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The IceCube Neutrino Observatory has measured an isotropic astrophysical neutrino flux through
various detection channels for over 12 years. IceCube has also detected neutrino emission from
the Galactic plane at the 4.5𝜎 significance level compared to a background-only hypothesis,
testing three models of Galactic diffuse emission: Fermi-LAT 𝜋0, KRA5

𝛾 , KRA50
𝛾 . We present an

analysis combining 3 detection channels: throughgoing tracks, starting tracks and cascades. The
throughgoing track sample is restricted to the northern sky to reduce atmospheric backgrounds,
while the starting track and cascade samples reduce the atmospheric neutrino backgrounds in the
southern sky by vetoing accompanying muons. We will use this combination of event samples
from 12.1 years of data to measure the Galactic neutrino spectrum in the TeV to PeV energy
range and independently for multiple galactic regions in a model independent procedure. We will
simultaneously measure the isotropic cosmic neutrino flux.
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Analysis of the Galactic and Extragalactic neutrino flux with DNN Cascades, ESTES and Northern Tracks

1. Introduction

IceCube is a cubic-kilometer neutrino detector located at the South Pole. IceCube has detected
neutrino emission from the Galactic plane with high significance [1], establishing it as a subdominant
component of the diffuse astrophysical flux which has been characterized by IceCube for years.
Studying this Galactic neutrino flux can help with characterizing the isotropic astrophysical neutrino
flux in the TeV energy range where the Galactic component may be a significant contribution to the
total astrophysical flux. It can also help to better understand cosmic ray interactions and acceleration
within our galaxy which is presumed to be responsible for the Galactic neutrino emission.

We present here the initial stages of an analysis to better characterize the spatial and spectral
features of Galactic neutrino emission using 12.1 years of IceCube cascade, starting track and track
data. IceCube has ongoing analyses [2] that make use of theoretical neutrino emission models
such as Fermi-LAT 𝜋0 [3], KRA5

𝛾 / KRA50
𝛾 [4] or CRINGE [5] in the context of diffuse flux

measurements. In contrast, this analysis does not rely on any theoretical emission models. This
analysis works towards making an independent measurement of Galactic neutrino emission using
generic spatial assumptions which will allow for a more robust study of the spatial and spectral
features.

2. Event Selections

To achieve the best possible sensitivity to a neutrino flux from the Galactic plane, this analysis
makes use of a combination of three event selections each targeting a different event morphology:
cascades, starting tracks and throughgoing tracks. Examples of events from each of the three
selections can be seen in Fig. 1.

2.1 Deep Neural Network (DNN) Cascades

DNN Cascades makes use of deep learning and neural networks to retain cascade events at
lower energy thresholds and nearer to or slightly outside the boundary of the instrumented volume
of the detector compared to previous cascade selections. Since the selection is tuned for the
cascade event morphology (all neutral-current 𝜈 interactions as well as charged-current 𝜈𝑒 and 𝜈𝜏

interactions), it has the best all flavor sensitivity, great energy resolution and high statistics. The
selection uses the self-veto effect [6] to obtain reasonable astrophysical purity in the southern sky
where the majority of the Galactic plane resides. A variation of this event selection was previously
used to detect Galactic neutrino emission at the level of 4.5𝜎 [1] which motivated this analysis.
The variation of the selection used here has been updated and optimized for diffuse astrophysical
flux measurements [7].

2.2 Enhanced Starting Track Event Selection (ESTES)

ESTES makes use of a dynamic starting track veto as well as machine learning algorithms to
search for events with vertices contained within the detector volume and exiting muon tracks. These
types of events are induced by charged current 𝜈𝜇 interactions within the detector. The exiting track
gives the selection a good angular resolution while the contained vertex gives the selection a good
energy resolution. ESTES also leverages the self veto effect [6] for a strong rejection of atmospheric
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events in the southern sky where the majority of the Galactic plane resides. This selection was
previously used for an isotropic diffuse astrophysical flux measurement [8] with sensitivity down to
3 TeV.

2.3 Northern Tracks

By restricting itself to events from the northern sky (through the Earth’s bedrock with respect
to IceCube) and making use of machine learning algorithms, Northern Tracks has a high neutrino
purity while also maintaining high statistics. Since the selection is tuned for throughgoing tracks,
it has the best angular resolution of the three samples used here. However, being restricted to the
northern sky limits its sensitivity to the Galactic plane (whose center is in the southern sky), but
the high statistics nature of the sample still gives it considerable leverage. This selection was also
previously used for an isotropic diffuse astrophysical flux measurement by itself [9] and as a part
of a combined fit alongside a different cascade event selection [10]. The version used here will
include an update to the energy reconstruction [11].

