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Abstract

We report a search for high-energy astrophysical neutrino multiplets, detections of multiple neutrino clusters in the
same direction within 30 days, based on an analysis of 11.4 yr of IceCube data. A new search method optimized for
transient neutrino emission with a monthly timescale is employed, providing a higher sensitivity to neutrino fluxes.

This result is sensitive to neutrino transient emission, reaching per-flavor flux of approximately 10~'° erg cm~

2 1

s

from the Northern Sky in the energy range E = 50 TeV. The number of doublets and triplets identified in this
search is compatible with the atmospheric background hypothesis, which leads us to set limits on the nature of
neutrino transient sources with emission timescales of one month.

Unified Astronomy Thesaurus concepts: Neutrino astronomy (1100)

1. Introduction

The IceCube Neutrino Observatory discovered a diffuse flux
of high-energy astrophysical neutrinos in 2013 (M. G. Aartsen
et al. 2013). The observed flux per neutrino flavor is at the level
of ¢, ~ 1078 GeV-lem2s tsr! at E, = 100 TeV with a
spectral index between 2.4 and 2.9 depending on various
neutrino selections (M. G. Aartsen et al. 2020; IceCube
Collaboration et al. 2021; R. Abbasi et al. 2021; 2022).
Hereafter, a flux implicitly represents the sum of neutrinos and
antineutrinos unless otherwise stated.

The origin of the diffuse flux is uncertain, but there are
various hints from studies of the individual point-source
searches. In 2017, the association of a real-time neutrino alert
(IceCube-170922A) with a high-energy gamma-ray flare
observed by Fermi-LAT (IceCube Collaboration et al. 2018)
suggested that a blazar TXS 05064056 was likely a source of
high-energy neutrinos. However, blazars cannot explain all of
the diffuse flux observed by IceCube (M. G. Aartsen et al.
2017b). In 2022, the nearby active galaxy NGC 1068 was
identified as a neutrino source by an excess of neutrinos with
energies of 1.5-15TeV above backgrounds with significance
of 420 (IceCube Collaboration et al. 2022). In 2023, neutrino
emission from the galactic plane was reported at 4.5¢ significance
(IceCube Collaboration et al. 2023), but this only contributes to
6%—13% of the isotropic diffuse flux at 30 TeV.

Astrophysical transient phenomena with a timescale of
weeks to months have been proposed as neutrino sources. For
example, a subclass of core-collapse supernovae radiates
O(100) brighter than standard SNe, possibly due to interactions
between the ejecta and dense circumstellar materials
(T. J. Moriya et al. 2018; A. Gal-Yam 2019). In such
environments, along with the prompt emission of MeV energy
neutrinos, efficient generation of 1-100 TeV neutrinos can
occur over a timescale of up to 100 days (K. Murase et al.
2011; K. Murase 2018; A. Kheirandish & K. Murase 2023;
T. Pitik et al. 2023). Tidal disruption events (TDEs) are
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observed by their emission of optical radiation lasting several
months. High-energy neutrino emission from TDEs was
predicted to reach a total bolometric energy of O(10°%)erg
(K. Hayasaki & R. Yamazaki 2019; K. Murase et al. 2020;
W. Winter & C. Lunardini 2023). Furthermore, R. Stein et al.
(2021) reported a possible association between IceCube real-
time neutrino alerts and TDE flares.

A search for multiple neutrinos originating from the same
direction within a timescale of one month is a straightforward
method for capturing these phenomena. If these transient sources
contribute to the diffuse neutrino flux, the detection of neutrino
multiplets can identify sources and extract the characteristics of
the source population. For transient sources of burst rate density
p,, with all-flavor neutrino isotropic emission energy per source,
&, the diffuse flux scales approximately as E, @, x E,p, while
the detection rate of doublets is approximately proportional to
& 12,,01,. Thus, the search for doublets (and multiplets in general) is
more sensitive to a population of bright (i.e., higher £,), and rare
(i.e., lower p,) transient sources. Furthermore, a null detection of
astrophysical neutrino multiplets constrains these parameters and
can rule out candidate transient sources for the diffuse flux
(M. Kowalski & A. Mohr 2007; M. G. Aartsen et al. 2019;
S. Yoshida et al. 2022).

We report here a search for neutrino doublets and triplets
using IceCube data. The search scheme is optimized for a
relatively long transient timescale of 30 days. This is different
from our previous doublet search (M. G. Aartsen et al. 2019),
where the search was conducted for short transient with less
than 100 s, corresponding to a much faster emission process
such as gamma-ray bursts.

