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The IceCube Neutrino Observatory is a one-cubic-kilometer-sized neutrino telescope deployed
deep in the Antarctic ice at the South Pole. One of IceCube’s major goals is finding the origins of
astrophysical high-energy neutrinos. In 2022, IceCube identified the strongest point-like neutrino
source so far, the active galaxy NGC 1068. Analyzing 9 years of muon-neutrino data from the
Northern Sky recorded between 2011 and 2020, the emission from NGC 1068 is significant at
4.2 sigma. We present a planned extension to this search with additional years of data. One of
these years includes data from 2010 when IceCube was only partially constructed. We discuss the
improvement in sensitivity and discovery potential for neutrino point sources across the Northern
sky. We show that by building on the established analysis techniques, previous observations could
be improved, not only for NGC 1068 but for all possible sources in the Northern sky.
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IceCube Point Source Searches in the Northern Sky

1. Introduction

In 2013, IceCube announced the discovery of an astrophysical diffuse flux of high-energy neu-
trinos [1]. Since then, these particles have become a promising probe to solve the long-standing
puzzle regarding the origin of high-energy cosmic radiation. In 2018, the detections of the blazar
TXS 0506+056 [2, 3] marked the identification of the first transient source of high-energy neutrinos,
but IceCube has also always been searching for continuous neutrino emission (see, e.g., [4, 5]).
These searches use the information on spatial clustering and energy distribution of the events,
both encompassed in an unbinned likelihood-ratio test [6], to distinguish between the astrophysical
signal from a point-like source and the atmospheric and cosmic background. The most recent
time-integrated search in the Northern sky using ~9 years of muon-neutrino track-like events found
evidence for neutrino emission from the Seyfert II galaxy NGC 1068 at 4.2 o [7]. This result is
the combined product of multiple improvements, including data processing using the latest detector
calibration and consistent event filtering, an improved description of the probability density func-
tions (pdfs) in the likelihood using precise numerical estimations obtained from simulations, and
new reconstruction algorithms [7]. Since the last search, IceCube collected 3 more years of data
that can now be used to update this analysis. Additionally, data recorded in 2010 using a partial
detector configuration with 79 strings of optical modules are included, extending the livetime by ~4
years in total. Besides the increased statistics in the experimental data, we more than doubled the
number of simulated events for a more precise modeling of the pdfs at the edges of the parameter
space. Through this work, the sensitivity to astrophysical signals will improve, and the statistical
significance of the neutrino emission from NGC 1068 is expected to rise. Finally, we investigate
the potential of a new energy reconstruction method using Graph Neural Networks.

2. Event selection and data sample

The IceCube neutrino telescope, deployed in the deep Antarctic glacier at the South Pole, currently
consists of 86 strings, each instrumented with 60 Digital Optical Modules (DOMs) [8]. In 2010,
the detector was not yet completed, and IceCube recorded data with a partial configuration, com-
prising only 79 strings. We will refer to those different detector configurations as IC86 and 1C79,
respectively. We plan to extend the previous search for neutrino point sources in the Northern sky
[7] with several years of data, for an additional livetime of ~4 years, of which ~3.2 years are from
the most recent IC86 data, collected between May 2020 and July 2023, and ~0.8 years are from
IC79 experimental data. The extended data sample totals a livetime of ~13 years and contains
approximately one million events, corresponding to a ~40% increase in statistics.

The quality of the directional reconstruction of the events is of crucial importance in the search
for point-like sources. For this reason, the data sample is constructed by selecting track-like
muon events characterized by a linear signature in the detector, thus providing the best pointing
capability. Since TeV muons can travel several kilometers in the ice, neutrino interactions outside
the instrumented volume can still be detected, resulting in a larger effective detection volume. To
increase the purity of the data sample, we limit the search for point-like sources to the Northern
sky, where the atmospheric muon background is suppressed by absorption in Earth. The sample
used for this analysis contains events with energies above 100 GeV recorded in a declination (6)
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Figure 1: Agreement between the experimental data (dots) and the simulations (solid lines) in the observables
for both IC79 (blue) and IC86 (grey). From left to right, we show the reconstructed muon energy E,,, the sine
of the declination ¢, and the reconstruction quality estimator on the track direction o,. In the lower panels,
we display the ratios between the experimental data and the simulations for both detector configurations.

