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The initial evidence of astrophysical neutrinos by the IceCube Neutrino Observatory stemmed
from the high-energy starting events (HESE) sample: a selection of the highest-energy neutrino
interactions that occurred within the detector fiducial volume. Each event was reconstructed based
on our best knowledge of the ice at the time, with the latest results published in a description of
the sample using 7.5 years of data. Since then, several major improvements in ice modeling have
occurred using in-situ calibration data. These include a microscopic description of ice anisotropy
arising from ice crystal birefringence and a more complete mapping of the ice layer undulations
across the detector. The improvements feed into more accurate descriptions of individual events,
and can especially affect the directional reconstruction of particle showers. Here, we apply the
latest ice model in an exact manner to reconstruct IceCube’s high-energy events using DirectFit.
This reconstruction samples posterior distributions across parameters of interest by performing
full event resimulation and photon propagation at each step. We obtain improved per-event
descriptions, as well as updates on previously published source searches using the aggregated
sample.
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12 years of high-energy starting events in IceCube

1. Introduction

Over a decade ago the IceCube Neutrino Observatory detected the first PeV neutrinos [1], a
crucial piece in the first evidence of high-energy extraterrestrial neutrinos [2]. The analysis was
performed with the high-energy starting events (HESE) selection, which utilized a simple outer-
layer veto coupled with a lower bound on the total detected charge of 6000 photoelectrons in order
to suppress atmospheric backgrounds and select high-energy neutrino interactions within a fiducial
volume. In the time since, IceCube has continued to collect data nearly without interruption. Itera-
tive updates to the HESE sample were performed as events accumulated [3, 4]. As understanding
of the ice and detector evolved, the HESE sample was reanalyzed with an increased sample size and
improved models and methods [5]. Included were per-event reconstructed quantities, which for the
spatial clustering analyses relied on a fully resimulated event reconstruction [6] (DirectFit!) using
an ice model that was current at the time.

Here, we provide an updated neutrino source search using the HESE sample with an extra 4.5
years of data since [5]. In addition to the increased livetime, major updates to modeling of ice
anisotropy [7] and ice layer undulations [8] are taken into account. Per-event directional probability
density functions (PDF) are again parameterized with the 8-parameter Fisher-Bingham (FBS8)
distribution to capture generalized, asymmetric PDFs on the sphere [9, 10]. The parameterized
description of all events and pre-computed full-sky FITS files of their PDFs are available at [11].

2. Data sample and event reconstruction

In total, 64 new events passed the HESE selection. Events 128 and 132 contain coincident
atmospheric backgrounds and are removed from the analysis. The remainder is combined with the
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Figure 1: Comparison of the reconstructed directions and 50% (solid) and 90% (dashed) highest posterior
density regions for events 20 (left panel) and 35 (right panel).

A primary goal of this proceeding is to provide per-event reconstructed quantities, including
the direction and its uncertainties as well as the visible energy, using the most up-to-date ice
model. This is currently only possible with DirectFit, which resimulates events as it searches
through the physics parameter space and fully propagates photons on graphics processing units
(GPU) through an ice model in all its descriptive detail. Its accuracy comes at a significant cost
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of computational complexity; for the energy ranges of HESE events and the settings used here
a complete reconstruction can take on the order of hours to a day on a NVIDIA A100 GPU.
Reconstructing large scale Monte Carlo (MC) datasets with DirectFit is currently not feasible.
Therefore, as remarked in [5], the results presented here are not meant to be employed in a fully
consistent, forward-folding likelihood fit for MC-based spectral analyses. Alternative IceCube
reconstructions that apply approximations are generally faster and more applicable to spectral
fits [12—-14].

DirectFit was run for all 164 events, first with a localized random search routine to refine
the physics parameter space over the event position and its arrival direction. This is followed by
a second Approximate Bayesian Computation (ABC) routine to sample the posterior density [6].
Finally, the distribution of samples is marginalized over position and energy, and a FB8 PDF is
fitted to the sample of arrival directions. In comparison to [5], the reconstruction is updated to have
increased simulation photon statistics used in DirectFit as well as the ice model updates discussed
earlier.

