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Neutrino: a unique cosmic messenger

Century-old puzzle: what’s the origin of cosmic rays?

Detection of high-E astrophysical neutrinos would be 
smoking evidence for the origins of cosmic rays! 
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Neutrino telescopes 
IceCube: world’s largest neutrino telescope

M. Markov
1960

B. Pontecorvo

M.Markov :
we propose to install detectors 
deep in a lake or in the sea and 

to determine the direction of 
charged particles with the help 

of Cherenkov radiation.

 86 strings, 5160 DOMs  
      a cubic-kilometer array
 Fully operating since 2010

Astrophysical Neutrinos

7/29/19 ICRC 2019 - Williams - Results from IceCube 8

Through-going 9.5 years HESE 7.5 years
Updated calibration, updated 

background modeling and 
systematics

Updated calibration, updated 
background modeling and 
systematics, new double 

cascade identifier

J. Stettner NU4a
A. Schneider NU4b

 

4

Martin Rongen
Lake Baikal

September 2016Event signatures
Charged current νμ

Neutral current, Charged current νe

Double Bang ντ

● Factor ~2 energy resolution

● <1 ° angular resolution

● 1 5% resolution on the
deposited energy

● 1 0° angular resolution
(above 1 00 TeV)

● Vertex seperation ~50m/PeV

● Not yet observed

Sig. over bg. > 7σ

Phys. Rev. D 104, 022002 (2021) (7.5-yr)
Phys. Rev. Lett. 113, 101101 (2014) (3-yr)
Science 342, 6161 (2013) (2-yr)
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Neutrino telescope events 

Tracks: relied primarily on for pointing IceCube event topologies 

Track
~ 1o 

Cascade
~ 10o 

Double Cascade 
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A new era of neutrino astronomy
February 3, 2022 1 :35 ws-rv961x669 Neutrino Physics and Astrophysics main page 32

32 I ceCube Neutrinos
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Fig. 18. The flux of high-energy neutrinos (per flavor) above 1 TeV . At low energies, I ceCube’s
measured atmospheric muon and electron neutrinos92,93 are shown in light and dark grey, respec-
tively. The modeled prompt flux38 from atmospheric charm production in cosmic ray showers is
shown in black. The red line shows the fitted spectra for the HESE analysis covering 7.5 years
of data and the shaded region shows the uncertainties.94 The dark red points show segmented
flux data points in the HESE 7.5-year analysis. The results for the 10-year muon neutrino flux
measurement is shown as the blue shaded area.79 At higher energies: the predicted flux of cosmo-
genic neutrinos95 shown in green, as well as the upper limit on the extremely high energy flux of
neutrinos from IceCube96 and Pierre Auger Observatory.97

I n summary, IceCube has observed cosmic neutrinos using both methods for
rejecting background. Based on di↵erent methods for reconstruction and energy
measurement, their results agree, pointing at extragalactic sources whose flux has
equilibrated in the three flavors after propagation over cosmic distances98 with
⌫e : ⌫µ : ⌫⌧⇠1 : 1 : 1 .

Figure 18 summarizes the measurements of the cosmic neutrino flux using start-
ing events and throughgoing muons from the northern sky. An extrapolation of this
high-energy flux to lower energy may suggest an excessof events in the 10−100TeV
energy range over and above a single power-law fit. This conclusion is however not
statistically compelling.99

I n Fig. 19weshow thearrival directionsof themost energeticevents in theeight-
year upgoing ⌫µ + ⌫̄µ analysis ( ) and the six-year HESE data sets. TheHESE data
are separated into tracks (⌦) and cascades (⊕). The median angular resolution of
the cascade events is indicated by thin circles around the best-fit position. The
most energetic muons with energy E⌫ > 200 TeV in the upgoing ⌫µ + ⌫̄µ data
set accumulate near the horizon in the Northern Hemisphere. Elsewhere, muon
neutrinos are increasingly absorbed in the Earth before reaching the vicinity of the
detector because of their relatively large high-energy cross sections. This causes the

Halzen & Khierandish, arXiv:2202.00694 

NGC1068 (4.2σ)
TXS 0506+056 (3.5σ)

See Murase’s talk at this conference
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A new era of neutrino astronomy

TXS 0506+056

asafitted parameter. Themodel parametersare
correlated and are expressed asa pair, (F 100, g),
where F 100 is the flux normalization at 100 TeV.
The time-dependent analysis uses the same for-
mulation of the likelihood but searches for
clustering in timeaswell asspaceby introducing
an additional time profile. I t is performed sep-
arately for two different genericprofile shapes: a
Gaussian-shaped timewindow and abox-shaped
time window. Each analysis varies the central
time of the window, T0, and the duration TW

(from secondstoyears) of thepotential signal to
find the four parameters (F 100, g, T0, TW) that
maximize the likelihood ratio, which is defined
as the test statistic TS. (For the Gaussian time
window, TW represents twice the standard de-
viation.) Thetest statistic includesa factor that
corrects for the look-elsewhere effect arising
from all of thepossible timewindowsthat could
be chosen (30).

For each analysismethod (time-integrated and
time-dependent), arobust significanceestimate is
obtained by performing the identical analysis on
trialswith randomizeddatasets.Theseareproduced
by randomizing the event times and recalculating

theRAcoordinateswithin each data-takingperiod.
The resultant P value is defined as the fraction of
randomizedtrialsyieldingavalueofTSgreater than
or equal to theoneobtained for theactual data.