Figure 1: Displays of final level Monte Carlo events for each of the three selections. Red represents the
earliest light detected for the event, while blue represents the last light detected. Where applicable, a dashed
red line denotes the trajectory of a neutrino while a solid red line denotes the trajectory of a muon, and a large
gray sphere denotes the interaction vertex of a neutrino. Left: A DNN Cascades 18 TeV charged current 𝜈𝑒
cascade event from the southern sky. Middle: An ESTES 22 TeV charged current 𝜈𝜇 starting track event
from the southern sky. Right: A Northern Tracks 77 TeV charged current 𝜈𝜇 throughgoing event from the
northern sky.

3. Analysis Method

Each event selection contains atmospheric muons, atmospheric neutrinos (conventional and
prompt), astrophysical neutrinos from the isotropic diffuse flux and astrophysical neutrinos from
the Galactic plane. The Monte Carlo (MC) is given an expected number of events 𝜆 for each of
these:

𝜆Total = 𝜆Galactic Astro + 𝜆Iso Astro + 𝜆Conv + 𝜆Prompt + 𝜆Muon.
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The atmospheric components (𝜆Conv, 𝜆Prompt and 𝜆Muon) are modeled by scaling normalization
factors of flux model components, namely the Gaisser H4a cosmic-ray model [12] and Sibyll 2.3c
hadronic interaction model [13]. The isotropic astrophysical component is modeled here assuming
a single power law flux, although this analysis will also test other isotropic models such as a broken
power law or log parabola as has been done in previous analyses [8]. In the work shown in this
proceeding, the three selections are still treated independently and are given different parameter
assumptions based on previous measurements.

1. For DNN Cascades, the assumed isotropic astrophysical flux is the single power law fit of the
previous combined fit measurement using Northern Tracks and a different cascade sample
[10] (𝜙Iso Astro = 1.80, 𝛾Iso Astro = 2.52) although a diffuse measurement using DNN Cascades
for the first time is currently underway [7]. All other systematics are nominal.

2. For ESTES, the assumed isotropic astrophysical flux as well as the other systematic parameters
come from the 10.3 year measurement [8] (𝜙Iso Astro = 1.68, 𝛾Iso Astro = 2.58).

3. For Northern Tracks, the assumed isotropic astrophysical flux is that of the Northern Tracks
paper [9] (𝜙Iso Astro = 1.44, 𝛾Iso Astro = 2.37). All other systematics are nominal.

The Galactic plane astrophysical component is also modeled assuming a single power law flux:

Φ𝑇𝑜𝑡𝑎𝑙
𝐴𝑠𝑡𝑟𝑜_𝐺𝑃 = 𝜙

per−flavor
Astro_GP × ( E𝜈

100TeV
)−𝛾𝐺𝑃 × C0 ( |𝑏 | < 10◦),

0 ( |𝑏 | ≥ 10◦),

where, C0 = 3 × 10−18 × GeV−1 cm−2 s−1 sr−1, 𝜙
per−flavor
Astro_GP = 0.95, 𝛾𝐺𝑃 = 2.7.

This injection flux (𝜙Galactic Astro = 0.95, 𝛾Galactic Astro = 2.7) is derived by setting the all sky
integrated emission from our Galactic box equal to the all sky integrated emission that was measured
by the IceCube in 2023 using the Fermi-LAT 𝜋0 template with DNN Cascades [1]. A comparison
of the fluxes can be seen in Fig. 2.

The spatial extension of the Galactic plane is modeled assuming a generic rectangular box in
galactic coordinates (galactic latitude < 10◦) as shown in the left panel of Fig. 3. The extension
of the box in galactic latitude will be optimized in this analysis. This analysis also plans to test
other spatial extensions, such as segmenting the Galactic plane into multiple boxes as seen in the
right panel of Fig. 3. This would allow us to test whether we see more emission from the inner
or outer regions of the galaxy. This analysis will strive to balance the amount of spatial segments
with the sensitivity to spectral features in each spatial segment to characterize the Galactic neutrino
emission as finely as possible both spatially and spectrally.

Using pre-data-fit parameter assumptions, we plot the reconstructed energy distributions of our
selections in Fig. 4. The Galactic neutrino emission, even more so than the isotropic astrophysical
emission, is a subdominant signal compared to the atmospheric backgrounds in each selection. We
expect different spectral features between the isotropic astrophysical emission, Galactic neutrino
emission and atmospheric emission which is why we use reconstructed energy as an observable.
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Figure 2: Energy scaled, all sky, per-flavor neutrino flux plot. The blue line and shaded band is the 10.3
year ESTES measurement of the isotropic astrophysical flux [8]. The dashed gray line and shaded band are
the best fit Galactic neutrino flux using the Fermi-𝜋0 template from the 2023 IceCube Science result using
DNN Cascades [1]. The dotted orange line is injected to the Galactic plane band shown in the left of Fig. 3
to test this analysis’s sensitivity.