For the events already present in the previous 7.5-year dataset the reconstructions provided
here may be compared to those in [5] (Appendix J). Figure 1 shows the 50% and 90% highest
posterior density (HPD) regions for two PeV events that were previously published (blue) [5] to
those obtained in this work (orange). Differences arise from the updates to the ice optical modeling
and the smaller contours result in part due to the increased simulation photon statistics.
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Figure 2: Distribution of the reduced negative log-likelihood difference between a track and shower re-
construction for a sample of simulated muon neutrino events. Neutral current (NC) interactions (black)
produce hadronic showers and an outgoing neutrino, while charged current (CC) interactions (blue) produce
an outgoing charged muon. Separability improves as the contained length increases to greater than 250 m
(dashed orange) and 350 m (dotted green).

As DirectFit provides distinct algorithms for reconstruction of particle showers and high-
energy muon tracks, events are first classified for the appropriate algorithm. To predetermine which
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reconstruction to apply, a new classification scheme was implemented using a faster, but more
approximate, reconstruction that includes recent ice model improvements [15—17]. For each event,
the fast track and shower reconstruction was run to obtain the reduced negative log-likelihood
(rlogl) under each hypothesis. Their difference gives the classification metric, as shown in Fig. 2
for a simulated sample of muon neutrinos. Interactions via deep inelastic scattering result in a
hadronic shower and either a neutrino or a muon in the case of a neutral current (NC) or charged
current (CC) interaction, respectively. More negative values correspond to more evident track
signatures, and separability against showers improves for tracks with longer contained lengths
inside the instrumented volume (dashed orange and dotted green). For HESE data events with
—0.8 < rlogl(Track) —rlogl(Shower) < —0.2, a full DirectFit is then run with both track and shower
reconstructions and the one yielding the best data agreement is chosen. This two step approach is
taken as it is too computationally expensive to reconstruct every event with DirectFit under both
shower and track hypotheses. For many events, such as in the case of an obvious track, running
both routines is also unnecessary.

Event 135 is the highest-energy event in the sample. Reconstructed as a track, its most-
probable visible energy is 4.8 PeV. Assuming that the track is a high-energy muon, we find
dE/dx = 1.125TeVm~! in the last 400 m before exiting the detector. Sampling from a uniform
initial muon energy distribution between 1 PeV to 100 PeV, and conditioning on an energy loss of
450 TeV after 400 m, the initial muon energy is found to be (9 + 5) PeV [18]. This corresponds
to a total energy of about (13 + 5) PeV. If the event occurred from the CC interaction of a muon
neutrino, the incoming neutrino energy would be further dependent on flux assumptions and the
inelasticity. Further detailed studies are ongoing.

3. Spatial clustering analysis

We performed three tests of spatial clustering, following a similar procedure as previously
reported [3—5]. An unbinned, maximum likelihood function is used [19]

Lng i) = ﬁ |5 sGdo+ (1-5)  BO)|. M

where N is the total number of observed events, ng is the expected number of signal events, 1,173
is the source position in the sky, X; represents the properties of event i, B(§) is the declination-
dependent background spatial distribution derived from data scrambles along a declination band
S, and S(X;,¥s) = Pi(zZs) is the spatial distribution expected from the signal population which is
taken to be equal to the posterior density of the event direction at the source position. For spatially
extended sources, the likelihood is convolved with the spatial template over the entire sky. The TS
is defined to be,

TS = —21In[L(ng = 0)/ L(A)], ()

where 7ig is best-fit value that maximizes the likelihood. The TS distribution under the null
hypothesis is obtained by scrambling data in right ascension to generate pseudoexperiments expected
under an isotropic flux.
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Figure 3: The TS distribution obtained for the Fermi-z¥ galactic plane template for an ensemble of pseu-
doexperiments at different values of f obtained following the procedure detailed in the text. As f increases
TS values tend to increase as more events cluster around the galactic template. The p-values shown in the
legend are obtained by comparing the 50% and 90% levels (cumulative from the right) against a background
TS PDF (f = 0) and correspond to the probability a higher TS value would be obtained under the null.

