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The origin of the astrophysical neutrino flux observed by IceCube is largely unknown. To help
decipher its astrophysical origin, we propose an IceCube analysis that conducts follow-up searches
for GeV neutrinos associated with neutrino events above 60 TeV, which are known to have a
high probability to be of astrophysical origin. It could not only identify a new component of the
astrophysical neutrino flux, but also characterize how its spectrum extrapolates from GeV to PeV
energies. This would in turn give valuable insights into the internal processes of neutrino sources.
Astrophysical transients, such as collapsars, have been proposed as sources of time-correlated
GeV- and high-energy neutrinos. Conducting this search in such short time scales allows for a
substantial reduction in the dominant background rate for GeV neutrino candidate events. We
introduce the statistical method and sensitivity of this search as well as dedicated data quality
checks. None of the searches yield statistically significant results, and we present the first limits
on GeV neutrino emission associated to VHE neutrino events at short time scales.
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GeV neutrino counterparts to high-energy neutrinos

1. Motivation

The IceCube neutrino observatory at the South Pole has observed a diffuse flux of astrophysical
neutrinos at very high energies (above 60 TeV) [1], but so far all source classes that have been linked
to neutrino observations are insufficient to explain the observed diffuse flux. Given the hypothesis
that a single very-high-energy (VHE) neutrino could trace a transient neutrino production site, they
are disseminated as public alerts to the multi-messenger community, to facilitate follow-up searches.
These include looking for additional TeV-PeV neutrinos in IceCube’s own data to identify potential
neutrino transients [2, 3].

We discuss in the following IceCube’s potential to extend this principle down to GeV energies.
Discovering counterparts in the GeV range would imply the presence of a new component of the
astrophysical neutrino flux at GeV energies, and hence provide insights into the underlying physical
processes.

An absence of a detection conversely constrains the role of astrophysical models that pre-
dict GeV neutrinos in events that could also produce high-energy neutrinos. One example are
choked-jet GRBs [4, 5], where the GRB jet is stopped in extended material with a radius r of
1013 cm to 10 cm ~ 0.7 AU to 6.7 AU, whereby the electromagnetic emission evades detection
and association with the neutrino event. These GRBs are also candidate cosmic ray accelerators.
As the accelerated cosmic rays interact with matter or a target photon field, TeV neutrino emission
is predicted from decay of the resulting pions. The emission time scale Az can be estimated based
on the size r and Lorentz factor I, related by the condition r = 2I2A¢ [6], with a lower bound
from the lifetime of the central engine. GeV neutrinos meanwhile are typically predicted from
proton-neutron (p-n) collisions. These can for example be due to the collision of the neutron wind
emitted by a collapsar, a rotating proto-neutron star (PNS), and occur typically on a time scale on
the order of 10 seconds [7]. However, p-n collisions jet can also be related to decoupling within the
jet [8].

Another case for combined low- and high-energy emission are short GRBs as a result of binary
neutron star mergers. These events are also visible via gravitational waves prior to the emission of
photons and neutrinos. In the case of of GRB 170818 A/GW 170817, IceCube has conducted GeV
neutrino searches within 3 seconds of the merger [9]. If a population of such GRBs exists where
gamma rays are absorbed by the environment, GeV neutrino searches triggered by VHE neutrinos
can still help reveal them. Unobscured GRBs meanwhile can not be considered candidates for this
search as none have been associated to VHE neutrinos.

2. Event selections at high and low energies

The IceCube Observatory consists of a cubic kilometre of glacial ice instrumented with 5160
digital optical modules (DOMs) and a surface air shower array. It detects the Cherenkov light
induced by relativistic charged particles, such as those produced by neutrino interactions, with
nanosecond precision [10]. Most of the array has uniform horizontal and vertical spacing, while
a more densely spaced array, called IceCube-DeepCore [10], is located in the deepest and clearest
region of the ice and provides sensitivity to GeV neutrinos.
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In the following we describe the two neutrino event selections used in the analysis presented
in these proceedings.

