented
by the effective area of the detector which we obtained
by passing the simulated E~2 neutrino signal through all
filtering levels of the analysis. Figure 11 shows the neu-
trino effective area for electron, muon, and tau neutrino
signal.

The accuracy of the reconstruction algorithms was cal-
culated from resolution plots of the simulated neutrino
signal. These plots show the difference between the re-
constructed value and the true simulated value of the
reconstruction quantities. Figure 12 shows the energy
resolution for this analysis. The fit is a Gaussian and
gives a resolution value of 0.09 in log(energy).
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FIG. 11: IceCube-40 neutrino effective area as a function
of primary neutrino energy. The three curves show elec-
tron, muon, and tau neutrino simulated signals. The peak
in the electron neutrino curve corresponds to the Glashow
resonance.
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FIG. 12: Energy resolution, the red line is a Gaussian fit to
the data which gives a resolution value of 0.09 in log(energy).

Date Time  Number of BDT Reconstructed

Event of event of event DOMs hit response Energy (TeV)
1 18°% Apr 08 09:56:42 88 0.268 29.13
2 19" Apr 08 04:48:26 139 0.375 30.81
3 237 Apr 08 01:23:14 194 0.416 175.28
4 10*" May 08 03:21:05 76 0.230 27.14
5 28th May 08 23:54:42 103 0.225 41.36
6 50 Jun 08 17:20:05 264 0.380 174.09
7 6% Jul 08 21:54:24 81 0.293 31.20
8 30" Aug 08 09:47:41 123 0.232 45.33
9 16" Oct 08  11:32:47 359 0.236 144.20
10 8" Nov 08  02:25:22 121 0.279 32.06
11 14" Jan 09 20:43:29 82 0.203 46.83
12 6" Feb 09 21:20:07 109 0.219 57.19
13 12*" May 09 13:03:25 98 0.295 39.88
14 17tk May 09 21:54:19 67 0.281 27.15

TABLE II: Summary of the observed events: date of event,
time of event, number of DOMs hit, BDT response, and re-
constructed energy.



We observed 14 cascade candidate events after event
selection, on an expected background of 4.3%10 atmo-
spheric neutrino events and 7.7 & 1.0 atmospheric muon
events. The number of background events was estimated
from the simulation of atmospheric muons and atmo-
spheric neutrino events. Table II shows the 14 events,
their date and time, the number of hit DOMs in the

event, the BDT response, and the reconstructed energy.

FIG. 13: An event that passed all event selection criteria. The
DOMs are depicted as white circles forming the deployed Ice-
Cube strings. Every hit in the event is recorded as a coloured
dot. The size of the coloured dots depicts the amount of
charge received by that DOM, and the colour depicts the tim-
ing where red is earlier hits and blue is later hits. The charge
and timing of the hits is also depicted along the right hand
side of the event viewer display.

Figure 13 shows a cascade event from the data that
passed all the event selection criteria. Here the DOMSs are
depicted by the white circles making up the IceCube-40
detector strings. The coloured circles represent the hits,
where their size shows the size of the charge received by
the DOM and their colours show the relative hit times.
Red hits are early hits in the event and blue hits are late
hits in the event. The charge and timing of the event
is also depicted along the right side of the event viewer
display. This event a BDT response of 0.416 and an
energy of 175.28 TeV.

Figures 14(a) and 14(b) show the BDT response and
energy spectra of the data, atmospheric muon back-
ground, atmospheric electron neutrino background, and
E~2 spectrum all-flavour neutrino signal after unblind-
ing. The 14 observed events can be seen above the final
cut values of BDT response > 0.2 and energy > 25 TeV
by the red vertical lines.

Using the 14 observed high energy cascade candidate
events and a background of 4.3 events from atmo-
spheric neutrinos and 7.7 + 1.0 events from atmospheric
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FIG. 14: The IceCube-40 BDT response and energy spectra
after unblinding, the data is shown by the black filled circles,
simulated atmospheric muon background by the red line, sim-
ulated atmospheric electron neutrinos by the blue lines, and
simulated E~? spectrum electron neutrino signal by the green
line.

muons, we calculate a flux limit[29] using the TRolke
method[34]. For an E~2 astrophysical neutrino spectrum
and assuming a 1: 1: 1 flavour ratio at the Earth, the flux
limit at a 90% confidence level is

PpmE? <5.21 x 1078CGeVsr s lem ™2, (2)

The energy range for this calculation containing 90% of
the signal is from 25 TeV to 5012 TeV. Figure 15 shows
our limit. Model predictions are shown by the grey lines
and analysis limits are shown by the coloured line with
this analysis in black.

V. SUMMARY

We have reported on a high-energy search for astro-
physical neutrino-induced cascades in the IceCube-40 de-
tector. The data was taken between April 2008 and May
2009 with a total of 373.6 days livetime.
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FIG. 15: IceCube analyses limits and model flux predictions.
The analyses are shown by the coloured lines[1, 4-6, 8, 11, 20,
33, 38], with this analysis in black. The model predictions are
shown by the grey lines[22, 37, 39, 40, 42, 43].

We observed 14 events on a background of 4.3}
atmospheric neutrino events and 7.7 & 1.0 atmospheric
muon events. We set a limit with a 90% confidence
of &), E? < 5.21 x 1078 GeVsr—!s~lem™2 on the astro-
physical neutrino flux, assuming an E~2 spectrum and a
1:1: 1 neutrino ratio at the Earth. In this limit 90% of
the expected signal have energies in the range between
25 TeV to 5012 TeV.

This limit is below that reported from cascade searches
using the IceCube-22 detector[6] and below the Waxman-
Bahcall limit[43]. The IceCube detector is now completed
with 86 strings and a volume of 1km?3. Future cascade
searches will benefit from the larger effective area and
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a more favorable detector geometry which will lead im-
proved cascade detection efficiency.
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