range between —5° and 90°. Here, most of the track-like events are produced by muons induced by
the interaction of neutrinos in the Earth. At energies between 100 GeV and 100 TeV, the sample
is dominated by events produced by atmospheric neutrinos. At higher energies, the astrophysical
neutrino flux starts to emerge. According to the most recent measurement of the astrophysical
diffuse neutrino flux [9], we expect our sample to be composed of ~0.4% of astrophysical events.
For this analysis, the agreement between the simulations and the experimental data in all the
interesting observables is vital. The distributions of the simulated events are used to estimate
the pdfs for the observables, which are then used for the statistical test (see section 3). For the
IC86 detector configuration, the simulations already proved to reproduce the distributions of the
experimental data [7]. This was not the case for the IC79 detector configuration.

2.1 The partial IceCube detector configuration: 1C79

Of the seven added strings between IC79 and IC86, two belong to the DeepCore section of the
detector [8], which is optimized for low-energy physics searches and is therefore omitted. The
remaining 5 strings form a line along one of the outer edges of the detector. In the previous
iteration of this analysis, IC79 data could not be included for a lack of suited Monte Carlo (MC)
simulations. Indeed, the analysis requires O(10M) simulated events to be in good agreement with
the observed data to ensure that the observable space is well represented. At the time, such a large
set of simulations for the IC79 detector was unavailable, and using the IC86 simulations to describe
IC79 resulted in mismatches in the distribution of the observed muon energies. Even though the
two detector configurations are minimally different in their effective areas, the reconstructed muon
energy changes for ~10% of the events depending on which strings detect them. We use a deep
neural network (DNN) [7] to reconstruct the energy of the muon track at its first intersection with
the detector as a proxy for the energy of the original neutrino. For the same incoming muon, this
quantity can be a lower estimate in the IC79 configuration compared to the IC86 one when the
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missing strings are involved in the detection. The solution is to procure simulations that accurately
represent the IC79 detector configuration. An efficient way of doing this without generating a
large number of simulations from scratch is to take the IC86 simulation sets at the earliest possible
processing level, remove the data recorded in the newly added strings, and reapply the full data
processing to the final level. In Figure 1, we show a comparison between the distributions of the
reconstructed muon observables — energy (E,), direction given by right-ascension and declination
(d, = (au,04)), and directional reconstruction quality estimator (o7, ) — of the experimental data
and the MC using both, the IC86 and IC79 string configurations. The new IC79 simulations describe
the experimental data accurately with maximal discrepancies of a few percent in the high-statistics
regions. As a result, we obtained the agreement between experimental data and MC needed to
extract the true distributions of the observables.

3. Improved modeling of the point spread function

In the search for point-like neutrino sources, we use the unbinned maximum likelihood method
described in [6]. The test statistic (TS) is defined as the negative logarithm of the likelihood-
ratio given the background hypothesis of only atmospheric and cosmic neutrinos and the signal
hypothesis of astrophysical neutrinos from a point-like source that cluster on top of the background:

L(ttns =0 x) )

ey

TS=-2lo
s (sup#m’y L(tns, Vs dyre | X)

where py, is the mean number of signal events, x is the vector of observables (E,d,,0),
dg. is the source direction, and vy is the spectral index of an assumed power-law spectrum of
O = Dy - (E/Ey)~7, with neutrino energy E and flux normalization ®( at some pivot energy Ej.
The likelihood function

N
Ly 0= [ {5 S in+(1-5) 5 ) @
for N events is the weighted sum of a signal fs and a background fg pdf. The signal pdf can be
factorized into a spatial pdf term, which describes the spatial clustering of the events around the
source, and an energy pdf term, which describes their energy distribution.

