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Abstract: The IceCube neutrino telescope with its large detection volume and full-sky field of view is a unique
instrument to study high-energy neutrino emission within the Galaxy and beyond. The detection of such neutrino
emission would provide invaluable information about the origin of the high-energy cosmic radiation. In this
contribution, we present two searches for multiple faint sources of high-energy neutrinos using three years of
data collected by the partial IceCube detector before its completion. The analyses apply the multi-point-source
(MPS) method to search for clustering, with a modification based on event energy-weighting in order to improve
sensitivity. In the first search, we analyze the Cygnus region, a part of the Galaxy that may contain several cosmic-
ray accelerators within a confined area of the sky and is located at a favorable position for IceCube. In the second
search, we expand the region of interest beyond the galactic plane and study the small-scale correlations of events
in the entire northern and southern skies, respectively.
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1 Introduction
High-energy neutrinos may be produced in the interaction
of accelerated protons or nuclei with matter or radiation
fields in or near their sources. In the absence of leptonic pro-
duction channels, they are unambiguous tracers of hadronic
interactions and may as such provide insight into the origin
of the high-energy cosmic radiation. The IceCube detector
[1], which instruments a cubic kilometer of the antarctic ice
with a three-dimensional grid of light sensors, is a unique
facility for the search for extraterrestrial neutrinos.

The IceCube neutrino telescope has been built in several
stages, adding new light sensors on units called strings
each year from 2005 to 2011. Since then, the IceCube
detector operates in its complete 86-strings configuration.
The data collected between May 2008 and May 2011 were
used in this contribution. These data were taken with three
different partial configurations of the IceCube detector: the
40-strings, 59-strings and 79-strings configurations. 108,288
muon neutrino candidates in the northern sky with energies
above ∼ 100 GeV were extracted from these data. In the
southern sky, 146,047 events were selected to search for
neutrinos among the background of down-going muons
which is dominant in this part of the sky.

An unbinned likelihood search for point-like neutrino
emission at any position on a fine grid across the sky has
already been applied to the data [2]. The two approaches
presented here are complimentary to this search. Both are
based on the small scale clustering of events, a strategy
that was applied to cosmic-ray data [3] because cosmic
rays are deflected by magnetic fields of uncertain strength.
The expected distance between the direction of the cosmic
primary and the location of its source is therefore not

well constrained. Neutrinos are not deflected by magnetic
fields, but an energy-dependent angular resolution and
the possibility for extended sources implies that it is of
advantage to be sensitive to a wide range of possible spatial
signal distributions.

2 Analysis of the Cygnus region
The Cygnus region is a particularly promising region for
the acceleration of galactic cosmic rays and the subsequent
production of high-energy neutrinos in the northern hemi-
sphere. It is roughly located at galactic longitudes between
70◦ and 90◦ and extends 4◦ and 8◦ below and above the
plane, respectively. It comprises objects from the local arm,
the Perseus arm and the outer arm of the Milky Way su-
perimposed in a small region of the sky. Since it contains
some of the nearest and most massive starforming regions
as well as massive giant molecular cloud complexes, it is
a very interesting target for neutrino searches. Moreover,
strong TeV γ-ray emission from this area of the sky has
been observed [6, 7].

2.1 Energy-weighted multi-point-source
analysis

The multi-point-source analysis (MPS) [4] is a non-
parametric statistical test based on the distribution of pair-
wise calculated spatial distances between events. The anal-
ysis measures the amount of clustering as a function of
a clustering scale θ and compares the observation to the
background expectation. It was developed to search for mul-
tiple (neutrino) sources inside a search region that is larger
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Fig. 1: Test statistic of the eMPS analysis at a clustering
scale θ of 0.25◦ for randomized data and four different
simulated signal models at their discovery flux level. Signal
scenarios with one and three sources and point-like (σext =
0) as well as extended emission patterns modelled by a
Gaussian with a standard deviation of σ = 2◦ are shown.