Because the detector configuration and event
selectionschanged asshown in Table1, thetime-
dependent analysisisperformedby operatingon
each data-taking period separately. (A flare that
spansa boundary between two periodscould be
partially detected in either period, but with re-
duced significance.) An additional look-elsewhere
correction then needstobeapplied for aresult in
an individual data segment, given by the ratio of
the total 9.5-year observation time to the obser-
vation time of that data segment (30).

Neutrinos from the direction of
TXS 0506+056

The results of the time-dependent analysis per-
formed at the coordinates of TXS0506+056 are
shown in Fig. 1 for each of the six data periods.
Oneofthedataperiods, IC86bfrom 2012to2015,
contains a significant excess, which is identified
by both time-window shapes. Theexcessconsists
of 13 ± 5 events above the expectation from the
atmosphericbackground.Thesignificancedepends
on theenergiesof theevents, their proximity to
the coordinates of TXS 0506+056, and their
clustering in time. This is illustrated in Fig. 2,
which shows the time-independent weight of
individual eventsin thelikelihood analysisduring
the IC86b data period.

The Gaussian time window is centered at 13
December 2014[modifiedJulian day (MJD)57004]
with an uncertainty of ±21 days and a duration
TW = 110þ 35

24 days. Thebest-fittingparametersfor
the fluence J100 = ∫F 100(t)dt and the spectral
indexaregiven byE2J100=2:1þ 0:9

0:7 10 4TeVcm–2

at 100 TeV and g = 2.1 ± 0.2, respectively. The
joint uncertainty on these parameters is shown
in Fig. 3alongwith askymap showingtheresult
of the time-dependent analysis performed at the
location of TXS 0506+056 and in its vicinity
during the IC86b data period.

The box-shaped time window is centered
13 days later with duration TW = 158 days (from
MJD 56937.81 to MJD 57096.21, inclusive of

contributing events at boundary times). For the
box-shaped time window, the uncertainties are
discontinuous and not well defined, but the un-
certainties for theGaussian window show that it
is consistent with the box-shaped time window
fit. Despite the different window shapes, which
lead to different weightings of the events as a
function of time,both windowsidentify thesame
time interval as significant. For the box-shaped
timewindow, thebest-fittingparametersaresim-
ilar tothoseof theGaussian window,with fluence
at 100 TeV and spectral index given by E2J100 =
2:2þ 1:0

0:8 10 4 TeV cm–2 and g = 2.2 ± 0.2. This
fluence corresponds to an average flux over
158daysof F 100 = 1:6þ 0:7

0:6 10 15 TeV–1 cm–2 s–1.
When weestimatethesignificanceofthetime-

dependent result by performing the analysis at
thecoordinatesofTXS0506+056on randomized
datasets, we allow in each trial a new fit for all
the parameters: F 100, g, T0, TW. We find that the
fraction of randomized trials that result in amore
significant excessthan thereal data is7× 10–5 for
thebox-shaped timewindow and 3× 10–5 for the
Gaussian time window. This fraction, once cor-
rected for the ratio of the total observation time
totheIC86bobservation time(9.5years/3years),
results in P values of 2 × 10–4 and 10–4, respec-
tively, corresponding to 3.5s and 3.7s. Because
there is no a priori reason to prefer one of the
generictimewindowsover theother,wetakethe
moresignificant oneand includea trial factor of
2 for the final significance, which is then 3.5s.

Outside the 2012–2015 time period, the next
most significant excess isfound using theGauss-
ian window in 2017 and includes the IceCube-
170922A event. This time window is centered
at 22September 2017with duration TW = 19days,
g= 1.7± 0.6, and fluence E2J100 = 0:2þ 0:4

0:2 10 4

TeV cm–2 at 100 TeV. No other event besides the
IceCube-170922A event contributes significantly
to thebest fit. Asa consequence, theuncertainty
on the best-fitting window location and width
spans the entire IC86cperiod, because any win-
dow containingIceCube-170922Ayieldsasimilar
valueof the test statistic. Following the trial cor-
rection procedurefor differentobservation periods
as described above, the significance of this excess

I ceCube Collaboration, Science 361, 147–151 (2018) 13 July 2018 2 of 5

Table 1. IceCube neutrino data samples.
Six data-taking periods make up the full
9.5-year data sample. Sample numbers
correspond to the number of detector
strings that were operational. During the
first three periods, the detector was still
under construction. The last three periods
correspond to different data-taking
conditions and/or event selections with the
full 86-string detector.

Sample Start End

IC40 5 April 2008 20 May 2009
.............................................................................................

IC59 20 May 2009 31 May 2010
.............................................................................................

IC79 31 May 2010 13 May 2011
.............................................................................................

IC86a 13 May 2011 16 May 2012
.............................................................................................

IC86b 16 May 2012 18 May 2015
.............................................................................................

IC86c 18 May 2015 31 October 2017
.............................................................................................

Fig. 1. Time-dependent analysis results. The orange curve corresponds
to the analysis using the Gaussian-shaped time profile. The central time T0

and width TW are plotted for the most significant excess found in each
period, with the P value of that result indicated by the height of the peak.
The blue curve corresponds to the analysis using the box-shaped time
profile. The curve traces the outer edge of the superposition of the best-

fitting time windows (durations TW) over all times T0, with the height
indicating the significance of that window. In each period, the most
significant time window forms a plateau, shaded in blue. The large blue
band centered near 2015 represents the best-fitting 158-day time window
found using the box-shaped time profile. The vertical dotted line in IC86c
indicates the time of the IceCube-170922A event.
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MAGIC observes >100 GeV gamma rays 
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IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S, INTEGRAL, Kapteyn, 
Kanata, Kiso, Liverpool, Subaru, Swift, VERITAS, VLA, Science 2018 

 IC170922 + Multi-messenger: chance probability: 3σ 

 In archival data: 19 (6 exp. bg) events ; 3.5σ 

I C 1 7 0 9 2 2  ( 2 9 0  T e V )  c o i n c i d e d  w i t h 
TXS0506+056

lower limit of183TeV,dependingonlyweaklyon
theassumed astrophysical energy spectrum (25).