The remainder of this paper is organized as follows.
Section 2 explains IceCube observatory and the selection
method for neutrino events for this analysis. Section 3 presents
the analysis method of the multiplets, together with its
sensitivity. Section 4 presents the results of our analysis of
the data set. Section 5 discusses the outcomes of the main
results. We also report a correlation analysis between multiplets
and X-ray data recorded by the Monitor of All-sky X-ray
Images (MAXI). Finally, in Section 6, we summarize the
conclusions of the search for multiplets.

2. The IceCube Observatory

The IceCube observatory at the South Pole is a cubic-
kilometer detector for astrophysical neutrinos (R. Abbasi et al.
2009; M. G. Aartsen et al. 2017a). Cherenkov emission from
charged particles generated by the interaction of high-energy
neutrinos are observed using 5160 digital optical modules
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(DOMs). The DOMs host 10” photomultiplier tubes in a high-
pressure-resistant vessel (R. Abbasi et al. 2010) and were
deployed between 1450 and 2450 m below the surface of the
ice on 86 vertical strings. The detected photon signals are sent
to the surface IceCube laboratory, and recorded when the
trigger condition is satisfied. The patterns of photons detected
from neutrino events are predominantly classified as either
tracks or cascades. A track event can be initiated by the
charged-current interaction of v,, and the photons disperse
along the path of the outgoing muon, providing good angular
resolution, typically less than 1° for high energy (10 TeV)
neutrinos. A cascade event is initiated by charged-current
interactions of v, and v,, or neutral-current interactions of all
neutrino flavors. Its photon distribution exhibits more isotropic
quasi-pointlike patterns, resulting in a poorer resolution than
that of a track event.

The event set used in this study is referred to as the GFU
sample (IceCube Collaboration et al. 2016; T. Kintscher 2020),
which contains high-quality track events with excellent
pointing accuracy. The data set was collected from the
completion of IceCube in 2011 until the end of 2022,
corresponding to a total live time of 11.4 yr when accounting
for data quality selections. The total number of selected events
is N=1, 212, 746, and the event rate is 3.4 mHz. The sample is
also used to issue single high-energy track neutrino alerts
(R. Abbasi et al. 2023). Neutrino events are further selected
based on their reconstructed muon energies (R. Abbasi et al.
2013) and directions (J. Ahrens et al. 2004). This study utilized
only the track type events in the northern direction with
6 > —5°, forming the Northern Sky GFU sample. The main
background originates from atmospheric neutrinos and dom-
inates by 99.7%. At the South Pole, a one-to-one relationship
exists between the decl. § and the zenith angle, which allows us
to characterize the atmospheric background as a function of 6.

3. Multiplet Analysis

In the following, the emission energy of individual neutrino
sources is bolometrically defined in the energy range from
10 TeV to 1PeV, which is represented as £F. The expected
number of neutrinos passing the event selection from a source
at redshift z, n,(E* z), yields a probability of multiplet
detection as 6(5?;, z) =1 — e ™ — n,e . The total number
of multiplets (doublets, triplets, quadruplets, ..., and so on)
expected from the population of such sources across the
Universe is given by (K. Murase & E. Waxman 2016;
S. Yoshida et al. 2022):

N = p,Tons [[dVe(El 20, M

where Ty, is a total live time of observation and dV is a volume
element. The factor ¢(z) represents an evolution of the source
population with redshifts, and in the present analysis, ¥(z)
follows (1 4+ z)>* for z<1 and is constant beyond z=1.
This is comparable to the star formation rate (SFR). For
instance, a source population with £ = 102 erg and p, =
107 ¥ Mpc 2 yr ! yields Nyy ~ 3yr ! for the Northern Sky
GFU sample. This number is much lower than the number of
combinations of neutrinos due to atmospheric backgrounds (the
rate is ~ O(10%) yr~1). Tt is necessary to optimize the search
method for such a low detection rate of multiplets. Below, we
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describe our newly developed multiplet finding algorithms and
the resultant likelihood construction.

3.1. Selection of Event Clusters

Any excess of neutrino events above the atmospheric
background from a given patch of the sky can be identified
by evaluating likelihoods of both astrophysical and background
hypotheses for the observed events in a sliding search time
window. A previous time-dependent point-source search
(T. Kintscher 2020; hereafter referred to as time-dependent
GFU) is based on this method using the nested-likelihood
technique (J. Braun et al. 2008).

