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Abstract

In the IceCube Neutrino Observatory, a signal of astrophysical neutrinos is obscured by backgrounds from
atmospheric neutrinos and muons produced in cosmic-ray interactions. IceCube event selections used to isolate
the astrophysical neutrino signal often focus on the morphology of the light patterns recorded by the detector. The
analyses presented here use the new IceCube Enhanced Starting Track Event Selection (ESTES), which identifies
events likely generated by muon-neutrino interactions within the detector geometry, focusing on neutrino
energies of 1-500 TeV with a median angular resolution of 1.4°. Selecting for starting-track events filters out not
only the atmospheric-muon background but also the atmospheric-neutrino background in the southern sky. This
improves IceCube’s muon—neutrino sensitivity to southern-sky neutrino sources, especially for Galactic sources
that are not expected to produce a substantial flux of neutrinos above 100 TeV. In this work, the ESTES sample
was applied for the first time to search for astrophysical sources of neutrinos, including a search for diffuse
neutrino emission from the Galactic plane. No significant excesses were identified from any of the analyses;
however, constraining limits are set on the hadronic emission from TeV gamma-ray Galactic plane objects and

models of the diffuse Galactic plane neutrino flux.

Unified Astronomy Thesaurus concepts: Neutrino astronomy (1100); High energy astrophysics (739)

1. Introduction

A main aim of the IceCube Neutrino Observatory is to
locate the origins of astrophysical neutrinos in our Universe.
Neutrino emission from astrophysical sources gives insight
into the production mechanisms of high-energy cosmic rays in
the source environment. In 2013, IceCube announced its
discovery of a flux of astrophysical neutrinos observed on
Earth; however, the arrival direction of these astrophysical
candidate events was found to be consistent with an isotropic
flux (M. G. Aartsen et al. 2013a). In the decade since this
discovery, two active galactic nuclei (AGN) have been
identified by IceCube as likely cosmic-ray accelerators: TXS
05064056 and NGC 1068 (M. G. Aartsen et al. 2018a, 2018b;
R. Abbasi et al. 2022a). Recently, IceCube published evidence
for neutrinos from the Galactic plane (R. Abbasi et al. 2023a).
Each of these discoveries used different selections of IceCube
events curated to take advantage of the various morphological
structures that are created in the light produced by neutrinos
interacting in or around the IceCube detector, which instru-
ments a cubic kilometer of deep Antarctic ice. Here, we
present the results of the neutrino source searches from a new
IceCube event selection: the Enhanced Starting Track Event
Selection (ESTES; R. Abbasi et al. 2024). This novel selection
improves the IceCube sensitivity to southern-sky neutrino
sources by finding astrophysical neutrino candidate events
previously missed in other IceCube data selections.

ESTES was developed to select starting-track events created
by muon neutrinos, which undergo a charged-current (CC)
weak-force interaction inside the IceCube detector geometry,
producing a hadronic cascade in addition to the muon track. A
final level ESTES starting-track event is shown in Figure 1 to
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exemplify the morphological structure in data. Identifying
starting events allows for the distinction between astrophysical
neutrinos and both atmospheric muons produced in cosmic-ray
air showers, which deposit light as they enter into the detector,
and atmospheric neutrinos that are accompanied into the
detector by muons from the same air shower (S. Schonert
et al. 2009). Additionally, observing the interaction point of a
muon neutrino also allows the energy reconstruction to
estimate the muon energy at its conception and the energy
deposited via inelastic scattering into the hadronic cascade,
resulting in a more accurate energy reconstruction of the
neutrino than for samples that use incoming muon
events (R. Abbasi et al. 2024). The final ESTES sample has
a higher astrophysical neutrino proportion in the southern sky
compared to other track selections, improving IceCube’s
sensitivity to some of the most active regions of the Galactic
plane, such as the Galactic center, with track events.

The detailed motivation for a new starting-track event
selection and a brief description of the selection and reconstruc-
tion techniques used by ESTES are provided in Section 2. Four
neutrino source searches were performed using ESTES, each
testing different hypotheses of neutrino production using a
maximum-likelihood approach. The first test, detailed in
Section 3, is an all-sky scan that searched for statistically
significant clusters of neutrinos using only the ESTES data by
testing pixels across the whole sky. The locations of Galactic and
extragalactic gamma-ray bright sources were tested individually,
as reported in Section 4. Classes of Galactic sources—supernova
remnants (SNR), pulsar wind nebulae (PWN), unidentified
(UID) TeV objects, and TeV binaries (BIN)—were also
evaluated using a stacking analysis described in Section 5.
Finally in Section 6, an analysis was performed to look for
diffuse neutrino emission from the Galactic plane created by the
ambient cosmic-ray flux interacting with Galactic matter using
the same template technique as in R. Abbasi et al. (2023a). A
discussion of the results is given in Section 7 and conclusions
and future prospects of this work are presented in Section 8.

2. Starting-track Event Selection

2.1. The Starting-track Event Morphology in IceCube

To be observed, neutrinos must interact and produce
relativistic charged particles, which deposit light via the
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Figure 1. Visualization of a starting-track event from the final level of the enhanced starting-track event selection (ESTES) data. The strings (gray lines) and optical
modules (spheres) depict the IceCube detector geometry buried in the glacial ice at the South Pole. The colored spheres represent modules that detected Cherenkov
light from the charged particles of the event where the color signifies the relative time, and the size of the sphere represents the relative light intensity seen by the
module. In this event, the earliest correlated hits (in yellow) occur on an inner string of the IceCube detector, which is likely around the location of the neutrino
interaction that produced a hadronic cascade and muon. The orange arrow shows the reconstructed path of the muon through the detector. The light brown region
indicates the dust layer—a region of the ice where scattering and absorption of photons is increased.

Cherenkov effect. The IceCube Neutrino Observatory uses a
cubic kilometer of the naturally occurring glacial ice at the
South Pole to observe the Cherenkov light from particles
created in such neutrino interactions (M. G. Aartsen et al.
2017a). The main IceCube detector is comprised of digital
optical modules (DOMs), which house photomultiplier tubes
(PMTs) that are sensitive to single photons (M. G. Aartsen
et al. 2017a). The detector array consists of 86 strings, each
spread approximately 125 m apart in a hexagonal grid and
instrumented with 60 DOMs from depths of 1450 to 2450 m
below the surface of the glacier (M. G. Aartsen et al. 2017a).
Additionally, an array of light-tight tanks, known as IceTop,
sits on the surface of the glacier and can detect light from
cosmic-ray air showers using PMTs frozen in ice (M. G. Aar-
tsen et al. 2017a).

The pattern of light deposition in the DOMs produced by the
secondary charged particles, referred to as the event morph-
ology, is used to infer information about the neutrino. In
IceCube, we can classify the morphologies generated by the
charged particles into two general categories: track and
cascade. Tracks are produced by muons, which come from
cosmic-ray air showers, muon—neutrino CC interactions, or tau
neutrino CC interactions in which the tau decays to a muon
with a 17.3% branching fraction (M. Tanabashi et al. 2018). A
muon’s path is relatively unaltered as it passes through the ice.

Muons with an initial energy above 1 TeV can traverse
through the whole IceCube detector, leaving a clear track
pointing back to their source and resulting in a resolution of
the neutrino direction of around 0.5°. The cascade morphology
results from several types of neutrino interactions including
neutral-current neutrino interactions, electron neutrino CC
interactions, and tau neutrino CC interactions where the tau
decays into an electron or hadrons. The particle showers
produced from these interactions travel relatively short
distances leading to a more isotropic distribution of light
centered around the interaction vertex. Cascade events are
more poorly resolved than track events with resolutions of
around 5°-15° (R. Abbasi et al. 2023a). It should be noted
that, in the energy range that IceCube is sensitive to, neutrinos
interact through deep inelastic scattering meaning the neutrino
will impart some energy to the nucleon producing a hadronic
cascade even in muon—neutrino CC interactions (M. Tanabashi
et al. 2018). Tau neutrinos can produce other unique
morphologies; however, those are not relevant in the energy
range of focus in this paper (< 100 TeV).

In this work, we focus on a subclass of the track events,
starting tracks (example event shown in Figure 1), which are
generated by muon (and tau) neutrino CC interactions where
the interaction vertex is contained inside the detector
geometry, and light from a hadronic cascade and muon track
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is observed. The other track events can be split into two other
subclasses: incoming tracks, where a muon is generated
outside of IceCube’s array, enters into the instrumented area,
and most often leaves the detector, and skimming tracks,
where a muon is generated outside of the detector and never
enters the geometry but passes close enough to deposit light on
the outer strings. For incoming and skimming tracks, the
energy reconstruction can only estimate the muon’s energy at
its first point of detection, effectively serving as a lower limit
of the true neutrino energy. The muon-neutrino energy
resolution is therefore improved when using starting tracks
because the interaction vertex is observed, allowing the
neutrino energy to be inferred from estimates of the muon’s
energy at production as well as the energy transferred to the
hadronic component (R. Abbasi et al. 2024).