The vast majority of neutrinos detected by
IceCubearisefrom cosmic-ray interactionswithin
Earth’satmosphere. Although atmosphericneu-
trinosare dominant at energiesbelow 100 TeV,
their spectrum fallssteeplywith energy, allowing
astrophysical neutrinos to bemoreeasily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, wasused to calculate theprobability that a
neutrinoat theobserved track energy and zenith
angle in I ceCube isof astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5%(17). Although
IceCube can robustly identify astrophysical neu-
trinosat PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannotbeexcluded.Electromagneticobservations
arevaluable toassessthepossibleassociation of
a single neutrino to an astrophysical source.

Following the alert, I ceCube performed a
complete analysis of relevant data prior to
31 October 2017. Although noadditional excess
ofneutrinoswasfound from thedirection ofTXS
0506+056 near the time of the alert, there are
indicationsat the3s level ofhigh-energyneutrino

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 2 of 8

Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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Motivation 

!2

� This search: The blazar TXS 0506+056 has been a source of high-energy neutrinos 
beyond the single event

‣ IceCube-170922A alert due to a single EHE event with an intensive follow-up campaign
‣ Spatial and time coincidence with HE gamma-rays from TXS 0506+0560       

A. Franckowiak talk

No accompanying ɣ rays!
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(26). We applied the directional track recon-
struction method SPLINERECO (26, 27, 28) to all
events in our dataset (26). We incorporated ad-
ditional calibration information in the extrac-
tion of the charges at each DOM and in the
corresponding arrival times of Cherenkov pho-
tons. Compared with previous work (23), this
introduces small changes in the reconstructed
event energies and some reconstructed event
directions (26). To ensure a uniform detector
response, theDOMsoftheDeepCoresubarray,
intended to study ≲100‐GeV neutrinos, were
excluded (25). Our resulting dataset, which
is optimized for track-like events induced
by muon (anti-)neutrinos

h

nm
ð Þ

i
, hasa total ex-

posure time of 3186 days.
We restricted our searches to the Northern

Hemisphere from declination d = −3° to 81°,
where IceCube is most sensitive to astrophys-
ical sources. IceCube uses Earth as a passive
cosmic muon shield and as a target material
for neutrinos. Hence, by selecting only upward-
goingevents,wereduced theatmosphericmuon
background, which contributes <0.3% to our
final event sample (25). Declinations higher
than 81° are excluded because low-energy
eventsfrom thosedirectionsareclosely aligned
with the strings of IceCube, complicating our
distinction between thesignal and background
(26). The resulting lossof sky coverage is<1%.

A total of ~670,000 neutrino-induced muon
tracks pass the final event selection criteria
(25). However, only a small fraction of these
eventsoriginate from neutrinos produced in
astrophysical sources. Most arise from the de-
cay of particles (specifically mesons) that are
produced in the interaction of cosmic rays
with nuclei in Earth’satmosphere. Todiscrim-
inate neutrinos that originate from individual
astrophysical sources from the background of
atmosphericanddiffuseastrophysical neutrinos,
weused amaximum-likelihood method and
likelihood ratiohypothesistesting,basedon the
estimatedenergy, direction, and angular uncer-
tainty of each event (26). The median angular
resolution of each neutrino arrival direction,
composed of reconstruction uncertainty and
thekinematicanglebetween theparent neu-
trino and the muon, is 1.2° at 1 TeV, 0.4° at
100 TeV, and 0.3° at 1 PeV. We assume any
point source emits a neutrino flux F nmþ nm de-
scribed by a generalized power-law energy
spectrum, F nmþ nm Enð Þ¼F 0· En=E0ð Þ g, with
normalization energy E0 = 1 TeV, whereEn is
the neutrino energy and the spectral index g
and the flux normalization F 0 are freeparame-
ters (26). This corresponds to two correlated
model parameters that we express as a pair
(mns, g), where mns is the mean number of as-
trophysical neutrino events associated with a
given point in the sky. Using the energy-and
declination-dependent effectiveareaof thede-
tector and assumingaspectral indexg,mns can
be directly converted to F 0 (26). Hence, the

tupleof mns and gfully determines the flux of
muon neutrinos, F nmþ nm, at any given energy.

Weperformed threedifferent searches (26).
Thefirst search consistsof threediscretescans
of the Northern Hemisphere to identify the
location of the most statistically significant
excessesofhigh-energy neutrinoevents. These
scans use three different hypotheses for the
spectral index: gasa freeparameter, gfixed to
2.0, and gfixed to 2.5. The other two searches
use a list of 110 preselected astronomical ob-
jects, all located in theNorthern Hemisphere:
The second search is for the most significant
candidate neutrino source in the list, whereas
the third search consists of a binomial test to
evaluate the significance of observing an ex-
cessof k sources with local P valuesbelow or
equal to a chosen threshold, with k being an
index from 1 to 110. The binomial test is re-

peated under the same three spectral index
hypotheses as the sky scan.

