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1. Multi-messenger astronomy and astrophysical neutrinos

2. Global Cherenkov neutrino telescopes

3. Development/Comparison of ice-based & water-based neutrino telescopes
(1) Detector design (2) Calibration challenge

4. Summary

Wei Tian, IceCube Summer School, Jun 5t 2026



Astrophysical messengers in dark universe ICECUBE

NEUTRINO OBSERVATORY
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** Multi-messenger Astronomy Era ** Neutrino as an astrophysical messenger:
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» Exploring the origin of cosmic rays

Astrophysical neutrinos ST | - ﬁ
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Observation of astrophysical neutrino flux ‘ﬁ& ICECUBE
“ Discovery of astrophysical neutrinos (2013) % Most energetic neutrino ever observed (2023)
IceCube: Phys.Rev.Lett. 113 (2014) 101101 KM3NeT: Nature 638 (2025) 8050, 376-382
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Origins of these astrophysical neutrinos ?

ICECUBE
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NEUTRINO OBSERVATORY

NEUTRINO ASTROPHYSICS

Neutrino emission from the direction
of the blazar TXS 0506+056 prior to
the IceCube-170922A alert

IceCube Collaboration™{

Science 361 (2018) 6398, 147-151

(2017)
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NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearhy
active galaxy NGC 1068
(2022)

IceCube Collaboration*t Science 378,538 (2022)
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NEUTRINO ASTROPHYSICS

Observation of high-energy neutrinos from the

Galactic plane
(2023)

IceCube Collaboration*{

Science 380, 1338-1343 (2023)
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Questions remained

$:3ICECUBE
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Other multi-messenger counterparts ?

Cosmic-ray acceleration?

More discovered significant neutrino source?

Neutrino production region and mechanism at the sources?