The main motivating factor for a starting-track event
selection is atmospheric muon and neutrino background
rejection in the southern sky. A simple approach to reject the
3 kHz muon background is to use the Earth as a veto and look
only at events coming from the northern sky (R. Abbasi et al.
2022a, 2022b). However, with this method, it is not possible to
study the southern sky where many interesting astrophysical
objects, such as the Galactic center, lie. The atmospheric-muon
rate in the southern sky can be reduced by adding charge cuts
to select only the highest-energy events, but the muon
background contamination is still significant (M. G. Aartsen
et al. 2017b, 2020a). Selecting for events that appear internally
within the detector allows the rejection of atmospheric muons,
which produce light as they enter the instrumented volume.

The power of using starting events lies in the ability to reject
not only atmospheric muons but also atmospheric neutrinos,
which are often accompanied into the detector by muons from
the same cosmic-ray air shower. The probability of an
atmospheric-neutrino event also including light from muons
from the same air shower increases with the neutrino’s energy,
producing a noticeable effect in the rate of atmospheric
neutrino flux above a few TeV (S. Schonert et al. 2009). In
C. A. Argiielles et al. (2018), the authors found that
conventional atmospheric-muon neutrinos have a 50% chance
of being vetoed by accompanying muons at energies of 7 TeV
when entering the detector at a zenith angle of 32° relative to
the vertical detector direction. This 50% threshold rises to
100 TeV for more inclined atmospheric neutrinos entering at
zeniths around 76° as the muons must survive much longer to
reach the detector (C. A. Argiielles et al. 2018). At a zenith of
60° (decl. of —30°), the atmospheric flux is reduced by a factor
of 30 when the atmospheric self-veto is accounted for
(R. Abbasi et al. 2024). Creating a specific starting-track
sample has many uses, such as performing a fit of the diffuse
astrophysical muon-neutrino flux, which is described in
R. Abbasi et al. (2024). Here, we use the advantages of
starting tracks in IceCube to investigate the southern sky for
potential neutrino sources, achieving a higher astrophysical
neutrino purity between 1 and 500 TeV through the rejection
of atmospheric muons and neutrinos.

2.2. Design of the Enhanced Starting Track Event Selection

ESTES looks to gather starting-tracks events, particularly in
the southern sky with neutrino energies below 100 TeV, where
many of IceCube’s astrophysical muon—neutrino events have
not yet been selected by other methods. The previous starting
event selections, such as the High-Energy Starting Events

Abbasi et al.

(HESE) sample (R. Abbasi et al. 2021a), are optimized to find
high-energy cascades by using a fixed layer of in-ice DOMs as
a veto, rejecting events where light is observed in the veto
layer. In order to use the same fixed-veto-layer method, but
lower the energy threshold, the fiducial volume must be
substantially restricted as the atmospheric-muon background is
able to pass farther through the detector without leaving a
signal (M. G. Aartsen et al. 2015).

To identify starting-track events while maximizing the
fiducial volume, a new tool was developed to reconstruct the
position of the interaction vertex and calculate the probability
that the event was an incoming or skimming muon, referred
to as the starting-track veto “miss probability” (S. Mancina
et al. 2019; R. Abbasi et al. 2024). This tool uses
parameterized simulations to estimate the light expected at
IceCube DOMs based on a track hypothesis. From the light
estimates, the interaction vertex is reconstructed. The “miss
probability” quantifies the probability that the DOMs lying
along the track before the vertex would have missed light from
an incoming or skimming muon. For example, an event that
passes through an uninstrumented corridor of the detector will
have a larger “miss probability” than one that passes close to
the DOMs. Similarly, for an event with a reconstructed vertex
near the edge where it enters the detector, the “miss
probability” will be much greater than for one where the
vertex is located well within the detector. The “miss
probability” and other input variables are used to train a
boosted decision tree (BDT) to distinguish starting neutrino
events from incoming or skimming atmospheric muons
described in more detail in R. Abbasi et al. (2024).

An observable unique to this work is the novel angular error
estimator, which is required for the unbinned likelihood
technique explained in Section 3. This parameter is used to
model the spread of the reconstructed directions from the true
event direction in the signal probability distribution function
(PDF) of the likelihood test statistic (TS). Older IceCube
analyses have estimated this parameter by using the shape of
the directional reconstruction likelihood around the best-fit
point (M. G. Aartsen et al. 2020a); however, we found the
traditional estimators to be unreliable for the starting-track
morphology. Therefore, we took an approach similar to the
one used in R. Abbasi et al. (2022a). We used a LightGBM
regressor (G. Ke et al. 2017) to estimate the angular distance
between the true and reconstructed directions (A1) with inputs
such as the reconstructed zenith, the reconstructed length, the
weighted location of light intensity registered by the DOMs of
an event, and the reconstructed cascade and muon-deposited
energies. The BDT output was then mapped to an angular error
estimate by fitting the At distribution with a von Mises
function for events with a similar BDT output. This estimator
also worked well for distinguishing track-like events from
cascade-like events.

For this work, a cut was applied to remove the cascade-like
events by removing events with an angular error estimate
greater than 10°. Removing the cascade-like events improves
the bias on the number of signal events fit by the likelihood
described in Section 3 by removing the poorly reconstructed
events. Finally, the selection removes events where the IceTop
surface array measures a voltage in the PMTs greater than or
equal to two photoelectron equivalents around the time the
reconstructed track would have passed by the surface array.
This final IceTop cut adds an additional rejection for events
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Figure 2. (Left) The final level event rates from data and simulation (MC) versus the sine of the reconstructed decl. of the events of the neutrino source searches
version of ESTES. The MC is weighted according to the results of the ESTES diffuse astrophysical flux fit (R. Abbasi et al. 2024). The data is shown as black circles
with small error bars. A disagreement between the data and MC was observed and is discussed in Section 2.3. A suppression of the atmospheric-neutrino event rate is
seen in the southern sky due to the atmospheric-neutrino veto that occurs when selecting starting events. Additionally, events that see in-time light in the IceTop
array at the time the event would have passed through the surface detectors are removed from the data (for the simulation, joint IceCube-IceTop simulation was not
used, so the cut could not be applied). (Right) The angular distance between the reconstructed and true direction, A, for MC events. The blue line represents the
median angular distance as a function of true neutrino energy for muon—neutrino charged-current interactions weighted by the astrophysical neutrino flux and the
blue-shaded regions contains the region of errors between the 25% and 75% weighted quantiles. The orange-dashed line shows the weighted-median angular error
for all neutrino flavors and interaction types contained in the final level of the selection.

likely to be atmospheric in origin and has been implemented in
the other southern-sky track samples from IceCube (M. G. Aar-
tsen et al. 2013b, 2020a).

2.3. Final ESTES Event Rate and Comparison to Other
IceCube Event Selections

The ESTES event selection was applied to 10.3yr of
IceCube data and resulted in a sample of 10,350 total events,
with 9061 reconstructed as coming from the northern sky
(6 > —10°) and 1289 from the southern sky (6 < —10°) where
the atmospheric-neutrino veto effect occurs. For most of this
work, we differentiate the sky at 6 = —10° as, around this decl.
and for more negative declinations, the atmospheric-neutrino
flux is suppressed by the veto effect. The atmospheric-neutrino
veto effect can be seen in the left plot of Figure 2, where the
atmospheric rate is suppressed for “down-going” events
(sin(6) < —0.17 where ¢ is the equatorial decl. of the event).
This effect also pushes down the 1:1 atmospheric to
astrophysical neutrino crossover point in reconstructed neu-
trino energy from around 100 TeV to tens of TeV depending
on the zenith angle (R. Abbasi et al. 2021b). More detailed
discussions of the modeling of the atmospheric-neutrino veto
effect are given in R. Abbasi et al. (2024), which derived
methods from T. K. Gaisser et al. (2014) and C. A. Argiielles
et al. (2018).

From the simulation, around 72 astrophysical neutrinos,
930-950 low-energy atmospheric neutrinos, and 35-60 atmo-
spheric muons were expected in the southern sky assuming the
best-fit parameters from the diffuse neutrino flux fit by ESTES
in R. Abbasi et al. (2024; ranges given account for simulation
statistics). Figure 2 shows the event rate, binned in sine decl.,

and the distribution of the angular distance between the true
and reconstructed directions as a function of the true neutrino
energy (right) for the final event selection. In the rate plot (left
of Figure 2), a disagreement between data and simulation rates
is seen in the most southern bins. Studies of the data excess in
this region found events that appear by-eye to be clear starting
tracks and not incoming or skimming muons. The discrepancy
occurs only when the angular error estimate cut is applied,
which was not used in R. Abbasi et al. (2024). The cause of
this disagreement was traced to differences in the distribution
of reconstructions of cascade-like events between the simula-
tion and data, which may be due to incomplete modeling of ice
properties and pulse timing. More events are removed by the
oppr cut in the simulation than in the data resulting in an
underestimation of events. This data—simulation disagreement
motivated the use of data-driven background estimation when
creating the background PDFs of the point-source likelihood
and the background trials used in hypothesis testing. The
median angular distance between the true and reconstructed
direction for all final level ESTES events is found to be 1.4°.
At the final level of the ESTES selection, the energy resolution
was found to be within 25%-30% of the true neutrino energy
in logarithmic space (R. Abbasi et al. 2024).