All analysismethods, includingtheselection
of the hypotheses to be tested, were formu-
lated apriori. Theperformanceofeach method
was evaluated using simulations and random-
ized experimental data (26). The local P values
are determined as the fraction of background-
only simulationsthat yield atest statisticgreater
than (or equal to) the test statistic obtained
from theexperimental data. Theglobal Pvalues
are determined from the smallest local P value
after correcting for testingmultiple locations
(the look-elsewhere effect) (26). We use this
global value to assess the evidence that the
data provide against a background-only null
hypothesis (that the data consist purely of at-
mospheric background and isotropic cosmic
neutrinos).

I ceCube Collaboration, Science 378, 538–543 (2022) 4 November 2022 2 of 6

Table 1. Summary of final P values. For each of the three tests performed, we report the most
significant local and global P values.

Test type
Pretrial P value, Plocal

(local significance)
Posttrial P value, Pglobal

(global significance)

Northern Hemisphere scan 5.0 × 10−8 (5.3s) 2.2 × 10−2 (2.0s)
.....................................................................................................................................................................................................................

List of candidate sources, single test 1.0 × 10−7 (5.2s) 1.1 × 10−5 (4.2s)
.....................................................................................................................................................................................................................

List of candidate sources, binomial test 4.6 × 10−6 (4.4s) 3.4 × 10−4 (3.4s)
.....................................................................................................................................................................................................................

Fig. 2. High-resolution scan around the most significant location. (A) High-resolution scan around the
most significant location marked by a white cross, with contours showing its 68%(solid) and 95%(dashed)
confidence regions. The red dot shows the position of NGC 1068, and the red circle is its angular size in
the optical wavelength (61). (B) The distribution of the squared angular distance, ŷ 2, between NGC1068 and
the reconstructed event directions. We estimated the background (orange) and the signal (blue) from
Monte Carlo simulations, assuming the best-fitting spectrum at the position of NGC1068. The superposition
of both components is shown in gray and the data in black. This representation of the result ignores the
energy and angular uncertainty of the events.
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A new era of neutrino astronomy

Event excess: 79 +22
-20 

 Global significance: 4.2σ 

Data collected: 2011.05 – 2020.05 

Most significant astrophysical neutrino source to date !

Neutrino emission from NGC 1068
Thehigh-resolution scan around themost sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC1068 produced m̂ns ¼79þ 22

20 more
events than expected from the atmospheric
and diffuse astrophysical neutrino backgrounds.
Figure 2B shows the distribution of the angu-
lar separation of theseevents from NGC1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematicuncertainty on m̂ns is~2events (26).
The measured spectral index is ĝ ¼3:2þ 0:2

0:2
with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
sourcewith flux equal to theonemeasured for
NGC1068 but varying assumptions about the
detector response (26). Systematicuncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
andabsorption—and theefficiency with which
photons are detected by the IceCube optical
modules. Systematicuncertaintiesaresmaller
than statistical uncertaintiesfor directional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.

The properties of the source spectrum are
shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F 0, g)
evaluated at the coordinates of NGC 1068.
Theconversion ofm̂ns to the flux F 0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. Thebest-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F 1Tev

nmþ nm
¼

5:0 Tð 1:5stat T 0:6sysÞ 10 11 TeV 1 cm 2s 1.
Thissystematicuncertainty wasestimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce theobserved valuesof ĝand m̂ns in
the median case.

Our analysisassumed that thespectrum fol-
lows an unbroken power law over the entire
energy range of thedataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comesfrom neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes68%to the total test statistic. Out-
side thisenergy range, thedatadonot strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC1068could beaneutrino source; we find
a higher statistical significance for this result
(4.2s versus2.9s).

Incrementally removingthemost contribut-
ingneutrinoeventsonebyonefrom thevicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation ofneutrinos(26).Wevisually
inspected all neutrino events contributing to
theexcessfrom NGC1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most tothetest statistic, 19wereincluded in the
previous analysis (23). Although the location is
thereforedominatedby thesameneutrinos, the

I ceCube Collaboration, Science 378, 538–543 (2022) 4 November 2022 4 of 6
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤hg ≤104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes F vþ v are multiplied by the neutrino energy squared E2

n. For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.
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Neutrino emission from NGC 1068
Thehigh-resolution scan around themost sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC1068 produced m̂ns ¼79þ 22

20 more
events than expected from the atmospheric
and diffuse astrophysical neutrino backgrounds.
Figure 2B shows thedistribution of the angu-
lar separation of theseevents from NGC1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematicuncertainty on m̂ns is~2events (26).
The measured spectral index is ĝ ¼3:2þ 0:2

0:2
with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
sourcewith flux equal to theonemeasured for
NGC1068 but varying assumptions about the
detector response (26). Systematicuncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
andabsorption—and theefficiencywith which
photons are detected by the IceCube optical
modules. Systematicuncertaintiesare smaller
than statistical uncertaintiesfor directional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.

The properties of the source spectrum are
shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F 0, g)
evaluated at the coordinates of NGC 1068.
Theconversion ofm̂ns to the flux F 0 accounts
for the contribution from tau neutrino in-
teractions (which producemuons) assuming
an equal neutrino flavor ratio. Thebest-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F 1Tev

nmþ nm
¼

5:0 Tð 1:5stat T 0:6sysÞ 10 11 TeV 1 cm 2s 1.
Thissystematicuncertainty wasestimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce theobserved valuesof ĝand m̂ns in
the median case.

Our analysisassumed that thespectrum fol-
lows an unbroken power law over the entire
energy rangeof thedataset. However, our re-
sults show that themain contribution to the
excess (and thus the measured spectral index
and flux normalization) comesfrom neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes68%to the total test statistic. Out-
side thisenergy range, thedatadonot strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC1068could beaneutrino source; wefind
a higher statistical significance for this result
(4.2s versus 2.9s).