The High-Energy Starting Event (HESE) sample contains events produced by some of the
most energetic neutrino interactions detected by IceCube. It achieves this with simple cuts on the
total light yield while rejecting atmospheric muons that produce light in the outer regions of the
detector. Furthermore requiring a reconstructed deposited energy above 60 TeV results in ~ 84%
of its events originating from astrophysical sources [1]. In the following, we will use 97 events
observed in the HESE sample with 12 years of IceCube data as a sample of VHE events to search
for coincident low energy neutrinos. As in previous spatial clustering analyses, two HESE events
identified as contaminated by atmospheric background were removed from the sample [11].

IceCube’s Extremely LOW ENergy (ELOWEN) selection contains the lowest energy events
able to trigger the detector, with individual photons detected in a small number of DOMs. It
makes use of spatial and temporal causality conditions between a small number of modules in
IceCube-DeepCore to identify the light deposited by the charged particles propagating from a
GeV neutrino interaction. This enables distinguish such a signal from detector noise which is
uncorrelated between DOMs. The dominant background for IceCube events are higher-energy
atmospheric muons. These are rejected via the charge deposited in the surrounding array. The
selection also limits the number of DOMs detecting a possible photon within IceCube-DeepCore.
ELOWEN is dominated by events purely due to detector noise. Its rate of 20 mHz [12] allows for
analyses focused on short transients [9, 13]. Assuming an E;? spectrum, it accepts neutrinos with
energies from 2.6 GeV to 64 GeV (central 90%). Presently, ELOWEN events are not reconstructed
in terms of neutrino arrival direction. The following analysis therefore only makes use of the
temporal correlation, assuming transient sources.

The quality of IceCube data is validated with extensive monitoring [10] applied to data-taking
periods typically lasting eight hours. If necessary, a data-taking period can either be marked as bad,
or only an interval of it declared as suitable for analysis. The analysis shown here includes only
good data-taking periods in its livetime. Furthermore, following the procedure in the follow-up of
gravitational wave events with ELOWEN [9], we require operation of the complete detector con-
figuration. For a small number of data-taking periods before 2016, the available data is incomplete.
In order to avoid dealing with such gaps, these are also excluded.

Each event’s proposed follow-up must fulfil certain criteria in order to proceed. Foremost,
the entire data-taking period containing the HESE event must pass the data-taking period selection
described in Section 2, which excludes three analyses from the period when IceCube consisted of
79 strings, and two from data-taking periods whose data is not complete. The analyses described in
Section 3 and Section 4 use an off-time window preceding the HESE event to obtain a background
rate estimate. We ensure that a minimum 4 hours of livetime are available for this after the data-
taking period selection, and consistent rates of 17 mHz to 22 mHz following the condition used in
Reference [9]. This precludes the follow-up of 14 HESE events due to elevated background rates.
We require smooth data-taking period transitions within the time windows where searches for GeV
neutrinos are performed, as discussed in Section 6.
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3. Counting analyses

We conduct a model-independent analysis to identify excesses of low-energy neutrino data
within a fixed time window around a HESE event. We use the same statistical analysis method and
framework as the ELOWEN 04 follow-up [9]. This method employs an off-time window of 8 hours
preceding the transient to provide a background rate estimate for the analysis period. This is then
used to calculate the significance of the observation (according to Section 3 of Reference [14]). It
also derives a Bayesian upper limit from combining the off-time measurement with an unbiased
prior on the rate [9]. When none of the analyses are individually significant, a signal present in
multiple follow-ups could still cause a significant excess when considered as a population. This is
examined with a binomial test, already employed in the ELOWEN gravitational wave follow-up [9].

The main time window of the analysis is is =500 s to 500 s. This broad window is designed to
cover diverse emission scenarios. For instance in the simple model outlined in Section 1, such TeV
emission time scales could be achieved when the jet has a low Lorentz factor I' < 10, not accounting
for the active time of the central engine. It also encompasses the time scale encouraged for a search
for GeV-TeV neutrinos from GRB 221009A [8]. In addition, we search for GeV neutrinos within a
window of —3 s to 3 s to improve the sensitivity towards transients on this even shorter scaledue to
reduced background, as shown in Figure 1.