Neutrino sky: .-"\
(Location) "« \

S 7
-

~~~
-
—
—
—

Event statistics:
(Volume, Detector layout, Depth)

IceCube-Gen2

Angular/Energy resolution:
(Optical medium, Detector layout)

Flavor separation: @

Non-unitary mixin, g
Al

@ mdecay: (1:2:0)s
09 @ p-damped: (0:1:0)g
A ndecay: (1:0:0)g

W 2020
BEO 2040 02

09 /2020 (proj.): IC 8 yr (99.7% C.R:
==2040 (proj.): IC 15 yr + Gen2 10 yr (99.7% C.R.)
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Fraction of v, feq

Precise flavor detection at 2040
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Neutrino astronomy landscape |BEBUBE
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Hunting high-energy neutrinos by a detector array ICECUBE

Cherenkov light detection array (~km?)

M.Markov: "We propose to install detectors deep in a

lake or in the sea and determine the direction of

charged particles with the help of Cherenkov radiation."
Track-like Single / Double Cascadeg

Wei Tian, IceCube Summer School, Jun 5t 2026



The first step to technical challenge: DUMAND 833 CECUBE

¥ NEUTRIND OBSERVATORY

Experimental conditions:

(1) Transparent medium: target/optics
(2) Deep: filtering cosmic/atmospheric noise
(3) Large size: enough statistics

(4) Long-term operation

Wei Tian, lceCube Summer School, Jun 5t 2026

DUMAND (Deep Underwater Muon and Neutrino Detector)
https://www.phys.hawaii.edu/~dumand @ Hawaii, 1970s-1990s

Planned to build 9 strings, 216 Optical Modules
at a water depth of 4.8 km

Electrical pass-through Optical pass-through

Circuit package

Optical Sensor

Silicon gel

Quter shell

DUMAND: Optical module

dacirical Teed through



https://www.phys.hawaii.edu/~dumand

Existing fully constructed neutrino telescopes

$:3|CECUBE
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IceCube (South Pole, 2010 -- today)
IceCube Lab

&

IcCECUBE
ol T — L SR S

1l | IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

-- 86 strings
-- 5160 DOMs

1450m |

DeepCore
8 strings—spacing optimized for lower en
480 optical sensors

Eiffel Tower
324 m

2450 m

2820 m

Art picture by IceCube 10-inch PMT

Wei Tian, IceCube Summer School, Jun 5t 2026

Cable to shore

ANTARES (Mediterranean, 2008 -- 2022)
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Future Global Cherenkov Neutrino Telescopes

P-ONE (East Pacific ch'ém)

Medium: Deep-sea water?,
Depth: ~2.6 km \

Volume: ~ 1 km3
Number of strings: ~70

KM3NeT (Mediterranem
Medium: Deep-sea water
Depth: ~3.5 km /
Volume: ~ 1 km?3

Number of strings 3 ~230

S 7

s
\ Me
\ Depth? m‘i‘hn

\\Volume:/ ~1 km?3

e 060066

J
Baikal-GVD (Lake Baikal)

: Deep-lake water

™\

7
,

u»rgber of strlngs\ 140

1

‘IceCube,Gen-Z (South Pole)

Medium: Glacial ice
Depth: ~2.5 km
Volume: ~ 8 km?3

Number of strings : ~210
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TRIDENT (YVest Pacific Ocean)

Medium: Deep sea wafer
Depth: ~3.5 km |

Volume: ~ 8 km?3

Number of strings : ~1000
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Development of Digital Optical Modules

NEUTRINO OBSERVATORY

IE:EE:UBE

'

# DOM

ICECUBE

Balkal-GVD KM3NeT

DOM

Development by using pixelized PMTs:

1.

2
3.
4

41 photon coverage (+10% by SiPM)

Better SPE time resolution (without magnetic shielding)

PMT coincidence trigger for removing K40/dark noise

Challenge from multi-channels/power/data readout

hybrid-DOM

:Si:P MR@BH&}M Array
g% D:Mﬂj:l:]:l

Jit‘terNJ_%g(‘f] ps

TRIDENT hDOM: PoS ICRC2023 (2023) 1213

Wei Tian, IceCube Summer School, Jun 5t 2026
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Detector array design and deployment %’ ICECUBE

NEUTRINO OBSERVATORY

Key drivers of detector geometry design:

1. Physics goals (energy range, balance between track and cascade, self-veto..)
2. Optical properties of the medium

3. Deployment and engineering constrains (ice/water layers, power supply, maintenance, installation precision... )

IceCube/IceCube-Gen2 (hexagonal/sunﬂower) Baikal-GVD (clustering):

Wei Tian, IceCube Summer School, Jun 5t 2026 14




Detector array design and deployment ICECUBE

NEUTRINO OBSERVATORY

KM3NeT

Wei Tian, lceCube Summer School, Jun 51 2026 @TRIDENT-SJTU on YouTube




Detector geometry optimization o : ICECUBE

¥ NEUTRINDOD OBSERVATORY