3.1 Data-driven sensitivities to the galactic plane

Without MC, a data-driven approach was taken to estimate sensitivity to the galactic plane. The
idea is to evaluate the impact of a galactic contribution as a fraction, f, of the total diffuse neutrino
flux. We assume the best-fit values obtained in [5] for a single-power-law model of the diffuse
astrophysical neutrino flux, and the Fermi-n¥ galactic plane spatial distribution [20, 21]. With these
assumptions, each of the 164 events in data can be probabilistically categorized as atmospheric,
astrophysical diffuse, or galactic thus allowing for generation of pseudoexperiments.

The procedure is as follows. The atmospheric probability is dependent on reconstructed energy
and zenith using the background distributions from [5]. If an event is not categorized as atmospheric,
the probability of it being of galactic origin is determined by f. For events that are categorized as
galactic, a random unit vector, @, is sampled from its directional PDF and a second unit vector, v,
is sampled from the Fermi-z° skymap within a +10° declination band of {i. The entire PDF is then
rotated such that @ aligns with v, thus simulating that event as being of galactic origin. The entire
procedure is repeated 2000 times for values of f ranging from 0.01 to 0.9, and for each ensemble
of pseudoexperiments that correspond to a particular value of f a test statistic (TS) distribution can
be obtained and compared to that assuming an isotropic flux (Fig. 3). Implicit are assumptions that
the reconstructed distributions from [5] approximate DirectFit reconstructed quantities, and that the
galactic flux follows the same spectral shape as the diffuse astrophysical flux.
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Figure 4: The TS as evaluated at points across a HEALPix map with nside=512 [22] is indicated by the
color scale. Events that were reconstructed with the shower (track) algorithm are indicated with + (Xx). They
are also indicated by their event IDs in the skymap, which are color coded according to their reconstructed
visible energy.

3.2 Results

The all sky TS map is shown in Fig. 4 in galactic coordinates. Due to the limited statistics of the
sample, we do not expect to observe significant emission from point sources after trials correction.
After accounting for trials, a p-value of p = 0.17 is obtained, consistent with existing results.

In addition to the all-sky analysis, two galactic plane clustering tests were performed. The first
searched for galactic clustering within a band across the galactic plane, |b|max, Where b denotes the
galactic latitude. The result is shown in Fig. 5 (blue points) for the different widths that were tested,
with the most significant p-value at |b|max = 7.5° at p = 0.02(0.067) pre-trial (post-trial) with
fis = 13.4. The grey lines show the pre-trial p-values obtained for 10 pseudoexperiments under the
background-only hypothesis.

The second galactic plane clustering test assumed neutrino flux expectations from the Fermi-
7% model. We find a significance of p = 0.065 with /i, = 13.8. Based on the sensitivity studies
discussed in Sec. 3.1, this is consistent with the measurement reported in [23] where the galactic
contribution to the total diffuse flux is on the order of 10 percent. Based on the measured significance,
an upper limit on the galactic contribution is obtained at the 90% confidence level to be foo < 27%
of the total diffuse neutrino flux [5].
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Figure 5: Pre-trial p-values obtained for data (blue points) at the |b|max values indicated describing the
width of a box template across the galactic plane. The same is shown for 10 pseudoexperiments under the
background-only hypothesis (gray lines).

4. Conclusion

An update to the IceCube HESE dataset is provided corresponding to 12 years of data-taking.
An additional 62 events were selected, on top of the existing 102 events previously reported [5].
Recent updates to ice modeling [7, 8] are taken into account by reconstructing all events with
DirectFit, which fully simulates Cherenkov photon propagation through the ice [6]. For each event,
the appropriate reconstruction routine (track or shower) is predetermined based on the likelihood
difference under the two hypotheses. With changes in the ice model and some reclassification,
shifts in direction can be expected for some events when compared to [5] (Appendix J). The full,
updated dataset can be accessed at [11].

The highest energy event was reconstructed as a track to have a visible energy of 4.8 PeV.
Assuming the track is due to a high-energy muon, and taking into account energy losses along the
track while assuming a uniform sampling of initial muon energies [18], a preliminary estimate for
the total energy of this event is (13 + 5) PeV.

Spatial clustering tests performed include an all sky scan and two tests for emission from
the galactic plane. The most significant result after trials correction is obtained for the Fermi-n"
template at a p-value of 6.5%. Using a data-driven approach, this corresponds to a 90% upper limit
of foo < 27% galactic contribution to the total astrophysical neutrino flux given in [5].
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