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1. Introduction

We have observed ultra-high energy cosmic rays with energies up to 1020 eV in our advanced
experiments, yet the origin of them is still unknown to us. Such cosmic rays are considered to
have been accelerated after their production via certain kind of acceleration mechanism. Neutrino
is ideal for studying the source and production process of high energy cosmic rays since it is not
deflected by the magnetic field and hardly interact with matter when propagating in galaxy. Since
2017, IceCube has reported several evidences of astrophysical high energy neutrinos observation
from sources including blazar TXS 0506+056 and active galaxy NGC 1068 in TeV range [1–3].
Super-Kamiokande (SK) is sensitive in GeV range to both muon neutrino a` and electron neutrino
a𝑒 and has visibility to to all sky, and has been running for more than 20 years with a low dead-time
ratio. This proceedings presents the results of searches for astrophysical high energy neutrino
point sources using all SK data recorded during SK phases before Gadolinium loading. In this
analysis, we updated the 11-year point source search in SK [4] and improved the searching method
by extending the search to all high-energy samples and two neutrino flavors, and taking into account
different emission energy spectrum. We also established the searching method and performed the
time-dependent search for the first time in SK.

2. Super-Kamiokande and Data Sample

Super-Kamiokande is a water Cherenkov detector with 50kt ultra-purified water and has an
inner detector (ID) and an outer detector (OD). High-energy neutrino events in SK are categorized
into three samples based on topology: fully contained (FC), partially contained (PC) and upward-
going muon (UPMU). The reconstructed neutrino interaction vertices are inside the inner detector
for both FC and PC events. Events with all daughter events stops within the ID are classified as
FC, while those have energy deposited in the OD are classified as PC. UPMU are muons traveling
upward coming below the horizon, created by the neutrinos interacting with the water or rock
surrounding the detector. The angular resolution becomes better as the energy of event gets larger,
so an minimum energy threshold is applied on each sample to have angular resolution compatible
with 15◦ searching region used in the searches. This threshold is set to 2.3 GeV for FC, 1 GeV
for PC and 1.6 GeV for UPMU. All three samples are sensitive to a`, and they are all used in the
search for a` astrophysical point source. FC and PC are also sensitive to a𝑒, but we only use FC
for the search for a𝑒 point source as only a negligible amount of a𝑒 in PC are left above the energy
threshold. In the a` (a𝑒) point source search, all FC events will be treated as a` (a𝑒) events. The
searches use the data of all five SK water operation phases from SK-I to SK-V taken from April
1996 to May 2019 with a total live time of 6511 days, including 7940 FC, 3859 PC and 9389 UPMU
events.

3. Search Method

We are searching for both a spatial clustering of high energy neutrinos during the whole running
period from SK-I to SK-V in time-integrated search, and a both temporal and spatial clustering in
a shorter time in time-dependent search. In both of the searches, we use the unbinned maximum
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likelihood method, and the likelihood is given as the follow:

L =
𝑒−(𝑛𝑆+𝑛𝐵 ) (𝑛𝑆 + 𝑛𝐵)𝑁

𝑁!

∏
𝑗

∏
𝑖∈ 𝑗

(
𝑛𝑆

𝑛𝑆 + 𝑛𝐵
𝑆 𝑗 ,𝑖 +

𝑛𝐵

𝑛𝑆 + 𝑛𝐵
𝐵 𝑗 ,𝑖

)
(1)

where 𝑗 is the sample (FC, PC or UPMU), 𝑛𝑆 and 𝑛𝐵 are the total expected number of signal
and background events of all three samples, respectively, 𝑁 is the total number of observed events
within the 15◦ searching region around the searching direction, 𝑆 𝑗 ,𝑖 and 𝐵 𝑗 ,𝑖 are the signal PDF and
background PDF of the 𝑖𝑡ℎ event in sample 𝑗 . In time-integrated search