To compare ESTES to other samples of astrophysical
neutrinos, we include their effective areas in the left plot of
Figure 3. The IceCube track sample in M. G. Aartsen et al.
(2020a) selects for all track-like events and in the southern sky
requires events to be high energy (=100 TeV) to reduce the
atmospheric-muon background rate. The effect of this energy
cut is the effective area for the track sample drops below the
ESTES effective area around 100TeV for the southern
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Figure 3. (Left) The muon-neutrino and antineutrino effective area—a measurement of signal capture efficiency—versus the true neutrino energy for the ESTES
selection (dark purple) compared to other selections including the IceCube tracks selection (M. G. Aartsen et al. 2020a), the High-Energy Starting Events (HESE;
R. Abbasi et al. 2021a), and the ANTARES charged-current (CC) tracks (A. Albert et al. 2017). The different line styles represent different regions of the sky,
motivating the focus of the ESTES analysis on the southern-equatorial sky. (Right) The ESTES neutrino and antineutrino effective areas for the three neutrino flavors
—distinguished by color and line-style—in two regions of the sky—denoted by line brightness and thickness.

declinations. It should also be noted that the atmospheric-
muon background still dominates the other track sample’s
astrophysical neutrinos by around 4 orders of magnitude
in the southern sky at the final level selection compared to
ESTES where the ratio is around 1 order of magnitude
due to the atmospheric-neutrino veto (M. G. Aartsen et al.
2017b, 2020a).

A search for overlapping events between ESTES and other
IceCube samples was performed to understand how unique the
events in the sample were. In the northern sky (events with
reconstructed decl., 6 > —10°), a large overlap is found with
the previous IceCube track samples (M. G. Aartsen et al.
2020a; R. Abbasi et al. 2022a), which select for all track
morphology subclasses, as 75% of the ESTES events are also
captured in these samples. On the contrary, in the southern sky
(6 < —10°), only 1.5% of ESTES events are found in the other
track samples. ESTES was found to have little overlap with
HESE due to differences in the energy range and incoming-
event veto method (R. Abbasi et al. 2021a), with 0.14% of
ESTES events found in the HESE sample across the whole
sky. Only 2.2% of the ESTES events were in the Deep Neural
Network (DNN) cascade sample, responsible for the discovery
of an excess of neutrinos from the galactic plane (R. Abbasi
et al. 2023a). From the overlap studies, it can be concluded
that the ESTES sample provides a complementary and unique
selection of relatively high-purity astrophysical muon—neu-
trino candidates from the southern sky.

3. All-sky Search
3.1. Method

The four analyses presented in this paper all use an
unbinned maximum-likelihood method (J. Braun et al. 2008)
to generate test statistics (TS) to test against the same null
hypothesis: that the ESTES events are produced by a flux
isotropic in R.A. (accounting for the decl. dependence of the
atmospheric-muon and neutrino backgrounds, the detector, and

the ESTES selection). For point-source searches, the like-
lihood uses the angular separation between the sample’s events
and tested source location as well as the reconstructed energy
of the events to estimate the number of signal neutrinos, ny,
and power-law spectral index, 7, of the hypothesized source,
assuming a neutrino flux that follows a single power law:

O(E) = ¢ (EE)7 The likelihood is formulated as
0
Lns, v; Xg, xi, 01, E7)

N
=TT (%S %0 0 B ) + (1 = 5)BG ) (1)

where x, is the hypothetical source location, X, is the
reconstructed best-fit event locations comprised of declinations
and right ascensions (;, a;), o; is the reconstructed angular
errors of each event, E; is the reconstructed energies of each
event, and N is the total number of events. For the likelihood’s
signal PDF, S, we used a von Mises distribution to model the
point-spread function and used a simulation to estimate the
signal energy PDF as a function of decl. The background
spatial and energy PDFs, encompassed by 5 in Equation (1),
were generated by taking the spline of the data binned in
reconstructed decl. and energy.

A TS is generated using the log of the ratio of the likelihood
maximized over ng and -y, L(#;, 9), to the likelihood assuming
the null hypothesis, £(n; = 0). Background simulations are
produced by randomizing our data events in R.A., under the
assumption that most of our data events are from atmospheric-
muon and neutrino backgrounds. The background TS distribu-
tions are calculated for several declinations ranging from
—78.5" to 78.5". For the all-sky search, we test uniformly
distributed pixels produced using healpy (K. M. Gérski et al.
2005; A. Zonca et al. 2019) across the sky, scanning for a
pointlike neutrino source. This provides an unbiased search for
a pointlike neutrino source; however, it is subject to significant
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Figure 4. (Left) The sensitivity neutrino and antineutrino per-flavor flux at 1 TeV for a steadily emitting point source versus decl. for the ESTES analysis (solid
lines) for two different source spectral index hypotheses (7 = —2.0 in blue and v = —3.0 in orange). The ESTES sensitivity is compared to that from the 10 yr
IceCube track sample (M. G. Aartsen et al. 2020a), 11 yr ANTARES (J. Aublin et al. 2019), and the IceCube Deep Neural Network (DNN)-selected cascade
search (R. Abbasi et al. 2023a). (Right) The maximum and minimum ESTES differential neutrino and antineutrino per-flavor sensitivity flux from simulations
produced across a range of declinations (orange bands). The lines represent the models compiled from sources in gamma-cat®” and TeVCat (S. P. Wakely &
D. Horan 2008) converted into a neutrino flux under an optimistic scenario (F. Halzen 2006) for the seven Galactic plane sources chosen in the source-list analysis.

trial corrections due to the nearly 800,000 pixels tested (healpy
nside = 256 with a mean spacing of 0.23°).

To evaluate and compare the performance of ESTES for
point-source searches, we produce sensitivities as a function of
source location and energy range as shown in Figure 4. The
sensitivity is defined as the median expected 90% upper limit
flux found in the absence of an observed signal from
simulations. In the left plot of Figure 4, the sum of the neutrino
and antineutrino per-flavor sensitivity flux at 1 TeV is given for
ESTES and other neutrino samples that performed sources in
the southern sky. We find that ESTES improves on the track
sample (M. G. Aartsen et al. 2020a) in the southern sky for
sources with a spectral index more negative than 2, and it is
comparable to the ANTARES 11yr sensitivity (J. Aublin
et al. 2019) and the IceCube cascade (R. Abbasi et al. 2023a)
samples. The ESTES sample also improves on the previous
sensitivity using IceCube tracks for sources with exponential
energy cutoffs in the southern sky, which is expected from the
effective area comparison in Figure 3.

In the right plot of Figure 4, the differential sensitivity flux
for different decades in energy is given assuming a spectral
index of v = 2.0 in a limited energy range. The differential
sensitivity is represented by an orange band, which gives the
minimum and maximum flux values calculated over a range of
declinations for each decade across the whole sky. The ESTES
sample is most sensitive between 10 and 100 TeV. The
sensitivity is compared to models of the neutrino flux from
TeV gamma-ray bright Galactic plane sources, which will be
discussed further in Section 4.

3.2. Results

The resulting pretrial p-values for each pixel are shown in
Figure 5. We highlight the brightest points found in the
northern and southern sky at (6, o) = (+1.79, 195.64) and
(6, a) = (—23.97, 155.21), respectively. The northern hotspot

results in the most significant pretrial p-value of 1.4 x 107°.
However, after correcting for the number of pixels tested by
performing full scans of background simulation maps to
account for the angular error radius being larger than the map
resolution, the posttrial p-value is found to be 0.22. Therefore,
the null hypothesis cannot be rejected in the all-sky scan
analysis.

4. Search for Neutrinos from Selected Gamma-Ray
Sources

4.1. Method

The second analysis performed looked for significant
clusters of neutrinos from the direction of known gamma-ray
sources. The source selection was based on the hypothesis that
astrophysical neutrinos and gamma rays are both produced via
pion decay from high-energy cosmic rays interacting with the
matter or radiation in the vicinity of the cosmic-ray
accelerator. Under this assumption, we selected sources that
are bright in gamma rays taking into account the decl.
dependence of the ESTES sample, which was the same
approach detailed in M. G. Aartsen et al. (2020a). To select
extragalactic sources, we used the flux at 1 GeV for sources
reported in the Fermi-LAT (Large Area Telescope) 4FGL
catalog to select the 103 brightest sources (S. Abdollahi et al.
2020). For Galactic sources, the TeV gamma-ray data
compiled in TeVCat (S. P. Wakely & D. Horan 2008) and
gamma-cat® were converted to a neutrino flux assuming the
optimistic scenario that all gamma-ray emission was produced
by proton—proton collisions at the source (F. Halzen 2006).
The Galactic sources were then compared to the ESTES
differential sensitivity at the sources’ decl., illustrated in the
right plot of Figure 4, and the top seven sources were selected.