To reduce computation time, we employ a seeded clustering
method in this analysis. The ith event in the sample seeds a
search for clustered events in time up to Ty,.x = 30 days prior
to the seed event and direction within a 3° opening angle.
We then determine every combination of two (i.e., doublets)
and three (i.e., triplet) event pairs. This preselection method
was previously adopted for time-independent searches
M. G. Aartsen et al. 2015). We then select the most
statistically significant multiplet among all combinations based
on a test statistic introduced below. Iterations of this clustering
procedure are performed for all seeding events in the sample,
separately for doublets and triplets, that generate the potentially
interesting series of two pools of doublets and triplets. Note
that this algorithm in general permits more than three neutrino
events to be multiple pairs of doublets.

The pools of the multiplets are subject to the hypothesis
testing by using the following likelihood. For a given doublet
and a triplet in the multiplet pools, we define an extended
Poisson likelihood of the signal (background) hypothesis as:

) N=2(or3)
[sigbe) — Esia(be) H Ps]izg(bg) (El)Psrilg(bg) (n;), (2)

where E' is the proxy for the neutrino energy (R. Abbasi et al.
2013), n; is the reconstructed direction of an event i, and ng(bg)
and P, are the energy and directional probability density
functions for the signal (background) hypothesis. The first term
€sig(bg) TEPTESENLS & probability to observe multiplets (more than
two background events) in 1 deg® within the time window Ty
at a decl. in 6, and given by (S. Yoshida et al. 2022)

Gig = (1 — e MMy By, 3)

€y = (1 — e Bhng — Aubge*A“bg)e*ANM, 4)
where ANy = ANy (sin 6) denotes the expected number of
multiplets, and Aubg = Aubg(siné) denotes the expected
number of background events in the same region, solid angle
¢! degz), and time window.

The expected number of multiplets Ny, depends on the
representative neutrino emission energy, £, and local burst
rate density, p,. We used a standard-candle source model in
which all sources yielding multiplet events are identical across
the Universe, with universal values for E:’,‘ and p,. We use
E¥ = 2.1 x 10%ergand p, = 1.7 x 107" Mpc > yr ! as the
baseline configuration for the likelihood calculations. We
confirmed that the choice of baseline values does not
significantly change the resulting sensitivity.

The energy PDF Ps'fg depends on the neutrino spectral shape.
We assume that the emission spectrum follows a single power
law, E~ 7. The index + is assumed to be fixed at a baseline
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Figure 1. Signal efficiency as a function of injected number of signal neutrino
events for doublet (red), triplet (blue), and TS-score (green). The definition of
the efficiency is given in the main text.

value of v = 2.3 (a lower end of the measured spectrum of the
diffuse flux by IceCube R. Abbasi et al. 2022). The directional
PDF Py, relies on the knowledge of the event localization
uncertainty. We describe Pj, by a two-dimensional Gaussian
distribution with an error matrix estimated by the fit procedure
of the directional reconstruction (J. Ahrens et al. 2004). The
background directional PDF Pfg is assumed to be flat (constant)
over a 3° region.

Each identified doublet or triplet is then assigned to the

likelihood ratio test statistic

[,Sig(ﬁ)

A = 2log e

; (%)

where 7 is the direction that maximizes the likelihood. The
distribution of A under the background-only hypothesis yields
the p-value or the false alarm rate (FAR) for a given A value.
The background distribution of A for doublets and triplets are
obtained by right-ascension scrambling of the control data set
and exhibit excellent agreement with that of doublets and
triplets in the full data set as described in Section 4. To unite
doublets and triplets, we introduce a TS-score defined by the A
value corresponding to the smallest FAR out of the pool of
doublets and triplets for every seed event. Thus, the TS-score
distribution under the background-only hypothesis provides a
unified global p-value or FAR for every seed event.