Figure 3: Left: A sky map illustrating a band (|b| < 10◦) surrounding the Galactic plane. Sensitivity to
single power law emission from this band is shown in Fig. 6. Right: A sky map illustrating two bands (|b| <
10◦, l = (-80◦, +80◦) and l = (-180◦, -80◦), (+80◦, +180◦)). This analysis will also probe for spatial structure
in Galactic neutrino emission by testing for emission from various segmented structures.

We also plot the cosine zenith vs right ascension distributions of our Galactic neutrino emission
for each selection in Fig. 5. These distributions demonstrate the spatial features of Galactic neutrino
emission which are essential to this analysis’s sensitivity. This why the analysis needs to make use
of the reconstructed cosine zenith and right ascension as observables. Better angular resolution
allows for finer binning in these observables which allows for better capturing of the spatial features
and improving sensitivity.

Table 1 shows the expected event rates using MC from each flux component for each selection
in 12.1 years of IceCube data taking.

The analysis will use a forward-folding binned likelihood fit in three dimensions: 𝑁 energy
bins, 𝑀 cosine zenith bins and 𝑂 right ascension bins. The likelihood of observing 𝑘 events when
expecting 𝜆 events is modeled using a Poisson probability, and the negative log-likelihood function
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Figure 4: The reconstructed energy distributions for each of the three selections. Here the MC is weighted
using pre-fit parameters based on earlier measurements and baseline values.

Figure 5: The reconstructed cosine zenith vs reconstructed right ascension distributions for each of the three
selections. The color axes denotes the number of Galactic plane neutrinos in each bin. Here the MC is
weighted using pre-fit parameters based on earlier measurements and baseline values.

DNN Cascades ESTES Northern Tracks

GP Astro 𝜈 1,269.5 (3.19%) 90.9 (0.51%) 1,971.6 (0.31%)
Iso Astro 𝜈 4,400.3 (11.07%) 373.4 (2.10%) 3,452.7 (0.54%)
Atmos Conv 𝜈 32,861.3 (82.67%) 17,237.8 (97.10%) 636,073.4 (98.99%)
Atmos Conv 𝜇 1,219.5 (3.07%) 51.3 (0.29%) 1,061.4 (0.17%)
Total MC 39,750.5 (100.00%) 17,753.4 (100.00%) 642,559.1 (100.00%)

Table 1: Pre-fit expected event rates in 12.1 years from MC for each of the three selections.

is minimized. The test statistic is defined as the negative log-likelihood ratio of the likelihood
function with a set of parameters Θ with respect to the likelihood function with a set of parameters
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that best describe the data Θ̂:

L(𝜆 |𝑘) = Π𝑁 ·𝑀 ·𝑂
𝑖=1 ( 𝑒

−𝜆𝑖𝜆𝑘

𝑘!
), TS(Θ) = −2log( L(𝜆(Θ) |𝑘)

L(𝜆(Θ̂) |𝑘)
).

4. Sensitivity

In Fig. 6, we show two 1 dimensional Asimov profile likelihood scans of the Galactic plane
astrophysical flux parameters assuming a uniform single power law in a box of ± 10◦ in Galactic
latitude, as shown in Figs. 2 and 3. The plot of the sensitivity to the normalization demonstrate
the ability for this analysis to confirm Galactic neutrino emission at a high significance as IceCube
has previously done [1]. The sensitivity to the spectral index demonstrates the novel ability of this
analysis to characterize the spectral features of the Galactic neutrino emission, something which
cannot be done using theoretical emission templates which have fixed spectral shapes.

Figure 6: One dimensional log-likelihood scans for the normalization (left) and spectral index (right) of a
single power law flux injected from the Galactic plane as seen in Fig. 2. The confidence lines are presented
using Wilks’ theorem.

The model independent nature of this analysis allows for more granular tests of Galactic
neutrino emission. Spatially, the size of the box in galactic latitude can be increased or decreased
to probe the extent of emission. The box can be split into multiple segments as in the right panel of
Fig. 3 to test if there is greater emission coming from one segment of the galaxy relative to another.
Spectrally, this analysis can probe using various analytical functions: a single power law, a broken
power law, a log parabola or a segmented power law.

At the same time, this analysis will be measuring the spectral shape of the isotropic astrophysical
neutrino flux using the same analytical functions with a novel combination of event selections. This
allows for a robust understanding of the Galactic neutrino component and how it relates to the
isotropic component of the astrophysical neutrino flux.
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5. Conclusion

This analysis intends to measure the Galactic neutrino spectrum using a procedure that is inde-
pendent of the spatial and spectral constraints of theoretical models. This analysis will be performed
using a combination of event selections targeting cascades, starting tracks and throughgoing tracks.
In doing so, we hope to probe the spatial and spectral structure of the Galactic neutrino emission
in order to inform our understanding of the emission independent of theoretical templates. This
combination measurement will also serve a novel measurement of the isotropic component of the
astrophysical neutrino flux.
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