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Abstract: The stacking method is a standard technique to search for possible neutrino sources in which several
sources of the same type are bundled into one catalogue so that the possible signal from their different positions
can be superimposed for data analysis. Flux limits can be placed on models assuming specific neutrino energy
spectra for the source class. To improve this result and obtain separate flux limits at different energies, this work
uses a new approach that combines the stacking with an unfolding of the energy spectrum of the neutrino events at
the source positions of the investigated catalogue. Because the unfolding algorithm is independent of an assumed
model or spectrum, the results are model independent. No sources have been discovered yet, so the number of
potential signal neutrinos contributing to the unfolded result will be very small. The novel software TRUEE is
used to obtain unfolding results with few events, which can then be used to infer limits on additional astrophysical
contributions to the detected atmospheric neutrino flux. We present the resulting sensitivity for a given source
catalogue with this method using data collected by the IceCube detector when it was partially constructed in its
59-strings configuration.
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1 Introduction
IceCube is a cubic-kilometer neutrino detector installed in
the ice at the geographic South Pole [1] between depths of
1 450 m and 2 450 m. Detector construction started in 2005
and finished in 2010. Neutrino reconstruction relies on the
optical detection of Cherenkov radiation emitted by parti-
cles produced in neutrino interactions in the surrounding
ice or the nearby bedrock.

Neutrino induced muons, traveling through the ice, pro-
duce Cherenkov radiation which can be detected by the
Digital Optical Modules (DOMs). The light produced along
the muon track provides directional and energy information
[2] [3].

One of the main goals of IceCube is the detection of
extra terrestrial neutrinos. Because single sources are too
faint to be seen below the atmospheric background, the
stacking method was introduced [4]. In this method several
sources of the same type are bundled into one catalogue so
that the possible signal from their different positions can
be superimposed for data analysis. The observation time
needed for measuring a signal is significantly reduced by
this. The result is for the complete catalogue, and statements
about individual sources can only be made after a posteriori
analysis.

The standard stacking in IceCube [5] uses a log likeli-
hood method with an assumed flux model to calculate a
flux sensitivity. The flux model is usually chosen to be a
power law Φ ∝ E−γ . When analyzing data, γ is a free pa-
rameter which gets fitted. In order to provide more informa-
tion about the energy distribution beyond a power-law fit,
this work combines the stacking with an energy unfolding.

An energy unfolding is used to reconstruct the energy
distribution of neutrinos. This method is needed, because

the energy of the primary neutrino is convoluted with the
ν-N cross section, the finite detector resolution and the
limited acceptance. The unfolding estimates the neutrinos’
energy distribution from energy dependent observables of
the muon.

2 Stacking analysis
The likelihood method for a single source is described in [6].
To include multiple sources, the signal term gets modified
to include M sources with theoretical weights W ( j), relative
source efficiencies R( j,γ) and the signal PDF’s Si, j for the
ith event w.r.t. the jth source:
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For this work, 1 000 events with the highest S/B ratios
for each catalogue are selected for the unfolding. The
number of chosen events should be small to have fewest
background events in the sample as possible, but still have
enough statistics for a reliable result.After several tests and
trials a number of events of 1 000 was found to be the best
compromise for this analysis.
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2.1 Source catalogues
A catalog consists of several similar sources. This can be
physical similarities, like the same accelerating process, as
well as experimental similarities like being seen in a certain
energy range from one experiment.

In these proceedings we describe, as an example, the
analysis on the starburst galaxies catalogue.

• Starburst galaxies: This catalogue assembles galax-
ies with a high star formation rate (SFR). The high
SFR results in a higher rate of super novae and super-
nova remnants (SNRs) which accelerate particles up
to high energies (TeV). These particles are thought to
create neutrinos in the interaction with dust clouds
feeding the SFR. [7]

3 Unfolding analysis
For this analysis the upgoing events from the point source
data sample of the 59-string configuration of IceCube was
used [8]. It contains 43 339 events and has a 4.7% muon
contamination according to Monte Carlo studies.

The unfolding is done by the software TRUEE [9]. To
optimize the unfolding several configurations are evaluated
on Monte Carlo data to determine the final settings.

3.1 Selection of observables
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Figure 1: An example of the energy dependence of one of
the observables used in the TRUEE unfolding. Top shows
the distribution of energy and the number of total hits.
Bottom plot shows the associated profile plot.

The first step is to select observables which are dependent
on the neutrino energy. TRUEE yields scatter plots for
all used observables showing its energy dependence. Out
of many energy dependent variables a MRMR algorithm
[10] implemented in the RapidMiner [11] selected 10

observables. Inspection of these 10 scatter plots produced
by TRUEE resulted in the selection of the following three
observables:

• Energy loss per unit track length

• Number of pulses observed in the DOMs

• Number of strings having a signal

Figure 1 shows the energy dependency of the total
number of pulses observed in the DOMs.