% gamma-cat: https: //github.com/gammapy /gamma-cat
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Figure 5. Map of the ESTES all-sky scan pretrial p-values, pyre. The hottest spots found in the northern and southern equatorial sky are highlighted by the red circles.

The final number of 110 Galactic and extragalactic sources
was chosen such that a 5o pretrial significance would drop to a
40 posttrial significance.

All sources were treated as pointlike neutrino emitters in the
likelihood evaluation. This assumption has a negligible effect
on the sensitivity and discovery potential for all of the sources
tested except for Westerlund 1 and Vela Junior (RX J0852.0-
4622), which both have measured extensions of around
1° (F. Aharonian et al. 2007; A. Abramowski et al. 2012).
Comparing the point-source hypothesis to an extended source
hypothesis, we found that the median flux required for a 3o
observation using the point-source likelihood was 20% (10%)
higher than that of the extended source hypothesis when
injecting a 1.1° (1.0°) source at the position of Westerlund 1
(Vela Junior). The simulated sources in this test used a two-
dimensional Gaussian shape; however, in reality, the shapes of
the emission regions for these two sources likely have more
complicated morphologies. While treating the sources as
pointlike reduces sensitivity, the resulting likelihood outputs
and p-values for these sources are still valid. This approx-
imation, however, affects the upper limits presented in Table 2
in Appendix, which are calculated relative to models derived
from the differential gamma-ray flux measurements, which are
integrated over the source region (H. Abdalla et al. 2018). For
Vela Jr, the upper limit value rises from 1000% of the model
flux to 1200% when injecting the extended emission model
and fitting with the point-source hypothesis, and for Wester-
lund 1, it rises from 260% to 360%.

4.2. Results

The most significant source identified by the ESTES sample
was 1ES 06474250, a BL Lac object located in the northern sky.
The pretrial correction p-value is 4.1 X 1074, and, after
correcting for the 110 source locations tested, the posttrial p-
value was found to be 0.044. Because this source is located in the
northern sky, the previous track analyses have a greater
sensitivity to 1ES 06474250 and also tested the location. In
the previous analysis with IceCube tracks, no signal neutrinos
were found from the direction of the source, and a p-value of

0.53 was reported (M. G. Aartsen et al. 2020a). The previous
analysis sets a more constraining 90% upper limit of
3.0 x 1072 TeV'em s~ assuming a power-law energy
spectrum with v = —2 (M. G. Aartsen et al. 2020a; for this work,
the upper limit calculated was 1.7 x 107" TeV "' cm 2s™ ).
The full results for all sources are given in Table 4 in
Appendix. The most significant source in the southern region
of the sky (6 < —10°), where ESTES provides the most unique
events, was the flat spectrum radio quasar, PKS 0727-11,
which reports a pretrial p-value of 0.005. NGC 1068 and TXS
0506+056, two sources with evidence of neutrino
emission (M. G. Aartsen et al. 2018a, 2018b; R. Abbasi
et al. 2022a), are the 10th and 15th most significant sources in
our catalog. Both sources lie above a decl. of —10°, where the
previous track analyses are more sensitive than ESTES
(illustrated in the right plot of Figure 4). In Figure 6, the
ESTES 50 discovery potential and 90% upper limits assuming
the best-fit spectral index for NGC 1068 from R. Abbasi et al.
(2022a) analysis are shown to both lie above the 68%
confidence interval fit by the track sample. The 50 discovery
potential is defined as the median flux required for a discovery
at a significance of 50. Additionally, many northern sky
(>10°) ESTES events are also captured in the other track
samples; in fact, of the eight most significant events
contributing to the ESTES NGC 1068 fit, six are also found
in the sample from R. Abbasi et al. (2022a). It is concluded
that no new neutrino sources were identified by this work.

5. Galactic Plane Source Stacking Catalogs
5.1. Method

To test the correlation of the ESTES events with specific
classes of known sources, a stacking analysis was performed.
To “stack” a catalog, the log-likelihood values at the locations
of similarly classified sources are summed to produce a single
TS. For ESTES, Galactic plane sources were of a particular
focus because many lie in the southern sky and have been
observed to have energy spectra with power-law indices less
than —2.0 and energy cutoffs in the single to tens of TeV when
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Figure 6. The 5o discovery potential (disk) and 90% upper limit (UL)
neutrino and antineutrino per-flavor flux from ESTES, this work, (blue)
compared to the best-fit (BF) and confidence interval (CI) fluxes from the
NGC 1068 discovery from R. Abbasi et al. (2022a; orange). The energy range
shown for this work was selected by finding the central range in which 90% of
simulated source events lie assuming the track best-fit power-law spectrum of
v = —3.2 (R. Abbasi et al. 2022a). The track energy range was selected by
defining the central range where 68% of the top contributing data events lie.

measured in TeV gamma rays (S. P. Wakely & D. Horan
2008). Sources from the TeVCat and gamma-cat®
databases (S. P. Wakely & D. Horan 2008) were placed into
four catalogs: SNR, PWN, TeV BIN, and UID TeV gamma-
ray sources. The UID sources are bright sources in TeV
gamma rays for which the associated source at other
wavelengths has not been concretely identified, but many of
the sources are likely to be either SNR or PWN. For the SNR,
PWN, and UID catalogs, the top 12 brightest gamma-ray
sources of each type were included; whereas, the BIN catalog
included all 7 TeV BIN that had been identified at the time.
Although the sources were selected based on gamma-ray
brightness, the log-likelihood values evaluated at each source
location were summed together without applying any weights
to favor the brighter sources, and we fit a single floating
spectral index, 7, for each catalog. However, in deriving a
sensitivity, discovery potential, and upper limits, a model for
the neutrino emission was used for the PWN, SNR, and UID
catalogs. The models for each source were derived using the
same optimistic approach as outlined for the Galactic sources
in Section 4. The parameters for the neutrino flux models from
gamma-ray data assuming a proton—proton model for the
PWN, SNR, and UID sources are given in Table 2 in Appendix
and are shown as the faint orange-dotted lines in Figure 7. The
ESTES analysis was found to be slightly sensitive to the PWN
and UID catalogs according to these models, but not sensitive
to the SNR catalog under the model hypothesis. No models
were derived for the BIN catalog because of the time-
variability of the objects’ flux. Note that, due to the location of
the sources of these catalogs, the signal hypothesis tested is
correlated with the diffuse Galactic plane neutrino hypothesis
test described in Section 6. As discussed in Section 4, the
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sources are being treated as pointlike in the likelihood
construction; however, here, we found no difference in the
sensitivity, discovery potential, or upper limit fluxes when
testing the pointlike and extended source hypotheses in the
stacking analysis.

5.2. Results

The most significant catalog evaluated in the stacking
analysis was the SNR catalog with a pretrial p-value of 0.040.
To correct for trials, we collected the best-fit TS from
background simulations where the four stacking catalog
analyses were run on the same map to account for correlations
between the fits to each catalog. The posttrial p-value was
found to be 0.056 using this technique; therefore, the null
hypothesis could not be rejected. The results and upper limits
for all four catalogs are given in Tables 2 and 3 of Appendix.
Using the gamma-ray-derived models, the 90% upper
limits were calculated for the SNR, PWN, and UID catalogs
and are compared to the model expectation fluxes in Figure 7.
For the PWN and UID catalog, the 90% upper limits are 77%
and 101% of the model flux. For the SNR catalog, the upper
limit lies at 601% of the model flux and is much less
constraining due to the weaker predicted flux from the
models and the fitted result. The BIN catalog returned a TS
of 0.0, fitting no signal neutrinos from the direction of the
TeV BIN sources, and therefore, competitive upper limits can
be set on emission from TeV BIN. Assuming equivalent
fluxes from each source and a power-law spectral energy
distribution of v = —2.0 and —3.0, the 90% StatlStICS -only
upper limits are, respectlvely, 3 O x 1072 TeV2cm %5~
and 9.2 x 10~ Tev 2

6. Diffuse Galactic Plane Neutrino Emission
6.1. Method

A flux of cosmic rays permeates our Galaxy and interacts
with the interstellar medium (ISM), producing a diffuse flux of
neutrinos and gamma rays from the Galactic plane (D. Gaggero
et al. 2015; R. Abbasi et al. 2023a). Two models of diffuse
Galactic plane neutrinos are tested here: a model extrapolated
from the Fermi-LAT 7° model for diffuse galactic gamma
rays (M. Ackermann et al. 2012) and the KRA,
model (D. Gaggero et al. 2015; P. de la Torre et al. 2022).
Both models were produced by injecting a cosmic-ray flux into
propagation tools, which interact with the ISM, which is
modeled by hydrogen I and CO emission line
observations (M. Ackermann et al. 2012). The two models’
parameters are fitted using the locally observed cosmic-ray
data and are validated by gamma-ray observations (M. Acke-
rmann et al. 2012; D. Gaggero et al. 2015). The KRA, model
includes a Galactic radial dependence in the cosmic-ray
diffusion coefficient, resulting in an emission intensity map
more peaked around the Galactic center than the Fermi-LAT
7 model (D. Gaggero et al. 2015; P. de la Torre et al. 2022).
Additionally, a per nucleon exponential energy cutoff is
applied to the cosmic-ray spectra in the KRA, model,
and the authors produce a prediction for the neutrino
spectrum (D. Gaggero et al. 2015; P. de la Torre et al.
2022). Besides the shape differences in the energy spectrum
and relative morphological shape of the models, the KRA,
model also predicts a larger expected diffuse Galactic plane
neutrino flux at TeV energies than the extrapolation of the



THE ASTROPHYSICAL JOURNAL, 998:37 (19pp), 2026 February 10 Abbasi et al.