Since the simulations closely describe the experimental data distributions of the observables for
both detector configurations (see Figure 1), we can use them to estimate each pdf term in the
likelihood function numerically. This is done by using the kernel density estimation (KDE) method
with the MEerkAT [10] software package. Here, we are mostly interested in the spatial pdf term
fspat (¥ | Ei 0y, ). It describes the point spread function, where i is the angular distance between
the source and the reconstructed muon direction. Before this approach was conceived, the spatial
pdf term was described by a bivariate Gaussian approximation [6]. In comparison, the numerically
estimated fspa includes the dependency on the spectral shape of the emission via the spectral index
parameter y and describes the distributions of simulated events more accurately, especially at lower
energies and for emissions with softer spectral indices.

The MC used to construct the KDE pdfs in previous analyses [7] contained only simulations of
muon neutrino interactions. In this analysis, we estimate the pdfs from an updated MC sample,
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Figure 2: Point spread function examples for y = 3.0 at different values of the directional reconstruction
quality estimator o, and reconstructed muon energy E,. In each panel, we show the Rayleigh pdf (projection
on the angular distance of the 2D Gaussian), numerically estimated KDE pdfs, and binned MC events. In the
rightmost panel, the spatial pdf from Ref. [7] (dashed light blue) falls back to the Rayleigh approximation.

containing ~2.5 times more events than the previous work and including muons produced in tau
neutrino interactions. The increased statistics of the new MC allow a better description of the
point spread function. Especially, we improve the observables parameter space at the edges, where
the previous MC did not contain enough simulated events to describe the underlying distributions
correctly, and the numerical KDE pdf estimation had to fall back to the analytical approximation.
The improvement is shown in Figure 2. Even though the experimental data contain only O(100)
events at the edges of the parameter space, it is important to model their pdfs precisely. For example,
high energy events with good directional reconstruction are less compatible with the background
expectation and would strongly influence the signal likelihood term.

4. Projected analysis performance

To estimate the chances of the analysis of detecting an astrophysical flux of high-energy neutrinos
and compare to previous studies [7], we use two performance parameters: the sensitivity flux,
defined as the flux that would be detected with a TS (see Equation 1) value larger than the median
of the TS distribution obtained under the background-only hypothesis with 90% probability; the
5 o discovery potential flux, defined as the flux that would be detected with a local significance of
5 o with 50% probability. We calculate these fluxes by generating pseudo-experiments with point
sources simulated at various declinations and with spectral indices 2.0 and 3.2. We find that both
the sensitivity and the discovery potential improve by ~30% in the case of hard spectral emission
and by ~20% for steeper energy fluxes (see Figure 3).

For NGC 1068, we evaluate the expected increase in significance. It was detected for the first time
at 2.9 o when searching for astrophysical emission from 110 selected objects [5]. This result used
10 years of data (2008 —2018) processed according to different standards depending on the detector
configuration and analyzed with the previous methods. Out of the same search on 110 objects, the
flux from NGC 1068 was measured again using the new processing and analysis methods on 8.7
years of data with a global significance of 4.2 o [7]. Finally, a new result was recently obtained
by an analysis searching for emission from Seyfert Galaxies in the Northern sky with 10.4 years
of the same data processing [11]. The livetimes of the various datasets are compared in the upper
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Figure 3: Sensitivity and discovery potential fluxes as a function of the source declination. The left panel
shows a hard spectrum of y = 2.0 and the right one a soft spectrum of y = 3.2.
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Figure 4: The upper panel compares the livetimes of the various datasets used to measure the neutrino
flux from NGC 1068. The lower panel zooms on the end-time of the datasets and shows the increasing
significance of the emission over the years. The result from Ref. [5] (grey square) used different data
processing and analysis methods. Starting from Ref. [7] (light blue triangle), the rise in significance is
due to the increased statistics. The significance from Ref. [11] (dark blue dot) is compatible with the
expected statistical fluctuations within 1 o (dark shaded bands). The lighter shaded bands indicate the 95%
containment of the fluctuations.

