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Neutrino astronomy & Neutrino telescopes

TRIDENT (i8%%it%l) : A proposed next-generation neutrino telescope
(1) Location (2) Detector layout (3) hDOM design (4) Pathfinder (5) Physics potential

The camera system: an eye for real-time optical calibration

(1) Hardware design (2) Image processing methods (3) Calibration process

Identifying astrophysical tau neutrinos based on hDOM waveforms

(1) Simulation pipeline (2) Double Pulse algorithm (3) Exploration of using GNN

Summary

TRIOENT
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High-energy astrophysical neutrinos TRIOENT

E | 2 | th | X

X ¢ Neutrino as an astrophysical messenger:

o COSMIC rays

nergy y-ray

Neutrinos: No charge

: '-",.. jlazac: Weak interaction

5,195 scintillator

Art picture from LIGO Art picture from LHAASO

They are charged particles and
are deflected by magnetic fields.

.
* X

Art picture from IceCube-Gen?2

Art picture by Juan Antonio Aguilar and Jamie Yang. IceCube/WIPAC

< Exploring the origin of cosmic rays
Y
LG Hadronic processes ( py or pp collision): e’
. ERIEIEHE r==—==-- 1 /‘Ar/v
el A L
pT o et Hve + 7,

Astrephysical neutrinos — ey L7 %
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Neutrino telescopes: IceCube & ANTARES

TRIOENT

E | 2 | th | X

a IceCube Lab\

ICECUBE —_ °.:'2.:a-’.:«£:§,-:°_
e e
‘ | i
| 3
Volume~1km
|
|
1450 m

2450 m

2820 m

Art picture by IceCube

Wei Tian (TDLI)
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IceTop
81 stations
324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

-- 86 strings
-- 5160 DOMs

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

Eiffel Tower
324 m

10-inch PMT

Volume~0.03km?3

Buoy

-- 12 strings
-- 885 DOMs

Cable to shore

Junction x

\

Anchor

~180m

Art picture by ANTARES
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Observation of astrophysical neutrino flux

All-sky observation of neutrino flux

10—¢

arXiv:2405.17623

107 +
10 —8
|
——
102 v
-+- IceCube cascade v (2020)
IceCube northern track v (2019)
* IceCube Glashow resonance v (2021)
1010 : - .
1013 1014 101 1016
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1017
Energy (eV)

/7

TRIOENT
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** A global fit of the flux by both Track and Cascade events
v —AE-B

E - (Cascades 6yr(2020)

W 35} = HESE 7.5yr(2021) it DO

< Through-going -~ SN

= T tracks 9.5yr(2022) JRad N

S 307 ESTES 10yr i \

Q (2022, prelim.) R \‘

S (| === GlobalFit (this work) .~ I

s~ o’ II

. ~
Through-going 2 ) J
fracks / GlobalFit: 7

S “Tracks+Cascades
“T L5t ) ’¢’, PoS(ICRC2023)1064
> ”’

&2 -
'jf§ Loy Cascades — 68%C.L. |

;9© IceCube Preliminary --= 95% C.L.

0.3 2.2 2.4 2.6 2.8 3.0 3.2 3.4

spectral index y
from J. A. Aguilar, on behalf of IceCube, Neutrino2024, Milan



Origins of astrophysical neutrinos TRIOCNT

iz BN = AN N i |

NEUTRINO ASTROPHYSICS NEUTRINO ASTROPHYSICS NEUTRINO ASTROPHYSICS

Neutrino emission from the direction Evidence for neutrino emission from the nearby || Observation of high-energy neutrinos from the
of the blazar TXS 0506+056 prior to active galaxy NGC 1068 Galactic plane

the IceCube-170922A alert (2017) \ceCube Collaboration* Science 378,538 (2022) (2 02 2) .cglP;lzzbgrgt;n*}338_l343 - (2 02 3)

IceCube Collaboration*{
+75°

Science 361 (2018) 6398, 147-151

°

Right Ascension

=]
IC40 IC59 IC79 IC86a IC86b IC86c S 7 7
s . . . . . = a 5
H ] 7 3
*1 lceCube-170922A A fao £ 125° 4 .24 \ ' %
o 41 Gaussian Analysis . B Wt A O H L e g AT gt LN ST I e R 9=
o 34 = Box-shaped Analysis I\ e a % 4 : 1 v TXS 0506 056 e
g, : " Gttt ; : . + NGC 1068 5%
| 20 i SR T e B RN L R R A ol o Sk R et R R ? """" gs
i JJ_;_ 1o 24h 12h _-" | Oh g
0 —_— —_— x r . r . Right Ascension -~ )
2009 2010 2011 2012 2013 2014 2015 2016 2017 | 00%
~10g3(Plocal) | s | g
1 3 = bE 288
6.0 B s
A [— ] “iee IR
NGC 1068 I 15 0 120 60" 0 60 -120" -180" 0
0.6 I Galactic Longitude [/]
- 45
§ o I <--+ KRA? Model —— KRA? Best-Fit v Flux
3 - $ = | <=+ KRA® Model = KRAS® Best-Fit v Flux
U [ ® = 02 )
1 : 3.0 £ E I «+++ ® Model = ¥ Best-Fit v Flux
E 10 g é 0.0 I 77 lceCube All-Sky v Flux (22) .
Diffuse flux
2 1.5 0.2 I & e
| §
—04 ©
0.0 412 410 408 406 104 402 I ‘0
B : 78.36°  77.36°  76.36° Right Ascension [deg] I 3 a ac ic
8 — Galactic flux
3
o
i