Supernova Remnants Pulsar Wind Nebulae Unidentified TeV Objects
Stacked Model Stacked Model Stacked Model
~ 50 Discovery Potential 50 Discovery Potential 50 Discovery Potential
n 107 === 90% Upper Limit k] === 90% Upper Limit k] === 90% Upper Limit 1
)
q
g e NN T NG e
[3) —
=z 108 e T \\1 k3 T m— E
B e e T Sl 3o T T
8 g )
£
3
=
|
g 10 + + 7
<
Y
=
10710k L - + L L + L - B
10! 10° 10! 10° 10! 10°
E, [TeV] E, [TeV] E, [TeV]

Figure 7. The 50 discovery potential and 90% statistics-only upper limit neutrino and antineutrino per-flavor fluxes for the stacking catalogs for the three catalogs
com(})ared to the model neutrino fluxes (blue lines). The source models (orange, dotted lines) were generated by compiling the TeV gamma-ray data from gamma-
cat® and TeVCat (S. P. Wakely & D. Horan 2008) and converting the data into a neutrino flux assuming an optimistic scenario where all TeV gamma rays are
produced from pions originating from proton—proton interactions (F. Halzen 2006). The 90% upper limits set for the pulsar wind nebulae rule out 100% of the model
flux. The energy range reported represents the central range where 90% of simulated source neutrinos lie assuming the model flux hypothesis.

Fermi-LAT 7° KRA, 5 PeV Cutoff KRA, 50 PeV Cutoff
------ Model Prediction ESTES Diffuse

J— —— This Work 50 Disc (PRD 110, 022001 2024)
& == This Work 90% UL IC Cascade Diffuse

g IC DNN Casc 68% CI (PRL 125, 121104 2020)

© ’ (Science 380, 6652 2023)
,—‘4 107k T + B
wn
2
=)

8 .

& q0-t0p + + ]
A
ig
<
Y

10 1 1 1 .
1 1 A 1 L 1 L 1 Y L 1 L 1 L
10° 10! 102 10° 10° 10 10% 10° 10° 10! 102 10°
E, [TeV] E, [TeV] E, [TeV]

Figure 8. The 5o discovery potential (disk) and 90% statistics-only upper limit (UL) neutrino and antineutrino per-flavor flux for the ESTES analyses compared to
the confidence intervals (CI) from the IceCube DNN Cascades (IC DNN Casc) analysis (R. Abbasi et al. 2023a) for the three Galactic plane template models: Fermi-
LAT 7° model (M. Ackermann et al. 2012; left) and the KRA, (P. de la Torre et al. 2022) with a 5 PeV (middle) and 50 PeV (right) cosmic-ray exponential cutoff.
The ESTES UL rule out the KRA, model prediction at 90% confidence (P. de la Torre et al. 2022). For added comparison, the astrophysical diffuse fits for
ESTES (R. Abbasi et al. 2024) and the diffuse cascade selection (M. G. Aartsen et al. 2020b) are included. The energy range shown for this work is defined by
simulating the source hypotheses and finding the central range where 90% of the simulated events lie. The energy range for the DNN Cascades is calculated from the
central range where 90% of the contributing data events lie.

Fermi-LAT 7° model (which is observed by comparing the the model’s predicted spectra, testing two exponential energy
dotted lines in the plots of Figure 8; D. Gaggero et al. 2015; cutoffs applied to the cosmic-ray flux at 5PeV and at
P. de la Torre et al. 2022). 50PeV (P. de la Torre et al. 2022). The sensitivity flux for

To test these models, the maximum-likelihood approach these models is shown for ESTES and compared to previously
was again used, but to account for the large size of the published results using the same analysis method in Table 1.
emission region, a “signal-subtraction” component was added ESTES is comparable to or more sensitive than all previous
to remove signal contamination from the background PDFs analyses using muon track events in the southern sky in
generated from data. This same likelihood technique and IceCube and ANTARES (M. G. Aartsen et al.' 20170;
galactic plane models were used in previous searches for A. Albert et al. 2018; T. Cartraud et al. 2025), but it is less
Galactic diffuse neutrino emission using different IceCube sensitive than the DNN cascade sample, which found an 4'5‘70
event selections (M. G. Aartsen et al. 2017¢c; R. Abbasi et al. excess of neutrinos correlated with the Fermi-LAT 7

2023a). Unlike the point-source tests described above, the model (R. Abbasi et al. 2023a).

energy spectrum was fixed. In the analysis of the Fermi-LAT

7° model, a single power-law distribution with a spectral index 6.2. Results
of y=—2.7 was used to describe the energy spectrum. The analysis returned a most significant pretrial p-value of
Meanwhile, the likelihood of the KRA., model incorporated 0.040 for the Fermi-LAT 7° model, and, after correcting for
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Table 1
Comparison of the ESTES Galactic Plane Results to the IceCube Deep Neural Network (DNN) -selected Cascades (R. Abbasi et al. 2023a), 7 yr of IceCube
Tracks (M. G. Aartsen et al. 2017c), the Joint ANTARES and IceCube Track Analysis (A. Albert et al. 2018), and the ANTARES 2023 Results (T. Cartraud et al. 2025)

Fermi-LAT 7r°, v =-27 KRA, 5 PeV KRA, 50 PeV
Cutoff Cutoff

(2] ®) (2]
Event Selection Dogn, Doz —log,o(p) MFs MF§, —log,(p) MFs MF§, —log;(p)
ESTES (This Work) 2.6 6.5 1.4 53% 85% 0.78 47% 63% 0.75
DNN Cascades 0.598 5.9 16% 52 11% 44
IC Tracks, 7 Yr 79% 120% 0.54
ANTARES and IC Tracks 81% 119% 0.54 57% 90% 0.58
ANTARES 2025 2.5 42 0.69 70% 150% 1.0
Note. The three models tested were the Fermi-LAT 7° model (M. Ackermann et al. 2012) assuming a power-law spectral index of v = —2.7 and the KRA,
model (P. de la Torre et al. 2022) assuming a 5 PeV and 50 PeV exponential energy cutoff on the cosmic-ray spectrum. For the Fermi-LAT 7° model, the 90%
sensitivity and statistics-only upper limits, ¢3;y, and (/)EOL% , are given as E> ’I; ;Z flavor &t 100 TeV reported in units of x 107" TeV em™2 s~ For the KRA, models, the

sensitivity and upper limits are given as a percentage of the model flux (MF) given by the reference (P. de la Torre et al. 2022). The p-values reported here are the
pretrial’s corrected p-values.

three maps, found a posttrial p-value of 0.057. Therefore, the effective area, meaning that, on its own, this sample could not
null hypothesis cannot be rejected by the ESTES result alone. reject the null hypothesis. The 90% statistics-only upper limits
The preference for the Fermi-LAT 7° model appears to be presented here limit the KRA, to be less than 100%
motivated by the spatial distribution of events as no neutrinos of the predicted model flux for both cutoff energy hypotheses.
with energies greater than 10 TeV are found in the direction of The ESTES results also rule out an optimistic scenario for
the Galactic center in the ESTES sample. However, this neutrino production from PWN assuming that all TeV gamma-
preference is not statistically significant. The 90% upper limits ray emission is from pions created in proton—proton interac-
for ESTES are given in Table 1 and shown in Figure 8. tions. For ESTES, the Fermi-LAT 7° and the SNR analyses

The KRA., 90% statistics-only upper limits rule out 100% of
the model flux for both choice of cutoff; however, they lie
above the 68% confidence intervals fit by the DNN Cascades
analysis, and the upper limit calculations do not include
modeling of systematic uncertainties (R. Abbasi et al. 2023a).

returned similar p-values, which are both consistent with
the background-only hypothesis. One of the next steps in
Galactic neutrino astronomy will be disentangling diffuse
Galactic plane neutrinos from neutrinos produced at Galactic
accelerators.

A near-future solution that can better resolve the Galactic
plane is to combine the multiple event selection streams within
IceCube to take advantage of all the astrophysical neutrino

7. Discussion

We performed four analyses to search for sources of candidate events recorded by the detector. An analysis has
astrophysical neutrinos. The all-sky scan, source-list search, been proposed (P. Savina et al. 2023; M. Thiesmeyer et al.
Galactic plane source stacking catalogs, and diffuse Galactic 2025), combining the ESTES starting tracks with the DNN
plane templates all returned significances of less than 20 when cascade events (R. Abbasi et al. 2023a) and the Earth through-

accounting for the trials performed in each of the four analysis,
so no new hints of the origin of neutrino sources were
identified. A global trials-corrected p-value was not calculated
accounting for the four types of analyses because none of the
values were statistically significant after accounting for the
trials within each analysis type. However, ESTES was able to
provide the most constraining upper limits from IceCube for
many Galactic sources of neutrinos.