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Calibration challenges in deep ice / water ICECUBE

NEUTRINO OBSERVATORY

An underwater demonstration of the detector array

éﬁrreﬂt 6 1 ﬁ{1/s "
5 Dnsg <;O,3

From Carsten Rott,
2026.lceCube ollabo r 1;} Iﬁn\ EFINS:!-

* Ice modeling: hole/bulk ice, dust layer, anisotropy.. Time-varying optical properties of water
DOM positioning after refreezing/ glacial ice flow DOM Positioning in sea current

(More details in Dmitry’s talk) Extra natural radioactivity/Bio-activity
Wei Tian, IceCube Summer School, Jun 5™ 2026




Optical properties in ice/water medium ICECUBE

NEUTRINO OBSERVATORY

\/

*¢ The optical parameters:

Absorption length (4,,) ~ photon loss
Scattering length (4.,) ~ photon deflection

. . Rayleigh Scattering Mie Scattering = : . —
Rayleigh scattering (Agqy): . Glaoialice
Mie scattering (Apie, (€0SOie)): % %% Asca(20~50m) < A,5(60~200m)
Attenuation length (A,,,): e

O R L
IL)=1Iy-e Gavs 2sea) = Iy - e %att

V&

Deep water
Asca(50~90m) > A,;,(25~60m)

Muon signals in ice

Time varying optical properties in deep water

\ 4

in-situ real-time optical calibration
Wei Tian, IceCube Summer School, Jun 5% 2026 19

Muon signals in water




Optical calibration methods in deep water

NCELCUBE

¥ NEUTRINO OBSERVATORY

PMT + Pulsing light source:
(Antares-2004, KM3NeT-LAMs, P-ONE Straw-a)

»p Floats ) — 150 m —

[ total
direct
scattered

106':

105 5
Scattering tail

/

10° 5

80 100 120 140 160 . EurPhys.).C 81 (2021) 12, 1071

Hit time [ns]

1072

1. Single-photon mode + Synchronization (~ns)

2. Hours-long data accumulation

3. Arrival time -> scattered/direct photons, “Aq¢fqs¢”

Wei Tian, IceCube Summer School, Jun 5t 2026

Specialized laser facility:

(KM3NeT-AC9, Baikal-5D)

scattering

Rotating Filter Wheel

H A ' Y SO0 SE—
Lamp Housings E iose
X = 3 7
! ~——— MotorfEncoder O O "
«
c

10.25 cm b

WET lab, AC9Y Baikal-5D, PoS ICRC2023 (2023) 977

1. Good precision of canonical ¢ Agps Agca
2. Need extra calibration/deployment

3. Localized measurement
20



TRIDENT Pathfinder experiment (Sept. 2021) ICECUBE

NEUTRINO OBSERVATORY

s T-REX deployment (depth~3420m)

A-frame

Umbilical

Research vessel

Control & battery module

C Light receiver module A
Camera - 3420m
41.8m ;; ;;
43.2cm
— Light emitter module
Camera-B

-3 ?ﬁi‘ 207m| 2 7z
e 'y : @ Light receiver module B ——

Ballast (~700kg) I_l

Light source

Not to scale Seabed ~3475m

Wei Tiar]y lceCube Summer SchooL Jun 5t 2026 (PMT JINST 19 (2024) 05, P05040, Camera: NIM-A 1076 (2025) 4;20489)




Optical measurement results from T-REX o+ ICECUBE

\ ¥ NEUTRINO OBSERVATORY

T-REX Camera system @ TRIDENT, PMT
60 @ TRIDENT, camera
0 L P-ONE, STRAW-a
KM3NeT, LAMS
200 . E 50 - # KM3NeT, ACO
_ 400 2 < & ANTARES (June 2000)
= 4 o 4 Baikal, Baikal-5D
= 100 £ 9 40 A Observable Cherenkov
200 U - © £ ~ spectrum (a.u.)
Radius = 65 pixels Radius = 33 pixels E=
0 % 30 -
0 100 200 300 0 100 200 300 £
Pixel Pixel °
g
T-REX PMT system :8 20
10° )
—— 21.56 m PMT model 10 4
—— 41.62 m PMT model
S +  21.56 m PMT data TRIDENT, Nature Astron. 7 (2023) 12, 1497-1505
) 10 +  41.62 m PMT data o | | | |
£ Global v2 fittin 350 400 450 500 550 600
Lg) X f 9 Wavelength (nm)
4
10
Real-time Measurement by CMOS system within seconds:
X JINST 19 (2024) 05, P05040 Leonter method: Aatt ~ 6%
1077200 300 400 500 600
et 2 fitt] thod: Agee~ 1% Agps ~2% Aspq~ 6%
X ntung method: Agee 0 tabs 0 Asca Y

Wei Tian, IceCube Summer School, Jun 5t 2026 22



Acoustic positioning'system in deep sea o :ICECUBE
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from Luc Voorend, KM3NeT, GNN2026

. ~ _"South Pole"
L Current angular uncertainty of KM3-230213Al"!: 3 // v =
= (.12°intrinsic reconstruction resolution ™ ! :
= (.1°relative positioning R
= 1.0° absolute positioning (each axis) .« 0
//
< 4
7 - -
Ve \ _ - L X
[ o4 T Sound velocity [m/s] Surface layer
N .’I ( \ Idﬂ-SO l4r85 14‘90 14I95 15|()0 |5|05 ISrl()r ISIIS 15'20 1525
I N S LIl 27" Seisomlthemocine
500 Main thermocline
_; wool
. 1500
" E Deep isothermal layer
. = 2000
3
nia 2500
| 3000 F
-
- ‘ 3500
==
ﬁ * 4000
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Acoustic positioning'system in deep sea

NCELCUBE
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Absolute positioning during string deployment