Incrementally removingthemost contribut-
ingneutrinoeventsonebyonefrom thevicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation ofneutrinos(26).Wevisually
inspected all neutrino events contributing to
theexcessfrom NGC1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most tothetest statistic, 19wereincluded in the
previous analysis (23). Although the location is
thereforedominatedby thesameneutrinos, the
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤hg ≤104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes F vþ v are multiplied by the neutrino energy squared E2

n. For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.
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RESEARCH ARTICLE
◥

NEUTRINO ASTROPHYSICS

Observationofhigh-energyneutrinosfromthe
Galacticplane
IceCube Collaboration*†

The origin of high-energy cosmic rays, atomic nuclei that continuously impact Earth’s atmosphere, is
unknown. Because of deflection by interstellar magnetic fields, cosmic rays produced within the Milky
Way arrive at Earth from random directions. However, cosmic rays interact with matter near their
sources and during propagation, which produces high-energy neutrinos. We searched for neutrino
emission using machine learning techniques applied to 10 years of data from the IceCube Neutrino
Observatory. By comparing diffuse emission models to a background-only hypothesis, we identified
neutrino emission from the Galactic plane at the 4.5s level of significance. The signal is consistent with
diffuse emission of neutrinos from the Milky Way but could also arise from a population of unresolved
point sources.

T
heMilky Way emits radiation across the
electromagnetic spectrum, from radio
waves to gamma rays. Observations at
different wavelengths provide insight into
thestructureof theGalaxy and haveiden-

tified sources of the highest-energy photons.
For gamma rays with energies above 1 GeV,
the plane of the Milky Way is the most prom-
inent feature visible on the sky (Fig. 1B). Most
of this observed gamma-ray flux consists of
photons generated by the decay of neutral
pions (p0), themselves produced by cosmic
rays (high-energy charged particles) collid-
ing with the interstellar medium within the
Milky Way Galaxy (1).

Photons can also be produced from inter-
actionsof energeticelectronswith interstellar
photon fields or be absorbed by ambient in-
terstellar matter, so other messengers are
needed to determine the cosmic-ray inter-
actionsand acceleration sites in theGalaxy.
In addition to neutral pions, cosmic-ray inter-
actions also produce charged pions. Charged
pions produce neutrinos when they decay.
Unlike photons, neutrinos rarely interact
on their way to Earth, so they directly trace
the location and energetics of the cosmic-
ray interactions.

Because both gamma rays and neutrinos
arise from the decay of pions, a diffuse neu-
trino flux concentrated along the Galactic
planehasbeen predicted (2–5). Theexpected
tera–electron volt energyneutrinoflux isshown
in Fig. 1D, calculated from the giga–electron
volt gamma-ray observation (1). In addition to
the predicted diffuse emission, the Milky Way
is densely populated with numerous high-

energy gamma-ray point sources (also visible
in Fig. 1B), several classes of which are po-
tential cosmic-ray accelerators and therefore
possible neutrino sources (6–10). Thismakes
the Galactic plane an expected location of
neutrino emission.

Previous searches for this signal by using
neutrino detectors (11–14) have not found a
statistically significant signal (P values≥0.02).
Thedevelopment of deep learning techniques
in data sciencehasproduced tools (15–17) that
can identify a larger number ofneutrino inter-
actions in detector data, with improved angu-
lar resolution over earlier methods. We applied
these deep learning tools to data from the
IceCube Neutrino Observatory to search for
evidenceof neutrino emission from theGalac-
ticplane.

Cascade events in IceCube

TheIceCubeNeutrinoObservatory (18), located
at the South Pole, is designed to detect high-
energy (≳1 TeV) astrophysical neutrinos and
identify their sources. Thedetector construc-
tion, which deployed instruments within a
cubic kilometer of clear ice, was completed
in 2011; 5160 digital optical modules (DOMs)
wereplaced at depthsbetween 1.5and 2.5km
below the surface of the Antarctic glacial ice
sheet. Neutrinosaredetected through Cheren-
kov radiation, emitted by charged secondary
particles that are produced by neutrino inter-
actions with nuclei in the ice or bedrock. Be-
cause of the large momentum transfer from
the incoming neutrino, thedirections of sec-
ondary particles are closely aligned with the
incomingneutrino direction, enabling the iden-
tification of the neutrino’sorigin.

The two main detection channels are cas-
cade and track events. Cascades are short-
ranged particle showers, predominantly from
interactions of electron neutrino (ve) and tau

neutrino (vt) with nuclei, aswell as scattering
interactions of all three neutrino flavors [ve,
muon neutrino (vm), and vt] on nuclei. Be-
cause the charged particles in cascade events
travel only a few meters, these energy deposi-
tions appear almost point-like to IceCube’s
125-m (horizontal) and 7-to 17-m (vertical)
instrument spacing. This results in larger di-
rectional uncertainties than tracks. Tracksare
elongated energy depositions (often several
kilometers long), which arise predominantly
from muons generated in cosmic-ray particle
interactions in theatmosphereor muonspro-
duced by interactions of vm with nuclei. The
energy deposited by cascades is often con-
tained within the instrumented volume (un-
like tracks), which providesamorecomplete
measure of the neutrino energy (19).