In 2023, IceCube announced the discovery of Galactic plane
neutrinos with the DNN cascade sample with 4.50 posttrial

going track events from a track sample (R. Abbasi et al.
2022a). The track sample was used to search for galactic
neutrino excesses using a binned style analysis, which rejected
the isotropic null hypothesis at the 2.7¢ level (P. M. Fuerst
et al. 20244). However, this track sample does not have a view
of the central Galactic region where most emission is expected
nor does it benefit from the atmospheric-neutrino veto effect
that ESTES and DNN Cascades experience. Using the
combined sample, IceCube can further increase the signifi-

significance (R. Abbasi et al. 2023a). The DNN cascade result cance of its detection of Galactic plane neutrinos and
had a preference for the Fermi-LAT 7° template as a model for potentially provide some insight on the exact origin and
the emission; however, the other models of Galactic plane energy spectrum of Galactic plane neutrinos. The combme:d
emission tested—the KRA., template and stacking catalogs— sample can also look for neutrino emission from extragalactic
all rejected the null hypothesis with a significance greater than sources as more information is learned from the recent
30. Discerning between different models of Galactic plane NGC 1068 discovery (R. Abbasi et al. 2022a). Many x-ray
neutrino emission is difficult in this early era of neutrino bright Seyfert galaxies like NGC 1068 are found in the
astronomy, especially for cascade events with a median southern sky, and the combination of the pointing resolution of
angular resolution between 5° and 15°. The ESTES sample tracks and event rate of the cascades could help further identify
has an improved resolution of around 1.4 ° but a smaller these potential neutrino sources (R. Abbasi et al. 2025).
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8. Conclusions

ESTES is a new selection of IceCube starting-track events,
which provides a unique sample of astrophysical muon—
neutrino candidates, focusing on neutrinos with energies
between 1 and 500 TeV. The advantages of this event selection
come from the improved properties of energy resolution,
pointing resolution, and background rejection for starting-track
events. In particular, selecting for starting events removes not
only atmospheric muons created by cosmic-ray air showers but
also atmospheric neutrinos, which are accompanied into the
detector by muons from the same shower. This increases the
purity of the astrophysical neutrino sample in the southern
equatorial sky (6 < —10°), resulting in an atmospheric
background rate approximately 1 order of magnitude larger
than the astrophysical neutrino rate compared to 4 orders of
magnitude in the case of previous track selections (M. G. Aar-
tsen et al. 2017b, 2020a). The ESTES analyses improve upon
IceCube’s sensitivity to southern-sky neutrino sources for
sources with spectral indices less than —2.0 or energy cutoffs.
Although no new sources of astrophysical neutrinos were
identified in the analysis of the ESTES data, we provide some
of the strongest constraints for potential neutrino sources in the
southern sky, including a 90% statistics-only upper limit of
85% of the KRA, 5PeV model prediction for the diffuse
Galactic plane neutrino emission.

The ESTES sample also has other future uses for both
multimessenger astronomy and particle physics. IceCube
sends neutrino alerts to the astrophysical community for
follow-up for events with a high likelihood of being
astrophysical in origin (R. Abbasi et al. 2023b). Due to the
atmospheric-neutrino background, most of these events must
have energies of around 100 TeV or greater to be sent as an
alert. However, with ESTES, this energy threshold can be
lowered due to the atmospheric-neutrino veto in the southern
sky and the improved energy resolution of starting tracks over
incoming events. By sending out starting-track alert events
using ESTES, IceCube can provide neutrino alert events with a
50% or greater likelihood of astrophysical origin with energies
in tens of TeV. These events are of particular interest for real-
time follow-up as transient sources located within our own
Galaxy or nearby galaxies, such as tidal disruption events, may
not have the power to produce 100 TeV neutrinos due to size
limitations. Nearby transients provide a good opportunity for
gamma-ray follow-up as the gamma rays are less likely to be
attenuated. The ESTES-based real-time alerts would add an
estimated 5.4 “gold” events per year to the current IceCube
alerts (J. Osborn et al. 2023).

Finally, for particle physics, the ESTES starting-track events
provide a sample of over 10,000 muon—neutrino CC interac-
tions from 1 to 500TeV contained inside the detector
geometry. These events can be used to measure the
inelasticity—the ratio of energy transferred to the hadronic
shower to the initial neutrino energy—which gives insight into
the atmospheric neutrino-to-antineutrino ratio. Most future
proposed cubic kilometer neutrino experiments will be located
in the northern hemisphere and should therefore have a good
resolution of the southern sky and Galactic center. However,
for IceCube-Gen2, developing a starting-track event selection
has been considered a goal in order to generate a sample of
muon—neutrino events with atmospheric-neutrino suppression
for studying the properties of the astrophysical neutrino flux
below 100 TeV.

13

Abbasi et al.

Acknowledgments

The IceCube collaboration recognizes the significant con-
tributions to this work by Sarah Mancina and Manuel Silva.
The authors gratefully acknowledge the support from the
following agencies and institutions: USA—U.S. National
Science Foundation, Office of Polar Programs, U.S. National
Science Foundation, Physics Division, U.S. National Science
Foundation, EPSCoR, U.S. National Science Foundation,
Office of Advanced Cyberinfrastructure, Wisconsin Alumni
Research Foundation, Center for High Throughput Computing
(CHTC) at the University of Wisconsin, Madison, Open
Science Grid (OSG), Partnership to Advance Throughput
Computing (PATh), Advanced Cyberinfrastructure Coordina-
tion Ecosystem: Services & Support (ACCESS), Frontera
computing project at the Texas Advanced Computing Center,
U.S. Department of Energy, National Energy Research
Scientific Computing Center, Particle astrophysics research
computing center at the University of Maryland, Institute for
Cyber-Enabled Research at Michigan State University, Astro-
particle physics computational facility at Marquette Univer-
sity, NVIDIA Corporation, and Google Cloud Platform;
Belgium—Funds for Scientific Research (FRS-FNRS and
FWO), FWO Odysseus and Big Science programmes, and
Belgian Federal Science Policy Office (Belspo); Germany—
Bundesministerium fiir Bildung und Forschung (BMBF),
Deutsche Forschungsgemeinschaft (DFG), Helmholtz Alliance
for Astroparticle Physics (HAP), Initiative and Networking
Fund of the Helmholtz Association, Deutsches Elektronen
Synchrotron (DESY), and High Performance Computing
cluster of the RWTH Aachen; Sweden—Swedish Research
Council, Swedish Polar Research Secretariat, Swedish
National Infrastructure for Computing (SNIC), and Knut and
Alice Wallenberg Foundation; FEuropean Union—EGI
Advanced Computing for research; Australia—Australian
Research Council; Canada—Natural Sciences and Engineering
Research Council of Canada, Calcul Québec, Compute
Ontario, Canada Foundation for Innovation, WestGrid, and
Digital Research Alliance of Canada; Denmark—Villum
Fonden, Carlsberg Foundation, and European Commission;
New Zealand—Marsden Fund; Japan—Japan Society for
Promotion of Science (JSPS) and Institute for Global
Prominent Research (IGPR) of Chiba University; Korea—
National Research Foundation of Korea (NRF); Switzerland—
Swiss National Science Foundation (SNSF). This research
made use of gamma-cat (https://github.com/gammapy/
gamma-cat), an open data collection and source catalog for
gamma-ray astronomy.

Facility: IceCube.

Software: Astropy (T. P. Robitaille et al. 2013; Astropy
Collaboration et al. 2018, 2022), Healpy (K. M. Gérski et al.
2005; A. Zonca et al. 2019), LightGBM (G. Ke et al. 2017).