3.2. Signal Efficiency

We derive the signal efficiency as the expected fraction of
neutrino transients surpassing a TS-score threshold corresp-
onding to FAR < 1yr ', which represents a metric of the
effective performance for a discovery for astrophysical multi-
plet candidates. To evaluate the signal efficiency, we simulate
transient neutrino emissions from hypothetical sources. The
number of signal neutrino events satisfying the North Sky GFU
selection, Njy, is introduced here as a proxy for the source
luminosity. The neutrino emission follows an E~ > spectrum
with a flat transient time profile up to T,,x = 30 days from
10 TeV to 1 PeV and zero elsewhere. For each signal trial, we
inject Nj,; events to the background model prepared by right-
ascension scrambling of data. The injected Nj,; neutrino events
seed the calculations of A, and if any two (three) injected signal
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Figure 2. Averaged energy flux (sum of v, and 7, per flavor) at 100 TeV in
Tax = 30 days observed at a significance corresponding to FAR < 1yr~ ' as
a function of sin ¢ for the presented algorithm (red) and time-dependent GFU
(gray) when « = 2.3. The solid and dashed curves represent probabilities of
signal detections of 50% and 5%, respectively.

events are properly selected as a doublet (triplet) with
corresponding FAR satisfying <1yr ', the trial is defined to
surpass the threshold, regardless of the consistency between the
fit and true injected directions.

Figure 1 shows the efficiency obtained from these pseudo-
experimental trials. We show the resulting efficiencies for
FAR<1yr ' by doublet-only, triplet-only, and the combined
treatments by the TS-score, respectively, for comparison.
Though the magnitude of efficiency for Nj,j<5 is small
(<10%), this provides nonnegligible opportunities to discover
neutrino multiplets in the populations of relatively dimmer
sources. For example, for emissions from sources with
EF = 1072 erg distributed across space, approximately 60%
of the detection cases range from Nj,; = 2 to 5.

3.3. Sensitivity to a Multiplet Source Flux

Figure 2 illustrates the sensitivity of the multiplet source flux
to satisfy FAR < 1 yr ' as a function of the decl. Two cases of
50% and 5% efficiencies are displayed. When 50% of
efficiency is required (solid), the presented algorithm shows
compatible performance with the time-dependent GFU method,
while a factor of ~2 improvement is expected for 5% efficiency
(dashed). Because less bright sources should be more abundant,
the smaller efficiency per source could result in a notable
number of detections particularly when we utilize information
of multimessenger coincidences such as archival follow-up
analyses or additional observations by alerts. The improvement
comes from the contribution of the small number of neutrino
detections (Nj,j < 5) explained in Section 3.2.

3.4. Main Energy Range

Figure 3 shows the average energies of multiplets for various
thresholds of FAR values. At the significance of 4.80 of
background trials (corresponding to FAR = 1/11.4yr), the
main neutrino range is E 2 100TeV for doublets and
E 2 50 TeV for triplets.

3.5. Source Localization Accuracy

Because of the inclusion of multiple events, the source
localization accuracy of multiplets is superior to the angular
uncertainty of individual events. Multiplets whose FARs are
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Figure 3. Averaged energies of the selected multiplets for various levels of
thresholds converted into the corresponding FAR. The energy of the multiplet
is the geometric mean of the neutrino energies involved in the multiplets. The
solid and dashed curves correspond to doublets and triplets, respectively. The
vertical solid lines indicate 30, 40, and 50 of the normalized background
distributions, and the dashed line indicates 4.80 corresponding to FAR =
1/11.4 yr.

less than 1yr~' result in an excellent source localization
accuracy of 0.3 at 90% containment.

4. Results

We search for multiplet signals in the IceCube Northern Sky
GFU sample taken from 2011 May to 2022 December after
finalizing the selection scheme and confirming its performance
following a blinded analysis strategy. No statistically sig-
nificant doublets or triplets of astrophysical origins are
observed. Figure 4 shows the A distributions of doublets and
triplets showing excellent agreement with the background
distributions. For illustrative purposes, we also display the
expected distributions by standard-candle neutrino sources with
E¥ = 102 erg and p, = 10~ *Mpc > yr . Figure 5 shows the
distribution of FAR values converted from the TS-score.

Table 1 summarizes the 12 most significant multiplets
observed in the data set indexed according to their significance
by k. We select these multiplets with predetermined thresholds
of FAR = 1 yr'. Because some doublets and triplets share the
same events, the 12 multiplets point to seven unique directions
in the Northern Sky. Note that each local p-value listed in the
table is obtained directly from the PDF of the TS-score. The
post-trial global p-value is obtained by 1 — (1 — p; )", that
is, the probability that at least one doublet or triplet has a local
p-value smaller than pjocy in the N multiplet pool. The most
significant multiplet (k= 1) has a post-trial global p-value of
0.32, corresponding to a FAR of 0.034 yr—'.