𝑆 𝑗 ,𝑖 = A𝑠𝑖𝑔

𝑠,𝑖
(Δ𝜙 𝑗 ,𝑖 |𝐸 𝑗 ,𝑖)E𝑠𝑖𝑔

𝑗,𝑖
(𝐸 𝑗 ,𝑖 |𝛾)M𝑠𝑖𝑔

𝑗
(𝛾) (2)

𝐵 𝑗 ,𝑖 = A𝑏𝑘𝑔

𝑠,𝑖
(𝛿 𝑗 ,𝑖 |𝐸 𝑗 ,𝑖)E𝑏𝑘𝑔

𝑗,𝑖
(𝐸 𝑗 ,𝑖)M𝑏𝑘𝑔

𝑗
(3)

Here A𝑠𝑖𝑔

𝑠,𝑖
and E𝑠𝑖𝑔

𝑠,𝑖
are the signal angular and energy PDF. M𝑠𝑖𝑔

𝑗
(𝛾) is the probability for a signal

event with energy spectrum 𝛾 to be detected as sample 𝑗 , and M𝑏𝑘𝑔

𝑗
is the fraction of number of

background events for sample 𝑗 . All of these above are simulated using Monte Carlo (MC). Δ𝜙𝑖 is
the angle between the searching direction and the reconstructed direction, 𝐸𝑖 is the reconstructed
energy, 𝛿𝑖 represents declination in equatorial coordinate (J2000) of the event. For time-dependent
search:

𝑆 𝑗 ,𝑖 = A𝑠𝑖𝑔

𝑠,𝑖
(Δ𝜙 𝑗 ,𝑖 |𝐸 𝑗 ,𝑖)E𝑠𝑖𝑔

𝑗,𝑖
(𝐸 𝑗 ,𝑖 |𝛾)M𝑠𝑖𝑔

𝑗
(𝛾)T 𝑠𝑖𝑔

𝑖
(𝑡 𝑗 ,𝑖 |𝑡0, 𝜎𝑡 ) (4)

𝐵 𝑗 ,𝑖 = A𝑏𝑘𝑔

𝑠,𝑖
(𝛿 𝑗 ,𝑖 |𝐸 𝑗 ,𝑖)E𝑏𝑘𝑔

𝑗,𝑖
(𝐸 𝑗 ,𝑖)M𝑏𝑘𝑔

𝑗
T 𝑏𝑘𝑔 (5)

Here𝑇 𝑠𝑖𝑔

𝑖
(𝑡 𝑗 ,𝑖 |𝑡0, 𝜎𝑡 ) is a Gaussian distribution function while T 𝑏𝑘𝑔 is a constant assuming uniform

distribution over all SK-I to SK-V running time. 𝑡 𝑗 ,𝑖 is the detection time of the event and 𝑡0 and 𝜎𝑡

being emission center time (Gaussian mean time) and emission time duration (Gaussian standard
error). The rest are the same as in time-integrated search, except that 𝛿𝑖 inA𝑏𝑘𝑔

𝑖
(𝛿𝑖 |𝐸𝑖) is the altitude

in detector coordinate. Number of signal events 𝑛𝑆 and energy spectrum 𝛾 are free parameters to
be fitted to maximize the likelihood in both time-integrated and time-dependent search. Time-
dependent search has two extra free parameters, 𝑡0 and 𝜎𝑡 . Then we evaluate the significance of the
hypothesis of having �̂�𝑆 events against the null hypothesis by calculating the test statistics:

𝑇𝑆 = 2 log
[

L(�̂�𝑆)
L(𝑛𝑆 = 0)

]
(6)

where �̂�𝑆 is the best fitted 𝑛𝑆 . In time-dependent search, an extra term is added to include the effect
of look else-where (trial factor)[5], and the final test statistics is:

𝑇𝑆 = 2 log
[
�̂�𝑡

𝑇𝑡𝑜𝑡
× L(�̂�𝑆)
L(𝑛𝑆 = 0)