than the angular resolution of the detector. The method was
applied to IceCube data in [5] to search for astrophysical
neutrinos inside the Cygnus region. Since astrophysical
neutrinos are often expected to have harder spectra than
the atmospheric neutrino background, the method has now
been extended to include energy-weights. With Ψ being
the spatial distance between two events, the test statistic of
the energy-weighted multi-point-source analysis (eMPS) is
defined as a function of the clustering scale θ by

T S(θ) =
obs. weighted no. pairs with Ψ≤ θ

avg. weighted no. bg. pairs with Ψ≤ θ
, (1)

and more precisely by

T S(θ)=
∑i∈P ∑ j∈S,i6= j W (Ei) ·W (E j) ·Θ(θ −Ψi j)

〈∑m∈P ∑n∈S,m6=n W (Em) ·W (En) ·Θ(θ −Ψmn)〉bg
.

(2)
Here, the set of events i inside the search region is

denoted by P and S is the set of all events j. Thus, only
event pairs with at least one event inside the search region
are counted. Θ is the Heaviside function. The background
expectation 〈...〉bg enters in the denominator and is obtained
by averaging over a large number of pseudo-experiments
performed on background-only data. W (Ei) is the energy
weight for event i.

The energy weights W (Ei) are obtained from the pdf
P(E) of the reconstructed energies in the background by
using the probability to observe an event with equal or
higher energy in the background. W (Ei) is given by

W (Ei) = 1−
∫

∞

Ei

P(E)dE

=
∫ Ei

0
P(E)dE.

In this way, the energy weights do not depend on a specific
signal model and the extension of the method preserves the
generality of the original test. Larger weights are assigned
to events with higher energies than to events with lower en-
ergies. Figure 1 shows the distribution of the test statistic at
θ = 0.25◦ for randomized data and four different simulated
signal models at their respective discovery flux level.

Fig. 2: The discovery flux for point-like E−2 spectra sources
inside the Cygnus region obtained with MPS and eMPS as
a function of the number of simulated sources.

The agreement of the observed data with the background
expectation is quantified by the smallest observed p-value in
any of the θ -bins corrected for the trials incurred by testing
multiple values of θ . Since T S(θ) is a cumulative function,
the bins are highly correlated and the effective number of
trials is less than the number of bins.

2.2 Application to the Cygnus region
The eMPS analysis has been applied to the IceCube data
collected with the 40-strings, 59-strings and 79-strings con-
figurations. A 11×7 degree region in galactic coordinates
has been defined to comprise the most active part of the
Cygnus region. The selected region extends from 72◦ to
83◦ in galactic longitude and from −3◦ to 4◦ in galactic
latitude and is identical to the region studied in [5]. Clus-
tering scales θ up to 5◦ evaluated in 0.25◦ steps have been
considered.

The event weights W (Ei) were calculated from the ob-
served data. The energy-dependence of the background with
declination was accounted for by dividing the data into five
declination bands. The expected number of weighted event
pairs as a function of θ was obtained from 3×107 pseudo-
experiments performed on randomized experimental data
from the same declination band. The randomization was
performed by assigning a random right ascension to each
event while keeping its declination and energy unchanged.

The performance of the statistical test was quantified
by the discovery flux, defined as the flux that is necessary
to obtain a 5σ deviation from the background in 50%
of all pseudo-experiments which were performed with
a simulated signal of this strength. Figure 2 shows the
discovery flux for sources with an E−2 energy spectrum as
a function of the simulated number of sources inside the
region. All sources were simulated with the same strength
and the 5σ threshold was corrected for the trials incurred
by testing different clustering scales θ . The eMPS method
leads to an improvement of 45% or more with respect to
the original MPS method for this spectrum. For neutrino
spectra of the form E−2 ·e−E/Ec with a cutoff energy Ec, the
eMPS method yields a better discovery potential for cutoff
energies down to 10 TeV. The discovery flux per source
decreases with the number of sources inside the region as
expected. For a single E−2 source, the discovery flux is
about twice the one of the standard point source analysis at
this declination [2]. The latter is however not corrected for
the trials incurred by the application of the test to the whole
northern hemisphere. The trial-corrected discovery flux of
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Fig. 3: Results from the search for neutrino emission inside
the Cygnus region with the eMPS method using three years
of data from IceCube taken in partial configurations of the
detector. The upper panel shows the observed values of the
test statistic as a function of the clustering scale θ . The
lower panel shows the probability to observe a similar or
stronger fluctuation in the background.