To probe any statistical deviation from the background-only
hypothesis in the data set as a whole, we perform a binomial
test (see the Appendix) for the 12 multiplets, and the p-value
evaluated by the pseudo-experiment is 0.38. Thus, for the entire
data set, the observation is consistent with the background-only
hypothesis.

Figure 6 illustrates the contours of the top two significant
multiplets k = 1 and k = 2, as shown in the upper and lower
panels, respectively. The k = 1 multiplet emerges as a
significant doublet, because one of the reconstructed energies
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Figure 4. Distribution of the test statistics: Agoupler (top) and Ayipie; (bottom). The
markers represent observed experimental data, while the solid lines indicate the
expected distributions from backgrounds. The magenta dashed lines are the
expected distributions of the signal when v = 2.3, £5 = 10°2erg, and
p, = 1073 Mpc 2 yr!. These parameters were arbitrarily chosen for illustration.
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Figure 5. Distribution of the TS-score converted into the corresponding FAR.
Blue circles, red triangles, and white empty markers represent doublets, triplets,
and combined distributions of experimental data by the TS-score, while the
black line represents the expectation from backgrounds. The right panel
provides an enlarged view of the large significance region. The vertical dashed
line in the right panel corresponds to the inverse of live time of 1/11.4 yr .

is very high at 6 PeV (previously reported in M. G. Aartsen
et al. 2016a, 2016b).

The null detection of statistically significant multiplets
constrains the parameters of £ and p,. We use the largest
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Table 1
Summary of the Top 12 Significant Multiplets Observed in the Data Set
Index  Type"  FitRA®  FitDecl”  log E  logoEs  logEs MID§ MIDS MJDS AT*  Local®  FAR®
k (deg) (deg) (GeV) (GeV) (GeV) (day) (day) (day) (day) p-valuGe orh
x 10
1 D 110.05 11.05 6.77 3.5 56819.20 56813.38 5.8 0.32 0.034
2 T 0.58 —0.35 3.62 431 5.47 59027.66 59015.46" 59011.22" 16.4 0.74 0.078
3 T 200.53 6.30 3.59 434 4.26 56487.55 56459.68° 56458.53" 29 1.1 0.112
4 D 0.58 —0.35 431 5.47 59015.46" 59011.22" 42 23 0.30
5 T 200.54 6.29 3.69 434 4.26 56479.74 56459.68° 56458.53" 21.2 2.9 0.305
6 D 121.15 —2.01 3.94 3.97 59260.68 59255.52 52 3.1 0.326
7 T 0.55 —0.32 3.67 431 5.47 59041.22 59015.46" 59011.22* 30 3.8 0.396
8 D 133.75 52.87 445 448 58759.56 58755.30 43 45 0.469
9 T 219.29 12.79 4.61 3.7 5.04 56817.03 56809.62 56794.31 22.7 4.7 0.487
10 T 123.38 8.20 3.71 4.76 4.46 59274.42 59271.67* 59257.61° 16.8 7.6 0.796
11 D 200.53 6.29 434 4.26 56459.68° 56458.53" 1.2 8.8 0.918
12 D 123.38 8.20 4.76 4.46 59271.67* 59257.61° 14.1 9.5 0.987
Notes.

# The notation of D or T represents doublet and triplet, respectively.

® The R.A. and decl. indicate the most probable direction determined by the fit.

© The superscripts indicate events that are shared by other multiplets.

4 The time difference AT is the time interval between the first and the last neutrino event.
¢ The local p-values are introduced in the main text and converted to the corresponding FAR per year.

A =23.5 (i.e., the highest inconsistency with the background-
only hypothesis) found in the data set, considering that a
multiplet exceeding this value favors an astrophysical origin.
For given (£¥, p,), we inject neutrinos with a power law of
E~2 from 10 TeV to 1 PeV and zero elsewhere, and calculate
how often it records a multiplet larger than this value in the
observation. A set of parameters with a frequency higher than
0.9 is ruled out at a 90% confidence level. Figure 7 shows the
contours of the neutrino transient source parameters (£, p,) at
the 90% confidence level for the E~** spectrum. The area
above the curve is excluded at the 90% confidence level.