]
(7)

where 𝑡0 is the best fitted 𝑡0 and 𝑇𝑡𝑜𝑡 is the total live time from SK-I to SK-V. In total we performed
four individual full-sky searches: time-integrated search and time-dependent search, for a𝑒 and a`

astrophysical point source. In the full-sky search the sky is divided into 49152 equal-area pixels
using the HEALPix method[7] and the center of each pixel is used as one searching direction. We
fit free parameters 𝑛𝑆 , 𝛾, 𝑡0 and 𝜎𝑡 , and calculate the test statistics and pre-trial p-value for all
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searching directions, and pick out the direction with maximum 𝑇𝑆 (called the best fitted direction)
in the sky. In order to evaluate the significance of this result, we calculate the pre-trial p value
and post-trial p value. Pre-trial p value is fraction of 𝑇𝑆 at the same declination simulated from
pseudo-experiments (trials) with solely background toy MC that maximum 𝑇𝑆 from the data is
larger than. Definition for post-trial p value is similar to pre-trial p value, with the overall maximum
𝑇𝑆 in the whole sky replacing 𝑇𝑆 at the same declination. Trial factor has been included in the
post-trial p value. With smaller p value, we have more confidence in this being an astrophysical
point source instead of background fluctuation. If no significant excess is found, we will set an
upper limit on the neutrino flux (for time-integrated search) or fluence (for time-dependent search)
in that direction. For time-integrated search, the neutrino flux is averaged over the total live time
from SK-I to SK-V. This neutrino flux and fluence are the integrated flux and fluence from 1 GeV
to 105 GeV with spectral index being the optimized one from that search.

The sensitivities, which is defined as the number of signal events needed so that 50% of the
maximum 𝑇𝑆 of trials is larger than 90% of maximum 𝑇𝑆 of trials with solely background toy MC,
for each search, and converted the sensitivities in terms of neutrino flux or fluence. The results of
the sensitivities are shown in Figure 1. There is no UPMU event for declination above 53.6◦ as
no UPMU comes above the horizon in the detector coordinate. The sensitivity in time-integrated
search for a` becomes much worse if the searching region overlaps with the region above 53.6◦, so
only sensitivity below 40◦ is presented. Sensitivity for a` search below 53.6◦ is much better than
that above 53.6◦ and that for a𝑒 due to the difference of the effective area, as shown in Figure 2.

(a) a` (b) a𝑒

Figure 1: The sensitivities in terms of neutrino flux in time-integrated search (a) for a` (blue dotted line)
and a𝑒 (green dashed line) for different declination, and in terms of neutrino fluence time-dependent search
(b) for a` below 53.6◦ (blue dotted line), above 53.6◦ (red solid line) and for a𝑒 (green dashed line) for
different assumed emission duration 𝜎𝑡 . The neutrino flux and fluence are integrated from 1 GeV to 105 GeV
assuming 𝛾 = 2.

4. Results

4.1 Time-Integrated Search

Figure 3 show the sky maps of 𝑇𝑆 for the time-integrated search for a` and a𝑒. The best
fitted direction are found at right ascension and declination of (𝛿 = 296.3◦, 𝛼 = −81.2◦) and
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Figure 2: Effective area for FC a𝑒 (green solid line), FC a` (red dashed line), PC a` (blue dashdot line) and
UPMU a` (yellow dotted line) as a function of log of neutrino energy. This figure is recreated using the data
from [6].