3.2 Parameter selection
After the selection of the energy dependent observables to
reconstruct the true energy distribution of the neutrinos, the
parameters for the unfolding have to be found out.

The most important parameters are the degrees of free-
dom and the number of knots. The degrees of freedom are
a measurement for the regularization, fewer degrees of free-
dom result in a stronger regularization. The number of knots
determine the how many B-splines are used in the unfold-
ing. With more splines more features can be reconstructed,
but can also lead to oscillating results.

For this purpose TRUEE offers a validation mode, where
Monte Carlo data is unfolded such that the unfolded result
can be compared with the truth from the Monte Carlo. Fig-
ure 2 shows the resulting comparison plot for the starburst
catalogue.
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Figure 2: Verification of the unfolding comparing MC
truch to pseudo data (top). Ratio plot (bottom) shows
relative differences.

To make sure this good result is not an artifact from the
randomly selected Monte Carlo events used for unfolding,
this test is repeated several times on different event samples
used as pseudo data, which is called pull mode. For each
bin in each unfolding the difference between truth and
unfolding result in units of standard deviation is plotted
into a histogram. The Gaussian should be centered around
zero. If the Gaussian is shifted to the right, TRUEE is
overestimating the events in that energy bin. The plot in
the top of figure 3 shows a resulting histogram. The bottom
plot shows the mean distribution for each energy bin based
on several experiments.

The overview plot shows a systematic deviation in the
first and the last bin. This deviation is taken into account
further on in the analysis. Instead of using the unfolded
value for the limit calculation, the stat. error is added,
respectively subtracted of the unfolded value.
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Figure 3: top: The plot shows the systematic deviation
between the unfolded pseudo data and its truth for one bin.
It is well centered around zero as expected. bottom: The
plot shows an overview where all the means for each bin
are shown. Only in the first and last bin the systematic
uncertainty exceeds the statistical one.

3.3 Unfolding result
The unfolding technique gives as a result the energy dis-
tribution of the measured neutrinos. To verify the method
on data, first we use a scrambled data set. By scrambling
the events’ right ascension in data it is possible to remove
any influence of a signal in the sample. The result of this
unfolding can be seen in figure 4. Although the last three
bins have non-zero unfolded events which is used for limit
calculations, the limit is compatible with zero to within one
standard deviation.
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Figure 4: Unfolded result of the scrambled analyses. The x-
axis shows the neutrino energy and on the y-axis the number
of events are shown.

4 Sensitivity calculation
To calculate an upper limit for an excess above the expected
background a profile likelihood method introduced by Rolke
[12] is used. To get a robust background estimation, 2 000
different scrambled data sets were generated. The shape of
these results for each bin follow a Gaussian distribution.
Hence the model assuming the background Y is Gaussian
distributed:

X ∝ Pois(µ +b), (2)

Y ∝ N(b,σb). (3)

X describes the signal as a Poisson distribution with the
signal rate µ and the background rate b. N is a Gaussian (or
normal) distribution with the background rate b as mean and
its standard deviation σb. The efficiency, which could also
be included in this profile likelihood method, is assumed to
be 100%, because it is taken into account in the effective
area calculated from Monte Carlo simulations. With the
X and Y chosen as mentioned above, the derivative of the
likelihood is

∂

∂b
log l(µ,b|x,y) = x

µ +b
−1+

y−b
σb

=̇0, (4)

with x and y being the realization, i. e. observation, of X
and Y respectively.

The sensitivity is calculated by using these background
values as expected background as well as observed events
with a certain confidence level. The calculated sensitivities
for a 90% confidence level for an excess on top of the ex-
pected background can be seen in figure 5. Any neutrino
flux, and not those following a unbroken power-law spec-
trum, exceeding the sensitivities in each energy bin will be
excluded with a 90% confidence level.
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Figure 5: Unfolded sensitivities for the starburst catalogue.
This result is calculated from the 90% upper limit for a
pure background measurement, the effective area for the
catalogue and the livetime of the detector.

It is also possible to calculate sensitivities depending on
the spectral index γ for an unbroken power law. Figure 6
shows the Φ0 for various γ between -1 and -4. The break
at ≈ 3.2 is due to the constraint moving form the highest
energy bin to other bins.

5 Conclusion and outlook
This new method, combining a stacked analysis with an
energy unfolding, yields sensitivities for different energies.
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Figure 6: Different Φ0 sensitivities for unbroken power
laws with indices between -1 and -4 are shown. The entry
at γ =−2 corresponds to the y-axis intercept of the last bin
in figure 5. The break at γ ≈ 3.2 originates from another
bin being the limiting factor.

These sensitivities are completely independent of an as-
sumed model, as well as Monte Carlo simulation.

The limiting factor for the unfolding is the low number
of events. With larger configurations of IceCube it is pos-
sible to increase the number of events from the regions of
interest and improve the energy resolution. A better energy
resolution in the high energy region would increase the sen-
sitivity, due to the higher detection probability and the lower
background rates.
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