Appendix
Full Source-list Results and Upper Limits

Here, we present the individual results for each source and
catalog tested by the gamma-ray-informed source-list ana-
lyses. Tables 2 and 3 list the sources tested in each stacking
catalog along with the analysis results for the full catalog and
the sources that were tested individually. Table 4 lists all the
single sources tested ordered by the log of the pretrial p-value
returned by the analysis.
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Table 2
Results from Searches for Galactic Plane Pointlike Sources of Neutrinos

Source Name 6 o III:Y 5 E.w TS —log;o(Ppre) 90% Sens 90% UL

(deg) (deg) (%) (%)
SNR Catalog 3.77 1.40 220 600
Vela Junior —46.33 133.00 14 x 1071 —1.81 3.34 0.00 0.46 1000 1000
RX J1713.7-3946 —39.77 258.36 9.4 x 10712 —2.06 6.45 0.00 0.61 960 1000
HESS J1614-518 —51.82 243.56 3.1 %1072 —2.42
HESS J1457-593 —59.07 223.70 23 x 10712 -2.52
SNR G323.7-01.0 —57.20 233.63 1.1 x 10712 —2.51
HESS J1731-347 —34.71 262.98 1.1 x 10712 —2.32
Gamma Cygni +40.52 305.27 1.3 x 10712 —-3.02
RCW 86 —62.65 220.12 1.1x 10712 —1.60 1.75
HESS J1912+101 +10.19 288.33 1.3x 10712 —2.56
HESS J1745-303 —30.20 266.30 87x 1071 —2.71
Cassiopeia A +58.81 350.85 41 %1071 —2.61
CTB 37A —38.55 258.64 35%x 1071 —2.30
PWN Catalog 0.67 0.54 54 77
Vela X —45.19 128.29 1.0x 107" —1.32 7.00 0.00 0.53 170 170
Crab Nebula +22.01 83.63 12 x 107" —2.39 7.15 0.00 0.39 780 820
HESS 11708-443 —44.30 257.00 2.1 x 10712 —2.00 0.00 0.57 250 250
HESS J1825-137 —13.58 276.55 8.1 x 1072 —2.26 12.40
HESS J1632-478 —47.87 248.01 24 %1012 —2.12
MSH 15-52 —59.16 228.53 24 %1072 —227
HESS J1813-178 —17.85 273.36 13 x 10712 —2.09
HESS J1303-631 —63.20 195.75 3.1 x 10712 —1.50 3.85
HESS J1616-508 —50.91 244.06 26x 10712 —2.35
HESS J1420-607 —60.98 214.69 1.5 x 10712 —2.20
HESS J1837-069 —6.93 279.43 2.1 x 10712 —2.27
HESS 11026-582 —58.29 157.17 52x 10713 —1.94
UID Catalog 0.29 0.51 75 100
MGRO J1908+06 +6.32 286.91 1.5 % 107! -2.70 0.00 0.36 330 350
Westerlund 1 —45.80 251.50 3.9 x 10712 —2.19 0.00 0.49 260 260
HESS J1702-420 —42.02 255.68 23 x 10712 —2.09
2HWC J1814-173 —17.31 273.52 47 x 10712 —2.61
HESS J1841-055 —5.55 280.23 5.6 x 10712 —247
2HWC J1819-150 —15.06 274.83 43 x 10712 —2.88
HESS J1804-216 —21.73 271.12 2.7 x 10712 —2.69
HESS J1809-193 —19.30 272.63 29 x 10712 —2.38
HESS 11843-033 —3.30 280.75 1.6 x 10712 -2.15
TeV J2032+4130 +41.51 307.93 29 x 10712 —2.52
HESS 11708-410 —41.09 257.10 1.9 x 10712 —2.58
HESS J1857+026 +2.67 284.30 21x 10712 —2.57

Note. The results for the stacking catalog searches for each source classification are given in the top lines of each table: supernova remnants (SNR), pulsar wind
nebulae (PWN), and unidentified TeV Galactic plane objects (UID). Below, the stacking results are the individual sources included in the stacking catalogs with the
flux assumptions used to model each source given. The results for the seven individual Galactic plane sources are also given in line with the source information. The
flux reported on the left, ¢3/T+e;' , is the neutrino and antineutrino per-flavor flux at 1 TeV in units of TeV~' cm ™2 s~'. Some source models include an exponential
energy cutoff, which is given in units of TeV. The maximized test statistic, TS, and pretrial p-values are reported. The sensitivity and statistics-only upper limits are
given as a percentage of the injected model flux given by the model parameters. All sources were treated as pointlike, and therefore, the limits for Vela Jr. and
Westerlund 1 (which are both extended 1°) become less constraining (1000% to 1200% for Vela Jr., and 260% to 360% for Westerlund 1) when injecting an
extended emission model as discussed in Section 4.
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Table 3
Results from the TeV Binary Stacking Analysis

Source Name 8 @ TS —10g;(Ppre) Ty 90% UL 1=y 90% UL

(deg) (deg)
BIN Catalog 0.00 0.31 3.0 x 10712 92 x 107"
LS T +61 303 +61.23 40.13
LS 5039 —14.84 276.56
PSR B1259-63 —63.84 195.70
LMC P3 —67.59 84.00
HESS J06324-057 +5.80 98.25
Eta Carinae —59.68 161.27
PSR J2032+4127 +41.46 308.05
HESS J1018-589 A —58.93 154.75
HESS J1832-093 —-9.37 278.19

Note. This catalog does not include models due to the variability of the gamma-ray flux from binary systems. The sources included in the catalog are listed with their
position under the catalog name. The maximized test statistic, TS, and pretrial p-values are reported. The upper limit fluxes from the analysis are given assuming
equal emission from each source and a spectral index of v = —2.0 and v = —3.0. The statistics-only upper limit results are given as the neutrino and antineutrino per-
flavor flux in units of TeV~' em 2 s~