5. Discussion
5.1. Relationship with Constraints by the Diffuse Neutrino Flux

Transient sources should also contribute to the diffuse
neutrino flux and their contributions must be less than the total
observed diffuse flux intensity, resulting in parameter
constraints on (5;',‘, p,) (K. Murase & E. Waxman 2016;
S. Yoshida et al. 2022). The diagonal line in Figure 7
corresponds to the maximally allowed limit of the partial
contributions of transient source fluxes implied from the
diffuse neutrino flux assuming v = 2.3. Note that this value is
toward the lower range of spectral indices inferred from the
diffuse flux by IceCube. The upper bound is determined by
requiring that the assumed flux does not exceed the IceCube
track limit (as a benchmark of the flux, we are using the flux
level ¢t oy = 1.44 x 1078 GeV'em 25 'sr~! and
v = 2.37 R. Abbasi et al. 2022). With present sensitivity,
the constraint by the multiplet analysis is weaker than the
interpretation of the measured diffuse flux.

5.2. Posterior Analysis of Higher-rank Multiplets

As mentioned in Section 4, several multiplets share common
neutrino events. In general, when more than three neutrino
events form a multiplet, the subsets can become multiple
doublets. In particular, multiplets numbered k = 2, 7 and k = 3,
5 formed quadruplets within 30 days. The significance of the

quadruplets are calculated a posteriori. The TS is similarly
extended to higher-rank multiplets and the local p-value is
defined as an upper percentile of the TS distribution in the
scrambled data set. The two quadruplets have post-trial global
p-values of 0.57 and 0.27, respectively, and they are consistent
with backgrounds. Moreover, these are the two most significant
quadruplets in the entire data set.

5.3. Multimessenger Astronomy Using the Neutrino Multiplets

Searches for the astrophysical counterparts of neutrino
multiplets by multimessenger observations are a powerful
strategy for the identification of high-energy neutrino transient
sources. It has been pointed out (N. L. Strotjohann et al. 2019;
S. Yoshida et al. 2022) that neutrino multiplet detections
effectively limit the detectable distance of neutrino sources,
thereby providing a chance to evaluate a physical association.
For example, a posteriori, we find that a Fermi source 4FGL
J0001.4—0010 (S. Abdollahi et al. 2022; J. Ballet et al. 2023) is
within 90% of the containment uncertainty region of the k = 2
triplet (within 0.3 of the fitted direction, see Figure 6). The host
galaxy FBQS J0001-0011 was identified as a BL Lac
(M.-P. Véron-Cetty & P. Véron 2006) with its redshift of
7=10.46 (F. D. Albareti et al. 2017). The probability of random
coincidence in finding a Fermi source within this region is
estimated to be approximately 5% based on the local number
density of the Fermi sources. Given that the typical density of
BL Lac is O(1077) Mpc > (M. Ajello et al. 2013), the effective
rate density in 30 days is p, ~ 10 ®Mpc > yr', which gives
constraint on £ < 3 x 105! erg from Figure 7. Figure 8
shows the PDF of the redshift of transient sources for two cases
E¥ =13 % 10" erg and 3 x 10°' erg. The observed redshift of
FBQS J0001-0011 is unlikely as a source of the triplet.
Similarly, even if other frequent transients such as type-Ia SNe
(as shown by the dotted curve) are observed in the direction of
the observed multiplets by other follow-up studies, they are
also unlikely if z 2 0.1.

It has been argued that bright TeV-PeV neutrino sources
could be related to bright X-ray sources with a high opacity to
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Figure 6. The contour plots of the direction of the two most significant
multiplets. The upper and lower panels represent the doublet (k = 1) and the
triplet (k = 2), respectively. Yellow stars indicate the directions of neutrino
events to form the multiplets, while magenta stars denote the fitted directions of
the multiplets. The dashed lines outline 68% containment uncertainty regions
of each event determined by assuming Gaussian distribution, while magenta
solid lines represent that of the fitted directions. The background color scales
represent the residuals of the signal likelihoods: —2A log £, Small gray stars
in the bottom panel represent neutrino events observed around the time of
multiplet detection (from MJD 59007 to MJD 59047), but are not included in
the multiplet found by the seed event method (see Section 3.1). In the lower
panel, the cyan diamond represents the direction of a Fermi source 4FGL
J0001.4—0010 (J. Ballet et al. 2023), which is separated by 0.28 from the best-
fit direction.