Searches for astrophysical neutrino sources
are affected by an overwhelming background
of muons and neutrinos produced by cosmic-
ray interactions with Earth’s atmosphere. At-
mospheric muons dominate this background;
IceCube records about 100 million muons for
every observed astrophysical neutrino. Whereas
muons from theSouthern Hemisphere (above
IceCube) can penetrateseveral kilometersdeep
into the ice, muons from the Northern Hemi-
sphere (below IceCube) are absorbed during
passage through Earth. Becauseof thisshield-
ingeffect, and thesuperior angular resolution
of tracks over cascades (≲1° compared with
≲10°, respectively; both above10TeV), searches
for neutrinosourcesthat useIceCubetypically
rely on track selections, making them most
sensitivetoastrophysical sourcesin theNorth-
ern sky (20).

The Galactic Center, as well as the bulk
of the neutrino emission expected from the
Galacticplane, is located in theSouthern sky
(Fig. 1, Cand D). Toovercomethemuon back-
ground in theSouthern sky, analysesof IceCube
data often use events in which the neutrino
interaction is observed within the detector
(21, 22). The selection of these events greatly
reduces the background rate of cosmic-ray
muons that enter the instrumented volume
from the Southern sky. Unlike these atmo-
spheric muons, atmospheric neutrinos (23)
generally cannot bedistinguished (by their in-
teractions in the detector) from astrophysical
neutrinos. Nevertheless, with increasing ener-
gy, an increasing fraction of the atmospheric
neutrinosfrom theSouthern sky(aboveIceCube)
can be excluded by eliminating events with
simultaneous muons that originate from the
samecosmic-ray air-shower that produced the
atmospheric neutrino (24, 25). At the tera–
electron volt energies relevant for searches of
Galacticneutrino emission, the majority of
these atmosphericneutrinos remain asa sub-
stantial background in searchesfor astrophys-
ical neutrinos. This background is dominated
by muon neutrinos,which are largely detected
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A new era of neutrino astronomy

as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
thecontamination ofatmosphericneutrinos—
byabout an order ofmagnitudeat tera–electron
volt energies—and permits the energy thresh-
oldof theanalysistobelowered toabout 1 TeV.

In the Southern sky, the lower background,
better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with thoseoftracks.Thisisparticularly truefor
searchesfor emission from extended objects,
such astheGalacticplane, for which thesize
oftheemittingregion islarger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on theangular resolution of individual events.
Wethereforeexpect analysesbasedon cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from theSouthern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
I ceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify theenergiesand
directionsof the neutrinos that generated the
cascade events. I ceCube observesevents at a
rateofabout about 2.7kHz (18), arisingmostly
from background events (atmosphericmuons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove thesignal purity by ordersofmagnitude.

Previously used event selections for cascade
events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCubevolumeand total measured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategieswereperformed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
usingtoolsbased on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (millisecondsper event) allowed us
to use a more complex filtering strategy at
earlier stagesof the event selection pipeline.

This retains more low-energy astrophysical
neutrinoevents(Fig. 2) and includescascade
eventsthat aredifficult to reconstruct and dis-
tinguish from background becauseof their lo-
cation at the boundaries of the instrumented
volumeor in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).

After the selection of events, we refined
event properties, such as the direction of the
incomingneutrinoanddepositedenergy, using
thepatternsof deposited light in thedetector.
The likelihood of the observed light pattern
under agiven event hypothesiswasmaximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In thisapproach, weused
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximatesa (morecomputation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Startingwith
an event hypothesis, theNN modelsthephoton
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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See Ke Fang’s talk at this conference

Global significance: 4.5σ 

Data collected (10 yrs): 2011.05 – 2021.05

Consistent with Galactic plane diffuse 
emission model or a class of unresolved 
sources !



 9 Donglian Xu –  A Multi-cubic-kilometer Neutrino Telescope in the Western Pacific Ocean –  32nd  Texas Symposium, Dec.11-15, 2023

Next-gen neutrino telescopes under planning

 IceCube-Gen2
（South Pole）

TRIDENT
(South China Sea)

Baikal-GVD
（Lake Baikal）

P-One
（East Pacific）

TRopIcal DEep-sea Neutrino Telescope

Equatorial 

As the Earth rotates, TRIDENT’s best sensitivity band will 
sweep through the entire sky, complementing IceCube-Gen2 
well

DUMAND
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Next-gen neutrino telescopes under planning

IceCube-Gen2 KM3NeT-ARCA Baikal-GVD P-One

IceCube Gen-2
Designed to achieve five times better sensitivity than IceCube array 

๏ Optical array: Eight times larger active volume compared to IceCube filled with improved optical module based 
on the R&D studies from IceCube Upgrade 

๏ Surface air shower array: Matching with the optical array throughput, ~40 times higher coincident events 
๏ Radio array: ~ 500 km2 area of the antenna array for the detection of EeV neutrinos

25

“Deep-ice Optical Sensor Array for IceCube-Gen2” 
- Poster IV-a/5F MT12-044 by A. Ishihara

IceCube-Gen2 (arXiv: 2008.04323) total 16-18 clusters 

Reaching ~1km3 

Timeline: ~2025/2026 

70 strings

Reaching km3 volume

Timeline: ~2028

230 strings 

Reaching ~1km3 

Timeline: 2028

10 km3 + 500 km2 
surface array for radio 
UHE neutrinos

5-10 times improvement 
in sensitivity

Timeline: ~2035 / 2038
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Interaction medium: Ice vs Water
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Most transparent medium on Earth!
Scattering length: ~25m
Absorption length: >100m

3 

                                                                                                                              

Baikal site
• 1370 m maximum depth 
• Distance to shore ~4 km 

• Absence of high luminosity from 
biology and K40 background 

 
• Water properties:   
        Abs.   length: 22 ± 2 m    
       Scatt. length: Ls ~ 30-50 m  
       Ls /(1- <cosθ>) ~ 300-500 m 
  