Table 4
Results for Each Source from the Gamma-Ray-influenced Single Source List Given in Order of Pretrial p-value
Name Type s ~log;(Ppre) TS A, A =270 90% UL 2 90% UL
(deg)
1ES 06474250 BLL +25.05 3.39 10.6 11.3 —4.0 1.7 x 1071 3.9 x 10710
1H 17204117 BLL +11.87 232 6.1 1.6 -1.6 13%x 1071 33 x 10710
PKS 0727-11 FSRQ —11.69 231 5.8 6.5 -3.6 13 x 107" 42 x 10710
1ES 19594650 BLL +65.15 1.89 48 5.0 —4.0 1.7x 1071 2.6 x 10710
OT 081 BLL +9.65 1.78 4.0 6.5 -37 1.1x 107" 29x 10710
SMC GAL —72.75 1.52 2.8 1.6 -2.1 7.2 % 10712 32x 10710
B3 01334388 BLL +39.10 1.47 2.9 43 -32 1.1 x 1071 22x 10710
B3 13434451 FSRQ +44.88 1.45 3.6 1.8 -22 1.2 x 107! 2.1x 10710
PKS 0332-403 BLL —40.15 1.35 2.0 15 3.1 7.3 x 10712 22x 10710
NGC 1068 SBG —0.01 1.28 33 8.1 —4.0 9.6 x 1072 2.5 % 10710
PKS 2247-131 BCU —12.85 1.21 1.9 3.3 -32 9.6 x 1072 28 x 10710
0J 287 BLL +20.12 1.12 1.6 3.7 -39 9.5 x 10712 2.0 x 10710
PKS 0700-661 BLL —66.18 0.99 1.4 1.1 -25 6.1 x 10712 23x 10710
B3 0609+413 BLL +41.37 0.97 1.3 2.1 -2.7 9.3 x 10712 1.7 x 1071°
TXS 05064056 BLL +5.70 0.92 1.3 5.2 —4.0 8.0 x 10712 20x 10710
M 82 SBG +69.67 0.91 1.2 3.0 -39 12 x 107! 1.8 x 10710
Cen B RDG —60.45 0.83 1.1 1.9 -35 5.7 x 10712 1.9 x 10710
PKS 0521-36 AGN —36.47 0.80 0.4 0.7 —4.0 6.1 x 10712 1.7 x 10710
PMN J1918-4111 BLL —41.19 0.80 0.3 0.7 -25 6.1 x 10712 1.7 x 10710
PMN J0531-4827 BLL —48.46 0.76 1.2 1.3 —4.0 5.8 x 1072 1.7 x 10710
NGC 3424 SBG +32.89 0.76 0.9 2.4 8.1x 1072 1.6 x 1071°
PKS 0208-512 FSRQ —51.02 0.75 2.0 2.1 6.2 x 10712 1.8 x 10710
PKS 0235+164 BLL +16.62 0.75 0.7 3.0 7.8 x 10712 1.7 x 10710
PKS 0447-439 BLL —43.84 0.70 0.1 0.4 5.6 x 10712 1.5x1071°
PKS 0502049 FSRQ +5.00 0.69 0.7 33 7.0 x 10712 1.7 x 10710
PKS 0735417 BLL +17.71 0.68 0.5 1.2 7.6 x 10712 1.6 x 1071°
0J 014 BLL +1.78 0.66 1.0 4.7 6.8 x 1072 1.6 x 1071°
PKS 2142-75 FSRQ —75.60 0.66 0.0 0.0 5.0x 10712 20x 10710
PKS 15024106 FSRQ +10.50 0.66 0.4 2.0 7.2 % 10712 1.6 x 1071°
PKS 1424-41 FSRQ —42.11 0.61 0.0 0.0 53 x 10712 1.4 x 10710
RX J1713.7-3946 SNR —39.77 0.61 0.0 0.0 53 x 1072 1.4 x 10710
PKS 1440-389 BLL —39.15 0.61 0.0 0.0 55x%x 10712 1.4 x1071°
PKS 0426-380 BLL —37.94 0.61 0.0 0.0 5.4 x 10712 1.4 x 10710
Cen A RDG —43.02 0.61 0.0 0.0 52x 10712 1.4 x1071°
MH 2136-428 BLL —42.59 0.61 0.0 0.0 53 x 1072 1.4 x 10710
4C +55.17 FSRQ +55.38 0.60 0.9 0.7 83 x 10712 13 x 10710
LMC GAL —68.75 0.59 0.0 0.0 4.8 x 1072 1.7 x 10710
1H 10134498 BLL +49.43 0.58 0.8 0.7 7.9 x 10712 13x 10710
4C +01.28 BLL +1.56 0.58 0.7 2.7 6.6 x 1072 1.5x 10710
PKS 0537-441 BLL —44.09 0.58 0.0 0.0 52x 10712 1.4 x 10710
PKS 0301-243 BLL —24.12 0.58 0.2 0.6 6.0 x 1072 1.6 x 1071°
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Table 4
(Continued)
Name Type 8 —1og;o(Dpre) TS A, A Trv? 90% UL v 0 90% UL
(deg)
3C 279 FSRQ —5.79 0.58 0.3 1.4 6.4 x 10712 1.6 x 1071°
HESS 11708-443 PWN —44.30 0.57 0.0 0.0 52 x 10712 1.4 x 1071°
PMN J1610-6649 BLL —66.81 0.57 0.0 0.0 47 x 10712 1.6 x 1071°
1H 1914-194 BLL —19.36 0.54 0.1 0.7 62x 10712 1.6 x 10710
4C +01.02 FSRQ +1.58 0.54 0.6 3.1 6.2 x 1072 1.5x 10710
Vela X PWN —45.19 0.53 0.0 0.0 5.0x 1072 13x1071°
Mkn 421 BLL +38.21 0.52 0.1 1.0 6.8 x 10712 12 x 10710
Arp 299 SBG +58.52 0.51 0.4 1.8 7.7 x 10712 12 x 1071
Westerlund 1 UID —45.80 0.49 0.0 0.0 4.8 x 1072 13 x 10710
Ton 599 FSRQ +29.24 0.49 0.1 0.7 6.6 x 1072 1.2 x 10710
NGC 1275 RDG +41.51 0.48 0.1 0.9 6.6 x 1072 12 x 10710
PKS 1936-623 BLL —62.18 0.48 0.0 0.0 44 x 10712 1.4 x 10710
BL Lac object BLL +42.28 0.48 0.1 0.8 6.7 x 10712 1.1x 10710
PKS 2155-304 BLL —30.23 0.47 0.0 0.0 52x 10712 1.4 x 10710
PKS 1101-536 BLL —53.96 0.47 0.6 1.3 49 x 1072 1.4 x 10710
Vela Junior SNR —46.33 0.46 0.0 0.0 48 x 1072 12x 10710
B2 02184357 FSRQ +35.94 0.45 0.1 0.2 6.4 % 10712 1.1 x 10710
Galactic Centre BCU —29.00 0.45 0.0 0.0 53 x 10712 1.4 x 10710
PKS 1124-186 FSRQ —18.96 0.44 0.0 0.0 5.7 x 10712 1.4 x 10710
PKS 1830-211 FSRQ —21.06 0.44 0.0 0.0 5.4 x 10712 1.4 x 10710
PKS 0823-223 BLL —22.51 0.44 0.0 0.0 52 %1072 13 x 10710
PKS 0454-234 FSRQ —23.41 0.43 0.0 0.0 52x 10712 1.4 x 10710
TXS 0628-240 BLL —24.11 0.43 0.0 0.0 52 %1072 13 x 10710
PKS 0118-272 BLL —27.02 0.43 0.0 0.0 5.1 % 10712 13x 10710
NGC 253 SBG —25.29 0.43 0.0 0.0 52 %1072 1.4 x 10710
S5 0716+71 BLL +71.34 0.43 0.0 0.4 8.8 x 10712 12x 10710
PKS 1244-255 FSRQ —25.80 0.43 0.0 0.0 52 % 10712 13 %1071
PMN J2345-1555 FSRQ —15.92 0.43 0.0 0.0 59 x 10712 1.4 x 10710
AP Librae BLL —24.37 0.43 0.0 0.0 5.1 x 10712 13x 10710
PKS 0805-07 FSRQ —7.86 0.43 0.0 0.2 5.6 x 10712 1.4 x 10710
PKS 1510-089 FSRQ —9.11 0.42 0.0 0.0 5.6 x 10712 1.5x 10710
PKS 0048-09 BLL —9.49 0.42 0.0 0.0 5.7 x 10712 1.5x 10710
PKS 2233-148 BLL —14.56 0.42 0.0 0.0 5.7 % 10712 15 %1071
PKS 1730-13 FSRQ —13.09 0.42 0.0 0.0 5.8 x 10712 1.5x 10710
PKS 2023-07 FSRQ —-7.59 0.41 0.0 0.0 52 % 10712 1.3 x 10710
S2 0109+22 BLL +22.75 0.40 0.0 0.2 5.9 x 10712 1.1x 10710
NGC 5380 GAL +37.50 0.40 0.0 0.0 6.0 x 10712 1.0 x 10710
RGB 122434203 BLL +20.36 0.40 0.0 0.0 5.7 % 10712 1.1x 10710
4C +38.41 FSRQ +38.14 0.39 0.0 0.0 5.9 x 10712 9.9 x 107!
4C +21.35 FSRQ +21.38 0.39 0.0 0.0 5.6 x 10712 1.1x 10710
Crab Nebula PWN +22.01 0.39 0.0 0.0 5.6 x 10712 1.0 x 1071°
MG2 J201534+3710 FSRQ +37.18 0.39 0.0 0.0 5.9 x 10712 1.0 x 10710
NGC 2146 SBG +78.33 0.39 0.0 0.0 83 x 10712 1.1 x 1071°
TXS 05184211 BLL +21.21 0.39 0.0 0.0 5.5x%x 10712 1.1 x 10710
Mkn 501 BLL +39.76 0.39 0.0 0.0 5.9 x 10712 1.0 x 1071°
MG1 J021114+1051 BLL +10.86 0.39 0.0 0.0 53 x 10712 1.1x 10710
PG 15534113 BLL +11.19 0.38 0.0 0.0 53x 10712 1.1 x 1071°
PKS 14244240 BLL +23.80 0.38 0.0 0.0 5.6 x 10712 1.0 x 1071°
Arp 220 SBG +23.53 0.38 0.0 0.0 55x 107" 1.0 x 10710
ON 246 BLL +25.30 0.38 0.0 0.0 5.6 x 10712 1.0 x 10710
TXS 22414406 FSRQ +40.96 0.38 0.0 0.1 6.0 x 10712 1.0 x 10710
CTA 102 FSRQ +11.73 0.38 0.0 0.0 53 % 10712 1.1 x 10710
M 31 GAL +41.24 0.37 0.0 0.0 5.7 % 10712 9.6 x 107!
TXS 01414268 BLL +27.09 0.37 0.0 0.0 5.5x%x 10712 1.0 x 10710
IC 678 GAL +6.63 0.37 0.0 0.0 48 x 1072 1.1 x 1071°
B2 1215430 BLL +30.12 0.36 0.0 0.0 5.4 x 10712 1.0 x 10710
MGRO J1908+06 UID +6.32 0.36 0.0 0.0 48 x 10712 1.0x 10710
4C +28.07 FSRQ +28.80 0.36 0.0 0.0 5.4 x 1072 1.0 x 10710
S4 0814442 BLL +42.38 0.36 0.0 0.0 55x%x 10712 8.9 x 107!
3C 454.3 FSRQ +16.15 0.35 0.0 0.0 52 % 10712 1.0 x 10710
B2 1520+31 FSRQ +31.74 0.35 0.0 0.0 53 x 10712 9.6 x 107!
3C 66A BLL +43.04 0.35 0.0 0.0 5.4 x 10712 8.8 x 107!
PMN J1329-5608 BLL —56.12 0.34 0.0 0.0 40 x 10712 1.1x 10710
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Table 4
(Continued)
Name Type 5 —1og;o(Dpre) TS A, A Trv? 90% UL v 0 90% UL
(deg)

PMN J1603-4904 BLL —49.06 0.33 0.0 0.0 4.1 %1072 1.1 x 10710
NGC 4945 SBG —49.47 0.32 0.0 0.0 4.1 x 10712 1.1x 1071
PKS 0336-01 FSRQ —1.78 0.32 0.0 0.7 4.8 x 10712 1.1 x 10710
GB6 J1542+6129 BLL +61.50 0.32 0.0 0.0 6.1 x 10712 8.5 x 107!
PKS 2326-502 FSRQ —49.93 0.30 0.0 0.0 4.0 % 10712 1.0 x 1071°
PMN J1650-5044 BLL —50.75 0.29 0.0 0.0 39 x 10712 1.0x 1071

Note. The classifications of each source are given by the catalogs used (S. Abdollahi et al. 2020; S. P. Wakely & D. Horan 2008). The maximized test statistic,
TS, and best-fit values for the number of signal neutrinos, ns”, are given for all sources, and the best-fit values for the spectral index, ", are given for the top
20 sources in the list. When maximizing the likelihood, the spectral index allowed it to float between —1.0 and —4.0. The 90% statistics-only upper limits are
reported assuming two different spectral indicies, v = —2.0 and v = —3.0, and are given as the neutrino and antineutrino per-flavor flux upper limit (UL) at 1 TeV in

units of TeV~ ! em 2 s,
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