Deployment oy, 0,0, < 1m

Surface vessel
RAMSES + DGPS
Ctrl/¢gmd & 3D display

HYDRINS / ROVINS (optional)

Y

'\‘ A ——
=
¥ AB23 AB24
.
AB25 AB22
DU deployment p = ‘
Release Transponders 0
9o
L4 Q Q
ROV
\ _\ ™| Transponder
SRS T | il
- =1 -5 gl 2 AN
I 9. I A8 SR e |
1 franeeee | » | I~ I L. &
I 1 o | 1 1 ixed transponders
| I I | | 1! r
| B —— o
L ® == I_ - == i

Wei Tian, IceCube Summer School, Jun 5t 2026

Relative positioning after deployment

Oy, 0y, 0y ~0.2m

w«Wee

Internal DAR in DOM
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Background calibration in ice/water 8:3CECUBE

PMT noise components = PMT dark noise + Glass and Environment radio activity + Bioluminescence

(Atmospheric not included ) [ Inice ~O(100Hz/PMT) \ Y }

In water ~ O(kHz/PMT) only in deep-sea
10°{ Sea trial 2025: TRIDENT Preliminary — CL=1 :
— CL=2
10°
A e _LLL...J\.;MU\ - ~ A - M — (CL=3 _

':F:' 104
2 103-
© ]
o ] _ " '!Fl"'l""f'*‘lihﬂﬁr NPT PYNT VAP PP WU JPOY Y | 4,;.“,

102'5

101+

10° . . . . .

0 100 200 300 400 500 600
Time [s]

Wei Tian, IceCube Summer School, Jun 5t 2026 25



Background calibration in ice/water ICECUBE

Bio-activity and Bio-fouling in deep sea

seé'a_a:al 2026%TRIDENT

X g e N\ . F LR
4745.38249N, 12 7ASEUEZLENY w from Kilian Holzapfel,
2023-07-13 11: 06544 U0k 3 SN, W ©_oNE

Wei Tian, IceCube Summer School, Jun 5t 2026 26
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Neutrino flavor identification in IceCube :%ii' ICECUBE

Iml'”} :nl'l -I

U K Ve :
|
|

w w 1
|
|

N X N X

track shower 1
|
|
|
|

Track Single Cascade Double Cascade

/

s Identification of tau neutrinos in IceCube:

7 tau neutrinos candidates by CNN with 3 strings (2024) PRL, 132, 151001 (2024)

25 25
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Probe source models or new physics by flavor :

arXiv:2507.07212 o fo:f,:fr at source
© 1.0 o 1:2:0
o m 0:1:0
0.9 A 1:0:0
o Best fit BPL
0.8 X 0.30:0.37:0.33
o Best fit SPL
o 0.7 ™ 0.28:0.36:0.36

IceCube Preliminary

%
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0.3

o ———

Ve fraction (f.)
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Physics potential of TRIDENT IR ENT

Neutrino Flux Sensitivity Neutrino Sources Discovery Potential Source Models & New Physics
107 : .
] | | 7 i 2: Z
mdecay (1:2:0)gource = 1.0 8 Standard model
: : 10yr, E2 Ti NT, Nature Astron. 7 (2023) 12, 1497-1505 m pdamped (0:1:0)guee A New physics: v decay-like
! - lceCube-Gen? 6 4 ndecay (1:0:0)gouce [ Lorentz violation
1 : lceCube o
107" . : : — KM3NeT "_," * 0 8 —— |ceCube: 8 years
— ] I | — TRIDENT e —— e e e e — — Lt s ~—— IceCube 15 yr + Gen2 10 yr
" 1 - = TRIDENT: 10 yr
¥ — | : 5 - o
£ ‘II : o 4 - ”’ * 0 6
o -
- | 1 g -
50 AN i 2 Vi
= ] | ¥ = Ve
g ] T 3 -,
P: 1 /_E_ : / 3 z”
4 - 7’
% 1 ! : —_—— 5 //’ TRIDENT discovery potential
o L ’w I | . 7 lceCube diffuse flux (100 TeV)
: =R h— . — P4 NGC 1068 (1TeV)
:_’_/"' S %: 1 ,’ Galactic Centre (5 TeV)
1 =& =¥ ! — — = LHAASO J1825-1326 (10 TeV)
® | Q1
8! S 0 | ‘ . w
0™ - i . 0 2 4 6 8 10
-1.0 -05 0 0.5 Livetime (yr)
sind

Angular Resolution ~0.1° @ 100TeV I

For NGC1068: 50 within 1 year!

Neutrino Flavor Ratio
29
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Two algorithm for measuring optical parameters RS ERLT

Optical attenuation in deep-sea water:
Bl Dircct light I, — Ay Absorption effect (4,,5) ~ photon loss
Scattering effect (A,.,) ~ photon deflection

(1) Center pixels for measuring total attenuation:

Agre= —(Ly — LB)/IH(E 1_0)

(% Indicates the non-uniformity of the light source)
0

Gray value

(2) Gray value distribution for measuring 4,55 4.,

iM T1+Zklek i_%
k=1

—|— JT@

Scattered light distribution — A4, , Ascq

1=1

Camera system : NIM-A 1076 (2025) 170489) (x? fitting with the Geant4 simulated images)

Wei Tian, IceCube Summer School, Jun 5t 2026 30



Oceanographic conditions TRIOENT

3T X

Temperature [ ° C]
0 5 10 15 20 25 30

0 0
500| 500| West | Mediteri East
o - Pacific nian Pacific
E 1500} 'S 1500} 40 -
£ 2! K radio
2 2 L = = -~
% 2000 F 000 el 11101 13700 + 12526 +
( Bq/m?3 ) 119 200 752
2500 2500
3000} 13000 | I
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*0K decay activity : 11101 + 119 Bq/m?
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