4. Timing analysis

When an astrophysical transient at time ¢y produces GeV neutrinos, the times ¢ of resulting
ELOWEN events will be distributed according to a probability density function (PDF) Pgey (f — tg)
with a characteristic internal time scale Az. Since f( is unknown, we instead analyse the time
differences (¢ — rggsg). Their distribution is then characterised by the internal scale At, at which
possible ELOWEN multiplets would cluster; and the VHE emission time scale Afggsg, which
determines the position in the time window.

A timing analysis of ELOWEN events within the main 1000-second time window discussed in
Section 3 can provide improved sensitivity towards faster variability of the GeV emission compared
to a simple counting analysis, and should be robust against when it arrives in this window.

Our timing analysis method is based on one specific to short transients called PeaNuTS [15].
It examines the time differences ;4] — #; between subsequent events in a pre-defined time window.
Assuming that the events follow a constant background rate 7y, their time differences are expected
to follow an exponential distribution. The present work assigns each event i a test statistic according
to the immediately preceding i — 1 and subsequent i + 1 event:

TS; = —log [1 _ e—’bkg(ti—li—l)] — log [1 _ e—rbkg(tm—ti)] ) (1)

This event-wise test statistic increases both when neutrino events cluster at shorter time scales
and in larger multiplicity. The original PeANuTS performs a hypothesis test by defining a threshold
value of T'S3, for one event and then requiring that two events TS; > TS3, in order to suppress
the effect of a chance background event near one due to signal. In analogy to this approach, we
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Figure 1: Sensitivity at 90% C.L. of the differ-  Figure 2: Distribution of the timing analysis test
ent analyses performed. For the counting analysis, statistic under toy Monte Carlo for the background
100% signal containment in the respective time win-  hypothesis (grey) and injecting according to a phys-
dow is assumed. For the timing analysis, the GeV  ical model at three signal strengths.

emission follows either an exponential template with

a variable time scale (x-axis) or a physical model

from Carpio et al. [7]. In the left-hand y-axis, F

refers to time-integrated all-flavour neutrino + anti-

neutrino flux.

define the timing analysis test statistic as the second-largest element of the set {TS;}. The effect of
injecting a signal on the distribution is shown in Figure 2.

The performance of this method is presented in terms of the median sensitivity at 90% con-
fidence level (CL) towards both a generic and a physical hypothesis. We employ the Neyman
construction on ensembles of pseudo-experiments generated with a toy Monte Carlo representing
these signal hypotheses together with a steady background of 20 mHz.

For the generic hypothesis, we assume that both the GeV and VHE neutrino light curves begin
at the same unknown transient time, after which they decay according to a natural exponential
oc exp —% with respective decay constants of At and Arggsg. We study the sensitivity depending
on At in a range of 1s to 100s and show the results in the purple curves in Figure 1. At the lower
end, the method approaches its maximum sensitivity, while at the upper range, it falls behind the
counting analysis.

For an example of a physical model, we consider the GeV neutrino light curves predicted by
Reference [7], all of which decay approximately exponentially. Their decay time varies by only
20% around 10 seconds. We choose the model corresponding to a proto-neutron star with a surface
magnetic field of 10!> G and a rotation period of 1s as both representative of the range of decay
scales, and predicting the largest neutrino yield in the GeV band. As the estimated GeV decay time
lies within the range studied for the generic hypothesis, so does the sensitivity shown in Figure 1.
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In both hypotheses, we compare a large delay Arygsg = 100 s with prompt emission (Atggsg =
0.1s). This serves to assure ourselves the method is as robust as intended with respect to the delay
between the HESE event and ELOWEN cluster.