(𝛿 = 245.1◦, 𝛼 = −48.1◦) in search for a` and a𝑒, respectively. The events distributed around these
best fitted direction are shown in Figure 4. The 𝑇𝑆 at the best fitted direction in the search for
a𝑒 stands out among all searching directions since it is close to an event with energy up to 140.6
GeV, which is one of the events with highest energies. Astrophysical neutrino is expected to have a
softer energy spectrum compared with atmospheric neutrino, thus high energy event is more likely
to be an astrophysical neutrino than an atmospheric neutrino. The pre-trial 𝑝 values are 2.7 × 10−4

for the search for a`, corresponding to a post-trial 𝑝 value of 94.0%, and 4.5 × 10−3 for a𝑒, with
corresponding post-trial 𝑝 value of 99.2%. No significant excess with respect to background was
found in either search according to the p values, so 90% confidence level upper limit was set on the
neutrino flux to Φ90CL = 6.0 × 10−7 [cm−2s−1] and Φ90CL = 3.4 × 10−6 [cm−2s−1] for the search
for a` and a𝑒, respectively. The results are summarized in Table 1.

(a) a` (b) a𝑒

Figure 3: Sky map of 𝑇𝑆 in time-integrated search for a` (a) and a𝑒 (b). The best fitted direction is indicated
by red circle. Dashed line and black star on it represent galactic plane and galactic center. TXS 0506+056
and NGC 1068 are indicated by pink and purple star.

4.2 Time-Dependent Search

The sky maps of 𝑇𝑆 is shown in Figure 5 for the time-dependent search for a` and a𝑒. The
best fitted direction are found at (𝛿 = 121.6◦, 𝛼 = −30.0◦) and (𝛿 = 133.5◦, 𝛼 = 52.0◦), and the
best fitted emission center times are 𝑡0 = 55574.04mjd and 𝑡0 = 57530.28mjd, in search for a` and
a𝑒, respectively. Figure 6 shows the event spatial and temporal distribution around the best fitted
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(a) a` (b) a𝑒

Figure 4: Events distribution around the best fitted direction in time-integrated search for a` (a) and a𝑒 (b).
Best fitted direction is indicated by yellow star in the center. Blue, green and red dots are FC, PC and UPMU
events, respectively. Shaded region encircled by solid line is the search region. The size of the marker is
proportional to log10 𝐸𝑣𝑖𝑠 .

Table 1: Best fitted number of events �̂�𝑆 , energy spectrum index �̂�, right ascension �̂� and declination 𝛿,
pre-trial 𝑝 value, post-trial 𝑝 value and neutrino flux upper limit Φ90CL in the time-integrated searches for
a` and a𝑒.

�̂�𝑆 �̂� �̂� [◦] 𝛿 [◦] pre 𝑝 post 𝑝 Φ90CL [cm−2s−1]
a` 8.4 2.1 296.3 -81.2 2.7 × 10−4 94.0% 6.0 × 10−7

a𝑒 1.7 1.5 245.1 -48.1 4.5 × 10−3 99.2% 3.4 × 10−6

direction within 𝑡0 ± 3�̂�𝑡 . One FC event and two UPMU events are found around the best fitted
direction and best fitted emission center time within ±10h in the search for a`, and three FC events
around the best fitted direction and emission center time within ±6h in the search for a𝑒. Pre-trial
𝑝 value of the best fitted direction in the search for a` is 1.4 × 10−3, corresponding to a post-trial
𝑝 value of 96.2%. The pre-trial 𝑝 value with its corresponding post-trial 𝑝 value in the search for
a𝑒 are 7.1 × 10−4 and 82.6%. No significant excess with respect to background in either search
was found according to the p values, and the 90% confidence level neutrino fluence upper limits
was set to and for the searches for a` and a𝑒, respectively. The results of these two searches are
summarized in Table 2.

Table 2: Best fitted number of events �̂�𝑆 , energy spectrum index �̂�, emission time duration �̂�𝑡 and center
time 𝑡0, right ascension �̂� and declination 𝛿, pre-trial 𝑝 value, post-trial 𝑝 value and neutrino fluence upper
limit 𝜑90CL in the time-dependent search for a` and a𝑒.