       Strongly anisotropic phase  
       function:     <cosθ> ~ 0.9 
 
• Ice cover for two months that is 

a possibility for simple and 
cheap  deployment procedure or 
rearrangemnet of  the detector 
from the ice  

The NT site 

Lake Baikal

Mediterranean Sea
UV Scattering length: >100m
UV Absorption length: ~25m

Glacial ice Lake/sea water
On average, ice is more 

transparent / less 

absorbing, while water is 

less scattering

More “direct” photons in 

water-based telescopes  

intrinsically better 

pointing can be achieved
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TRIDENT Explorer : T-REX

September, 2021

https://trident.sjtu.edu.cn/en

Pre-selected site 
conditions

 Flat seabed
 No nearby high rises 

or deep trenches
 Depth >3km 
 Close proximity to a 

shore

Hong Kong

54
0 

km

180 km

480 kmSanya

Yongxing 
Island

Measured params

 Current field
 Radioactivity
 Optical properties

https://trident.sjtu.edu.cn/en
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TRIDENT Explorer : Current Field

Animation link

Scaled-down (1:25) experiments in a 
ship towing tank on SJTU campus

Site current field measured on Sep. 6, 2021

Simulation (30-yr): ave. 6 cm/s, max < 26 cm /s

https://trident.sjtu.edu.cn/en/gallery/videos/16/ship-towing-tank-experiments
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TRIDENT Explorer : Current Field

Scaled-down (1:25) experiments in a 
ship towing tank on SJTU campus

Site current field measured on Sep. 6, 2021

Simulation (30-yr): ave. 6 cm/s, max < 26 cm /s

Animation link

https://trident.sjtu.edu.cn/en/gallery/videos/16/ship-towing-tank-experiments
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TRIDENT Explorer : Current Field

Scaled-down (1:25) experiments in a 
ship towing tank on SJTU campus

Site current field measured on Sep. 6, 2021

Simulation (30-yr): ave. 6 cm/s, max < 26 cm /s

Animation link

https://trident.sjtu.edu.cn/en/gallery/videos/16/ship-towing-tank-experiments
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TRIDENT Explorer : Radioactivity  

 West Pacific Mediterranean East Pacific 

 40� Radioactivity
[ ��/��] 11101 ± 119 13700 ± 200 12526 ± 752

Experiments TRIDENT ANTARES P-ONE

Simulated hit on each PMT caused by 40K  

Radioactivity measurement @ CJPL
with a Germanium detector
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Optical properties of deep-sea water

Absorption process (�풂��) 

 kill the photons, spacing design

Scattering process (���풂) 

photon direction, angular resolution

Rayleigh scattering (�푅��): 

Mie scattering (�푀��,  푐���푀�� ): 

Attenuation length:  

� � =  �0 ∙ �
− L

����
+ L

��푐�
 
 = �0 ∙ �− L

��푡푡

F. Hu et. al., Simulation study on the optical processes at deep-sea 
neutrino telescope sites, NIMA 1054  (2023) 168367
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TRIDENT Explorer : T-REX Apparatus
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ENT Pr

eli
mina

ry



 19 Donglian Xu –  A Multi-cubic-kilometer Neutrino Telescope in the Western Pacific Ocean –  32nd  Texas Symposium, Dec.11-15, 2023

T-REX PMT system

on the rigid structure, a supporting structure is mounted around the equator of the glass sphere.148

Thehydrostaticpressure test isperformed for all assembled glassvessel at underwater engineering149

laboratory in Shanghai JiaoTong University.150

4 PMT Pre-Selection151

Figure4: Thepictureof HZC PhotonicsXP72B22PMT.

XP72B22PMTproducedbyHainanZhanchuangPhotonicsTechnology Co., Ltd(HZC), shown152

inFigure4, ischosen for theTRIDENT pathfinder experiment. It istheupgradeof3-inchXP72B20153

PMT,withoptimizedshapeofglassbulbfor an improvement incollectionefficiency andtransit time154

spread required by JUNO []. ThePMT basesignal output isconnected to theoscilloscope without155

amplification usingacoaxial cableand50⌦termination. Several characteristicsof XP72B22PMT156

are listed in Table 2. The typical noise is⇠1 kHz at room temperature with amaximum at 2kHz.157

Thetypical gain is3⇥106 atavoltageof 1150V. Ithasarelatively highquantumefficiency, ⇠20%158

at wavelength of 470nm.159

Table 2: The description and typical photocathode characteristics of HZC Photonics XP72B22
photomultiplier tube

Window material Borosilicate low K
Photocathode Bi-alkali

Refractive Index at 420nm 1.54
Gain 6⇥103

High Voltage 1150 V
Noise 2kHz, max

Quantum Efficiency at 470nm 20%
Quantum Efficiency at 404nm 28%

Toselect six PMTs, which will beinstalled in therDOMs, the individual test andmeasurement160

for all PMT candidatesarecarriedoutatUniversity of ScienceandTechnology of Chinaby () group161

–6–

Figure 2: Left: A sketch of receiver module. Optical sensors are housed in lower hemisphere,
glued in the optical gel, while electronic boards are installed in upper hemisphere. Right: The
3D-print support structure for PMTsandcamera to show thearrangement of optical sensors.

system, the dedicated design concept and measurements of the camera system is presented in []109