5. Post-unblinding check

It is possible that individual strings or DOMs exhibit an elevated noise rate which is too
short in duration to be detected by the data-taking period-wise monitoring, but coincides with the
signal window. This is relevant to the analysis in case these same additional noise hits trigger data
acquisition, causing events which survive at the final event selection. This is not equally likely for
all DOMs, owing to the explicit definition of the trigger condition and the event selection using
outer regions of the array to reject entering atmospheric muons, leaving inner fiducial regions to be
examined for potential neutrino interactions. We therefore perform a post-unblinding check which
counts how often each DOM i and string j is represented among the DOMs that are likely to have
caused the triggers to take data during the analysis window.

We build background histograms from ELOWEN data during the first of each month of each
year. The counts per DOM N; or string N; are normalised by the number of ELOWEN events
Noackground t0 pi = N;/Npackground and pj = N/ Npackeround- These are then compared to the counts
N; and N; among all Ny events in the unblinded time window. An excess is identified via the one-
sided Poissonian significance P(N; > p;Nops) or P(N; > piNops). The test statistic is —logq P
with P the most significant such excess. Pseudo experiments for the null hypothesis are generated
by performing the check on a set of Ny events, randomly selected from the background sample
matching the same data-taking season. These pseudo-experiments define the final significance
reported by the checks, and their distributions for Nyps = 20 are shown in Figure 3.

6. Results and conclusions

Four of the 1000-second time windows overlap with the stop of one data-taking period and
start of the next. While for two this is only a logical transition, the other two include an interruption
in the data taking of respectively 86 and 91 seconds. To avoid possibly different noise behaviour at
the beginning of a full start, the long time window is not analysed, which also helps achieve more
consistency in the timing analysis. However, the short time windows conclude before the end of the
respective data-taking period and therefore their counting analysis does proceed.

In total, the counting and timing analysis on the 1000-second time window was unblinded for
74 HESE events. These p-values are histogrammed in Figure 4, where they are compatible with
the statistical fluctuations from a Poissonian background for the same number of follow-ups. The
counting p-values for the 74 1000-second time windows range between 1.4% and 97.8% and are
therefore consistent with background. The limits on the E2F at 1 GeV, with F the time-integrated
flux of a spectrum proportional to E~2, range from 1886 GeV/cm? to 8307 GeV/cm?. The 6-
second counting analysis always finds O or 1 events, which is also consistent with background and
the corresponding limits are either around 622 GeV /cm? or 1275 GeV /cm?, depending slightly on
the given background level. These are the first limits on GeV neutrino emission associated with
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of refreezing [16].

astrophysical neutrinos. The binomial test finds a post-trial p-value of 33.2% from the 16 most
significant 1000-second counting analyses.

The timing analysis (see Section 4) was applied to the same events which were followed up
with the 1000-second counting, within the same window. The most significant of the p-values
trial-corrects to ppost = 1 — (1 — 0.0057)74 = 34.6%'. For the most significant test, the multiplets
are located at 302.57 s and 302.44 s after the HESE events.

The post-unblinding check described in Section 5 yields significance values > 1.8% overall.
It is less significant still for the follow-ups contributing to the binomial test and post-trial timing
p-value. We therefore find no indication of a noise excess driving these results in the first study
of GeV neutrino counterparts to a highly astrophysical sample of neutrinos observed by IceCube.
No such component has been identified, and the limits on neutrino emission at time scales below
1000 seconds are under 8307 GeV /cm? for an E =2+ spectrum. The role of the candidate transients
outlined in Section 1 for astrophysical neutrino production remains unknown.

Future studies can be undertaken to examine a larger sample of candidate astrophysical neutrino
events and their GeV follow-up in population analysis, taking into account the event parameters and
likelihood to arise from the astrophysical flux. This will also to translate the follow-ups into limits
on a population of GeV-VHE transients in a physically motivated way. Finally, future iterations
of this analysis will benefit from improved sensitivity at GeV energies thanks to improved event
reconstruction, event selection, and the installation of the IceCube Upgrade.

lthe Siddk correction
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