panel of Figure 4. We can take the local significance of the latest work and calculate a global
significance assuming that the same search of 110 candidate sources had been done. Doing so, we
find a slightly increased significance of 4.3 . This result falls within the 68% band of the expected
statistical fluctuations, as can be seen in Figure 4. The fluctuations are estimated by generating
pseudo-experiments with 8.7 years of experimental data and simulating additional years of data by
adding background and signal MC events according to the best-fit steady flux measured in [7]. We
repeat the procedure starting from the result presented in [11] to estimate the expected significance
of NGC 1068 for this work (see Figure 4), finding a 68% chance to detect NGC 1068 between 4.5 o
and 5.50.
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5. Outlook: Improving the energy reconstruction with Graph Neural Networks

We further investigate other approaches to improve the analysis sensitivity. One promising option
is to improve the energy reconstruction using Graph Neural Networks (GNNs). GNNs are a class of
machine learning algorithms that learn on graph-structured data. Graphs provide a strikingly simple
but flexible data representation, allowing them to naturally represent the irregular geometry of neu-
trino detectors. As a preliminary study, we probe the agreement of predictions from DynEdge [12],
the GNN from the open-source GNN library for neutrino telescopes GraphNeT [13], in simulated
and experimental data for IC79. We describe IceCube neutrino events as point cloud graphs, where
each node represents an optical module that measured Cherenkov radiation during the neutrino inter-
action. Averages of arrival times and charges of reconstructed photon pulses are selected as node fea-
tures. Such extreme aggregations are known to worsen the energy resolution but increase the agree-
ment between simulation and observation. This choice can thus provide an upper bound on the agree-
ment between simulated and experimental data and a lower bound on expected resolution. Nodes
are connected to their 8 nearest neighbors as given by the Euclidean distance of the DOM positions.
We train DynEdge on a small sample of 1.2 mil-

lion simulated track-like events. Choices in the MC IC79 4 DataIC79

loss function and training procedure are iden-
tical to [12]. As seen in Figure 5, the GNN IceCube Preliminary
can predict the muon energy with good agree- 103 |
ment on both simulated and experimental data.

The agreement is best in energy bins with a

N Events

large number of training examples, and as the 10! | .

statistics decrease, so does the agreement. This t

] ——1
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trend is seen for the distribution of energies re-

constructed with the DNN in Figure 1 as well.
As for the resolution, we find that the GNN and
the DNN achieve comparable performances at 1
TeV and below despite the GNN being trained
on 1/6th of the data. However, above 1 TeV, 10910(E/GeV)
resolutions are slightly worse, likely due to low
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Figure 5: Agreement in the GNN energy estimation
for the IC79 experimental data with the IC79 MC. The

ratio between the experimental data and the MC is
gressive aggregation of pulse information and  shown in the lower panel.

statistics in the training sample. In the future,
additional tests will be carried out with less ag-

a higher number of training examples.

6. Summary

We have presented a future extension of the search for neutrino point sources in the Northern sky that
found evidence for neutrino emission from the Seyfert Il Galaxy NGC 1068. This work will include
four additional years of observations. The statistical analysis relies on the excellent agreement
between the experimental and the simulated data, which is now obtained for both, the complete
IceCube detector configuration (IC86) and the incomplete one (IC79). Because of this result, we
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can add 4 more years of observations to the analysis, including 3 years of data collected with the full
IceCube detector and 1 year from the time before IceCube was completed. The increased statistics
improve the sensitivity and discovery potential of the analysis by 30% (20%) for hard (soft) spectral
emission. At the same time, the projected significance of the neutrino emission from NGC 1068,
assuming it is a neutrino source, is expected to fall between 4.5 o~ and 5.5 o at a 68% confidence
level. Furthermore, we doubled the size of the simulations we use to construct the spatial and
energy pdfs entering the likelihood formalism. We use the larger MC dataset to model the spatial
clustering and energy distribution of events with energies larger than 100 TeV more accurately. We
expect this improvement to reduce further the bias and the variance in the fit parameters and to
improve the discovery potential for sources emitting hard-spectrum energy fluxes, as, for example,
the blazar TXS 0506+056. Finally, we started investigating the improvement of the muon energy
reconstruction by replacing our DNN with a GNN. Even with a relatively small training sample, we
could obtain agreement between experimental data and simulations with a prototype GNN. Further
studies will clarify whether the GNN has the potential to provide an additional boost in sensitivity.
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