(cite camera Paper). Three PMTs and one camera are mounted by a 3D-printed support structure1 10

in the same semisphere, while the necessary electronic boards that manage power supply, analog1 1 1

to digital data conversion (ADC) and network nodes for data transmission and slow control are1 12

integrated in theother semisphere. Moreover, thepenetrator and vacuum valveare installed in this1 13

semisphere. The3D printed support structure isdepicted in the right panel of Figure2. The three1 14

3-inch PMTs are arranged with the central axis 30◦ from the vertical line and evenly distributed1 15

with 120◦ separation. Thespaceof theglasssphereand thePMTsarefilledwith optical gel, whose1 16

refractive index is⇠1.42, toensure thesmooth photon propagation between differentmediabefore1 1 7

hitting on thePMT photocathod.1 18

The PMT working voltage was designed at 1375V, corresponding to a gain at ⇠107. The1 19

PMT detected signals arefirstly pre-amplified and then digitized by an analog-to-digital converter120

(ADC) at a rate of 250 MHz to obtain the waveform. The digitized data is transmitted back to121

thecontrol center on the research vessel through theoptical fiber protected by thearmoured cable,122

and stored in the real-timeprocessing dataacquisition system (DAQ) computer for analyses. Since123

the assessment of the absorption length of the sea water requires a relative measurement between124

two distances, the timesynchronization isextremely crucial. Therefore, theclock synchronization125

system between the three optical modules are guaranteed by the White Rabbit technique. The126

design concept of theelectronics system is introduced in [] (citeelectronicspaper).127

3.2 Optical ModuleAssembly128

The glass vessel is a 17-inch, namely 42cm diameter VITROVEX r glass sphere. It is composed129

of two independent and identical semispheres, so that the combination of them isflexible. Before130

theenclosure, each semisphere isassembled.131

In one hemisphere, optical sensors are mounted on the 3D-printed structure and then placed132

downwards in the glass. The space between the 3D structure and the glass sphere is filled with133

a highly transparent silicone rubber gel, WACKER SILGELr 601 CN, to ensure that the surface134

–4–

HZC XP72B22 (3-in) Use relative measurement method to 
mitigate hidden systematics  

LRM-A

LRM-B
Electronics:  J. N. Tang et. al., Journal of Instrumentation, vol.18  T08001 (2023); 

    M. X. Wang et. al., IEEE Transactions on Nuclear Science, vol. 70, 2240–2247 (2023)
Light source: W. L. Li et. al., The Light Source of the TRIDENT Pathfinder Experiment, NIMA 1056 (2023) 
168588 
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T-REX Camera system

Images captured at depth of 3420m

LRM-B: 21.5m LRM-A: 41.6m

Camera-calibrating in a ship 
towing tank

PoS (ICRC2023) 1094
W. Tian et. al., A camera system for optical calibration of water-based neutrino telescopes (in 

prep)
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TRIDENT Explorer : Optical Properties

 Dedicated analytical and numerical modeling
 Exp. data: ~ 1TB          Simulated data: ~ 100 TB, 10M files

LRM-A

LRM-B

Nature Astronomy (2023). 10.1038/s41550-023-02087-6 
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TRIDENT hybrid DOM – hDOM

Conceptual design: PoS (ICRC2021) 1043

 Better than 0.1o @ E� > 100 TeV 
 >40% improvement (cf mDOM) in angular resolution, assuming 

PMT TTS ~5ns
Updated:

PMT TTS ~3ns + 10cm hDOM position smearing: 40%  30%  

Development progress: PoS (ICRC2023) 1213
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Detector geometry

Primary aim of design: 
To rapidly resolve point 
sources out of the diffuse 
flux

Penrose tiling 

Uneven inter-string spacing 70m 
and 110m

Expanded energy window of sub 
TeV – EeV

 1200 strings
 20 hDOMs / string
 Volume: ~ 8 km3 
 Underwater ROV for 

deployment & maintenance 

Geometry comparison: PoS (ICRC2023) 1203

Nature Astronomy (2023). 
10.1038/s41550-023-02087-6
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Source sensitivity & discovery potentials

 TRIDENT is expected to detect the IceCube steady source candidate NGC1068 at 5σ level within 
one year of operation

Track events only

Nature Astronomy (2023). 10.1038/s41550-023-02087-6
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Sensitivity to all neutrino flavors

��� = 334.3 
TeV

Angular resolution
for cascades:

~1.8o  @ 1PeV (likelihood)

~ 1.5o @ 100 TeV & 1 PeV (GNN)

Cascade reco : PoS (ICRC2023) 1207 Tau double pulse : PoS (ICRC2023) 1092

Where are the �e and �� from NGC 1068

 and TXS 0506+056 ?

See Arguelles’s talk at this conference
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Brief timeline

  Pathfinder: 2019-2022

       completed

Phase-I project: 2022-2026

       in progress

Big array construction: 2026-

under planning
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Interdisciplinary collaborations: ~ 100 members

1st TRIDENT interdisciplinary forum, Nov. 16, 2022

Establishment of the TRIDENT collaboration, June 8, 2021, TDLI, Shanghai

2nd  TRIDENT interdisciplinary forum, Nov. 27-28, 2023
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Summary

 IceCube has opened a new era for high-energy neutrino astronomy

 Neutrino astronomy is still in its infancy, the future is bright and could be well beyond 
our imagination

 More detectors with improved detection ability to catch PLENTY of neutrinos for 
further scrutiny !

 A viable site was found at a depth of 3.5km in South China Sea for constructing large-
scale deep-sea neutrino telescopes

 We propose to build a next-gen neutrino telescope (TRIDENT) for rapid source 
discoveries and further neutrino astrophysics exploration.