the eMPS analysis crosses the local discovery flux of the
standard point source analysis at about three sources in the
region. Since no local significance above 5σ was found in
the standard point source analysis at any point in the sky, it
is excluded that the analysis of the Cygnus region observes
a single E−2-source at a flux of 1.5 · 10−11TeV cm−2s−1.
With its sensitivity to a signal from multiple point sources,
the eMPS analysis of the Cygnus region can in principle
detect signals that the standard point source analysis cannot.
In addition to multiple point sources, the analysis is also
sensitive to extended sources or diffuse emission inside the
region.

2.3 Results for the Cygnus region
The eMPS analysis was applied to the IceCube data col-
lected from 2008 to 2011 with the partial 40-, 59- and 79-
strings configurations. Figure 3 shows the measured test
statistic as a function of the clustering scale θ . Less events
than expected have been observed in the region, and the
measured values of the test statistic are below one at all
clustering scales θ . The trial-corrected p-value for this ob-
servation is 86%. The results are consistent with the non-
observation of a point source inside the Cygnus region and
the results of a stacking of neutrino events observed near
Milagro sources [2].

3 Search for a small-scale anisotropy
The approach to search for a small-scale clustering of neu-
trino events can be naturally extended beyond the Cygnus
region. Instead of a selected region, a whole hemisphere can
be studied by the use of an autocorrelation function. The
aim is to be sensitive to a population of sources at unknown
positions and with unknown energy spectra and spatial ex-
tensions.

3.1 Method
Like the analysis discussed, the test is based on pairwise
calculated spatial distances between events. The test statistic
is defined as a function of a clustering scale θ and a

)*avg no. bg. pairs (autocorrelation)°=0.25θTS(
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Fig. 4: The test statistic of the autocorrelation analysis at
θ = 0.25◦ and in the bin that contains the 0.1% highest
energy events, multiplied by the average number of pairs in
the randomized data. The randomized data is fitted with a
Gamma distribution and two signal scenarios with a uniform
distribution of E−2 sources in the northern sky are shown.
In the first, 1500 events were distributed over 50 sources
according to the acceptance of the detector, and in the
second, 2000 events were shared among 100 sources.

minimum energy Emin by

T S(θ ,Emin)=
obs. no. pairs with Ψ≤ θ ,E1,2 ≥ Emin

avg. no. bg. pairs with Ψ≤ θ ,E1,2 ≥ Emin
,

(3)
or, more precisely, by

T S(θ ,Emin)=
∑i, j∈H,i 6= j Θ(θ −Ψi j) ·Θ(Ei, j−Emin)

〈∑m,n∈H,m 6=n Θ(θ −Ψmn) ·Θ(Em,n−Emin)〉bg
.

(4)
Here, Θ is again the Heaviside function, and the background
expectation in the denominator is the average over pseudo-
experiments on data without signal contribution. H denotes
the set of all events under consideration. In the application
here, events in the northern and the southern hemisphere
of the sky are considered separately and one test will be
performed for each hemisphere. Here, we describe the
performance for the northern hemisphere and results for the
southern sky will be reported later.

The result of the test is a two-dimensional matrix of the
test statistic in bins of θ and Emin and the significance of
the observation is given by the smallest p-value in any of
the bins corrected for the trials incurred by testing multiple
bins.