~-rays (K. Murase et al. 2016). Motivated by this scenario, we
perform a correlation analysis using publicly available data
recorded by MAXI (M. Matsuoka et al. 2009). The X-ray
signals were detected using gas slit cameras (GSC) with a
sensitive energy range from 2 to 20keV. The point-spread
function of the GSC is approximately 1 degree. The operation
period entirely covers the range when the data in the present
analysis is taken. We focus on X-ray photons ranging from 4 to
10keV due to the high detection efficiency of GSCs and a
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Figure 7. Contours of the excluded region of neutrino transient source
parameters (£ f, p,) at the 90% confidence level when AT}« = 30 days, and
the spectral indices are 2.3. The area above the curves is excluded at the 90%
confidence level. The diagonal lines correspond to upper limits implied from
the diffuse flux when the signal source spectrum is v = 2.3. These diffuse flux
constraints are determined so as not to overshoot the energy distribution of the
measured diffuse neutrino flux (R. Abbasi et al. 2022; see Section 5.1). All the
constraints are obtained assuming the SFR compatible evolution.
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Figure 8. Probability density of the redshift distributions of neutrino sources
detected as a 30 day doublet (blue) and triplet (red) in the direction of the
observed triplet (k = 2 in Table 1) for neutrino emission energies of
3 x 10%%rg (dashed) and 3 x 10°'erg (solid). The black dotted curve
represents the distribution of the unrelated closest SNe with a burst rate
density of 107 *Mpc > yr~! observed during 30 days and a solid angle of
AQ, = 7 - (0:3)% (S. Yoshida et al. 2022).

relatively low background rate (K. Hiroi et al. 2011). The noise
detected in GSCs originates from accidental hits of charged
particles and the rate depends on the time. To cancel out time-
dependent noise, we define the signal and control regions in the
vicinities of the neutrino multiplet directions as a 175 circle and
a 3.0 doughnut shape with inner radius of 1.5, respectively, and
calculate the X-ray flux as the difference between these
regions. The statistical uncertainty of the flux is estimated by
propagating Poisson fluctuations of the photon counts in both
regions. No significant X-ray emission is observed beyond the
noise level in association with the detected neutrino multiplets,
and thereby 90% CL upper limits on the average X-ray energy
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flux over AT are placed in each of the multiplets except for
k = 8 and k = 12 (no X-ray data available). The upper limits of
the X-ray energy flux is approximated as

“1/2
Fx < 8 x 1011(£) ergcm 25! 6)

day
at the 90% CL.

6. Conclusion

We present a search for high-energy neutrino multiplets on
the timescale of 30days using 11.4yr of IceCube data.
Dedicated search algorithms and likelihood constructions are
developed to optimize the month-scale transient phenomena.
No significant doublets or triplets are observed, providing
constraints on bright but rare source populations. The upper
limit is weaker than the constraint based on the measured
diffuse flux by the IceCube.

Future multimessenger observations using neutrino multiplet
detections as well as high statistical searches brought about by
future neutrino detectors such as IceCube-Gen2 (M. G. Aartsen
et al. 2021) are promising for understanding high-energy
neutrino emission mechanisms.
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Appendix
Binomial p-value

Suppose that there are N local p-values {py, p,, ..., py} that
are sorted in ascending order (from the smallest to the largest):
{q1, g2, -.-qn}. Under the background-only hypothesis, the kth
smallest p-value, x = ¢, is distributed as

N - _
) = k(Y Jot 1 = oy, (AD)
such that the p-value of each g, is given as a cumulative
distribution function, as in

Pk) = f;q" p(x) dx = k(IZ)qu(k, N-k+1), (A2

where B,(a, b) = j: t4=1(1 — £)»~dt is an incomplete beta
function. By integrating by parts, this can be expressed in a
different form:

N

P = 3 (N)gra — gV, (A3)
m=k

and are sometimes referred to as binomial p-values. Note that
these quantities are trial-corrected (i.e., P(k) is uniformly
distributed in (0, 1) if pu(k = 1, 2, ..., N) is also uniformly
distributed). In particular, from Equation (A3), the p-value of
the most significant observation (g;) is calculated as
P(1)=1— (1 — g)", which is the trial-corrected global
p-value introduced in Section 4.

To define the significance of the entire data set, the smallest
binomial p-value min P (k) in subsets {P(1), P(2), ..., P(M)}
(M = 12 as shown in Table 1) can be used. This min P (k)
cannot be interpreted as a p-value, thus the distribution of
min P (k) is numerically evaluated by pseudo-experiments, and
a lower percentile of the distribution is computed to define the
p-value for the observed min P (k).
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