�̂�𝑆 �̂� �̂�𝑡 [s] 𝑡0 [mjd] �̂� [◦] 𝛿 [◦] pre 𝑝 post 𝑝 𝜑90CL [cm−2]
a` 3.0 2.0 2.5 × 104 55574.04 121.6 -30.0 1.4 × 10−3 96.2% 8.3 × 101

a𝑒 3.0 2.5 1.4 × 103 57530.28 133.5 52.0 7.1 × 10−4 82.6% 1.4 × 104

6



P
o
S
(
I
C
R
C
2
0
2
3
)
1
0
7
9

Search for High-Energy Astrophysical Neutrino Point Sources in Super-Kamiokande Xubin Wang

(a) a` (b) a𝑒

Figure 5: Sky map of 𝑇𝑆 in time-dependent search for a` (a) and a𝑒 (b). The best fitted direction is indicated
by red circle. Dashed line and black star on it represent galactic plane and galactic center. TXS 0506+056
and NGC 1068 are indicated by pink and purple star.

4.3 Check for Coincidence with Candidates

After obtaining the results of the full sky searches, we compared sky map from those results
with a list of candidates including blazar TXS 0506+056, active galaxy NGC 1068, high-energy
neutrino alerts from IceCube (2010-2017)[8] and souces from TeVCat catalog[9] for the coincidence
check, but no significant coincidence with any candidates were found in any of the search.

5. Conclusions

The results of searches for high-energy astrophysical neutrino point sources with SK has been
presented. Both time-integrated and time-dependent search for two flavors of neutrino, a` and
a𝑒, have been performed using the data of SK water operation phases from SK-I to SK-V taken
from April 1996 to May 2019 with a total live time of 6511 days including FC, PC and UPMU
samples. No significant evidence of high-energy astrophysical neutrino point source has been
found in any of the the four searches. The best fitted directions in time-integrated search for a` have
been found at (𝛿 = 296.3◦, 𝛼 = −81.2◦), with pre-trial 𝑝 value of 2.7 × 10−4 and corresponding
post-trial 𝑝 value of 94.0%, and the 90% confidence level upper limit on neutrino flux set to
Φ90CL = 6.0 × 10−7 [cm−2s−1]. For time-integrated search for a𝑒, the best fitted direction is at
(𝛿 = 245.1◦, 𝛼 = −48.1◦) with pre-trial 𝑝 value of 4.5 × 10−3 and corresponding post-trial 𝑝 value
of 99.2%, and neutrino flux upper limit set to Φ90CL = 3.4 × 10−6 [cm−2s−1]. For time-dependent
search for a`, the best fitted direction is at (𝛿 = 121.6◦, 𝛼 = −30.0◦) with pre-trial 𝑝 value of
1.4 × 10−3 and corresponding post-trial 𝑝 value of 96.2%, and neutrino fluence upper limit set
to 𝜑90CL = 8.3 × 101 [cm−2]. For time-dependent search for a𝑒, the best fitted direction is at
(𝛿 = 133.5◦, 𝛼 = 52.0◦) with pre-trial 𝑝 value of 7.1×10−4 and corresponding post-trial 𝑝 value of
96.2%, and neutrino fluence upper limit set to 𝜑90CL = 1.4 × 104 [cm−2]. A check for coincidence
with candidates including TXS 0506+056 and NGC 1068 has also been performed with the result
of each of the four searches. No significant coincidence with any candidates were found in any of
the search.
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(a) a` (b) a𝑒

(c) a` (d) a𝑒

Figure 6: Top two figures: events spatial distribution around the best fitted direction in time-dependent
search for a` (a) and a𝑒 (b). Red, green and blue dots are FC, PC and UPMU events, respectively. The
dashed circle indicate the angular resolution (estimated error) of each event. Black cross is the best fitted
direction, and the black solid circle is the 15◦ search region boundary. Bottom two figures: events time
distribution around the best fitted center of time in time-dependent search for a` (c) and a𝑒 (d). Red, green
and blue vertical lines are FC, PC and UPMU events, respectively. The black line indicate the Gaussian
distribution given 𝑡0 and �̂�𝑡 .
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