3.2 Application to the northern hemisphere
The performance of the proposed test is evaluated for the
northern hemisphere, using the data collected by the 40-,
59- and 79-strings configurations of IceCube. Clustering
scales θ up to 5◦ are tested in 0.25◦ steps. Four energy bins
are defined based on the observed energy distribution in the
data. The first bin contains all the data, and the thresholds
for the other bins are defined such that they contain the
10%, 1% and 0.1% highest energy events observed in the
data. By using different energy thresholds, the discovery
potential for highly energetic signals is improved while the
sensitivity to sources with soft energy spectra is retained.
The denominator in the test statistic is obtained from pseudo-
experiments with data which was randomized in the right
ascension.
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Fig. 5: The 5σ discovery flux for E−2 neutrino sources with
the autocorrelation analysis is compared to the discovery
flux of the point source search in the same data [2] and a
multipole analysis of the 79-string data. The upper limit of
the diffuse neutrino flux search in the 59-string data [9] is
also shown.

The data used here contain more than 100,000 events and
the evaluation of the discovery potential is thus computa-
tionally challenging. More than 20,000 pseudo-experiments
with randomized data were performed and the distributions
of the test statistic for each value θ and Emin were fitted.
A Gamma-distribution was used in the two highest energy
bins. For large numbers of pairs, the Gamma-distribution
converges to a Gaussian. The energy bins which contain all
events and the 10% highest energy events were thus fitted
with a Gaussian distribution. Figure 4 shows the distribu-
tion of the test statistic for randomized data and the fit with
a Gamma distribution for a clustering scale θ of 0.25◦ and
in the energy bin which contains 0.1% of the data. Also
shown are two simulated signal scenarios with a uniform
distribution of sources in the northern sky. The fit describes
the data well and the signal is clearly distinguishable from
the background expectation. Randomized data will also be
used for the evaluation of the p-values.

Figure 5 presents the 5σ discovery potential for sources
with E−2 neutrino spectra as a function of the number
of sources. The first signal model considered here were
sources with equal strength and a uniform distribution
across the northern sky. The detector acceptance was taken
into account and the total number of events in the sample
was kept constant in the signal simulation. The second
scenario is a spatial distribution according to the Green
catalogue [8] of SNR in the Milky Way and exhibits a
larger clustering between the sources compared to the first
scenario. The figure shows that the discovery flux per source
decreases with the number of sources in both scenarios.
If there are more than 50 sources of the same strength in
the northern sky, this analysis is able to detect a signal
that the standard likelihood point source analysis [2] would
not see. While a discovery of a population of sources with
an E−2 neutrino spectrum is already excluded by a search
for a diffuse neutrino flux in the 59-string data [9], this
analysis will be able to provide valuable information should
a diffuse flux emerge in the future. Since it uses a data-
driven background estimation, it is more robust against
systematic uncertainties. Furthermore, it might eventually
unveil the first hint for a clustering in such a signal.

Figure 6 shows the discovery potential for neutrino
sources with an E−2 spectrum and a cutoff energy of 10 TeV.
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Fig. 6: The 5σ discovery flux for E−2 neutrino sources
with an exponential energy cutoff at 10 TeV with the
autocorrelation analysis.

Soft spectra like these are less accessible by diffuse neutrino
searches. For this spectrum, the analysis is also sensitive
to the clustering between sources, as can be seen from
the difference between the discovery flux for uniformly
distributed sources and for sources within the galactic plane.

4 Conclusions
Two analyses based on the small scale clustering of neutrino
events in the IceCube data have been presented. The first is
a dedicated search for neutrino emission inside the Cygnus
region and uses an extension of the MPS method. The
analysis is sensitive to multiple neutrino sources inside
the region as well as to a diffuse emission and makes no
assumption about the position, extension and energy spectra
of the hypothetical neutrino sources. The method has been
applied to the data collected with the 40-, 59- and 79-strings
configurations of IceCube and no significant deviation
from the background has been observed. The p-value of
the observation is 88%. The second analysis extends the
generality of the above test and searches for a small scale
clustering of neutrino events in the northern hemisphere.
The performance of the method has been evaluated and it
has been shown that the analysis is sensitive to both hard
and soft spectra. Moreover, it may eventually provide the
first hint of a clustering should a diffuse flux be discovered
in the future.
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