Neutrino energy: ~290 TeV Event excess: 79722 (1.5TeV~15TeV) (> TeV, 4.50)

Significance: 3. 50 Significance: 4. 20 T

E, [GeV]
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Neutrino flavor detection TRIOCENT

iz BN = AN N i |

* Flavor ratio: a powerful probe for exploring new physics: Probe quantum gravity:

________ - o _
1 1 Likelihood contours 2 IceCube —— HESE with ternary topology ID d9E2 =0 _
v v f ob d Z L P : o Standard scenarios
= < 2 0.20: 0.39 : 0. - .
1 Vr L of observe : PRELIMINARY % Best fit: 0.20 : 0.39 : 0.42 (e) 2
| T i . ) . B © CopEp=1 (1/3:2/3:0), + new physics
| avour ratios Global Fit (IceCube, AP.J 2015)
1 X! I « . Inelasticity (IceCube, PRD 2019) Contours
< S 3y-mixing 30 allowed regi New physics
1 ‘1/ ;,\\ \ ; 3v-mixing 3o allowed region == 68% CL
y, 1 S e %, — C2(1:0:0)
) Gt = =1 95% CL ee (10 0)s
: 1 55 Zn A""A#;/v\' 00 6’/ e 39)(1:0:0),
1 1 Qs 2 vVv é vv‘ 0.5 o‘/; Ve : Vy @ V7 at source — on Earth: ::) ¢
I Nr X 1 - ﬁﬁ‘ﬁ% 4 < m 0:1:0 - 0.17:045: 0.37 Co (1:0:0)5
4 I . .
1 - o 1:2:0 - 0.30: 0.36: 0.34 — 0(0:1:0),
track shower 1 double bang* 1 v A L0:0—055:017:0.28 — 39(1:0:0)
1 I > ¢ 1:1:0-5036:031:033 00 CAl
1 : 0.1 === CO(0:1:0)
1 <
1 I i . 1 sy 0.0 9 D 0w E6(1/3:213:0),
| | ST I XIS EL XS’ (lceCube, arXiv:2011.03561] 0 01 02 03 04 05 06 07 08 09 1.0
_ _ _ _ ____ 1 Fraction of v, re
Nature Phys. 18 (2022) 11, 1287-1292
’ L L3 o L
** Observation of astrophysical tau neutrinos with IceCube:
DOM level Detector level 7 tau neutrinos candidates by CNN with 3 strings (2024) PRL, 132, 151001 (2024)
25 25
Qsr. =4.0e3 p.e. 10° —— signal expectation
.......... V 30 30 1.0 g = data
yT' S () v, . | £ 1072
-g 35 10* 35
[¥] . g
0 é 102 103 05
8 = 40 J 40 Reconstructed Energy / TeV
o
o o —— signal expectation
— 45 45
Q 100
E - o .
(a] vy event in 2015 re
|1-2 candidate events | 7 candidate events i 55 | —0.75 —0.50 —0.25 0.00 025 050 0.75
Il 50 100 150 200 250 300 0 50 100 150 200 250 300 ) : A ) ) : :

time/3.3 ns time/3.3 ns Reconstructed cos 0,¢,

from J. A. Aguilar, on behalf of IceCube, Neutrino 2024, Milan
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The dawn of neutrino astronomy

Neutrino production region & mechanism

1079 4 .
Neutrlno ﬂuX arXZVZ40517623 g X-RAY EMISSION
10710 4 ,27\ f
10"11 - [\I\j g L/L/L
10712 4 ke S
£y, =
-
1013 G amma—l”ay Aeccerion pisi
10~ : , . .

BLACK HOLE
1073 100 103 106
Energy [GeV]

Questions remained for cosmic neutrinos

1. More astrophysical neutrino sources
Cosmic-ray production & propagation
Neutrino mass/oscillation

Physics environment of black hole

O

Fundamental physics: Lorentz invariance, etc.

Wei Tian (TDLI)

TRIOENT
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2

Neutrino sky: _.-"
(Location) R

P

-
-
-

Event statistics:
(Volume, Detector layout, Depth)

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

Glacig! jgg

O i

Flavor separation: @

Non-unitary mixing 090

All regions 99.7% C.R.

© mdecay: (1:2:0)g

EEE 2020 09 @ p-damped: (0:1:0)s
BO0 2040 0. 08Andecay: (1:0:0)g
arXiv:2012.12893 )
@ 0.7 w&\
& oa /7 e
Qz\\ 05 . o%
g0 N

.9 f+2020 (proj.): IC 8 yr (99.7% C.R.
==2040 (proj.): IC 15 yr + Gen2 10 yr (99.7% C.R.)
— 2040 (proj.): Combined v telescopes (99.7% C.R.)

00 01 02 03 04 05 06 07 08 09 10
Fraction of ve, fe,o

Precise flavor detection at 2040

8




Next-generation of neutrino telescopes

. .

P-ONE (East Pacific Oce}m)
Medium: Deep-sea water
Depth: ~ 2.6 km

Volume: ~ 1 km3

String number: ~70

Wei Tian (TDLI)
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rd

= —

KM3NeT (Mediterranqz;if'_g;eg)_

Medium: Deep-sea water

Depth: ~ 3.5 km
Volume: ~ 1 km?3

!

/

String number: 115*2 blocks

7o

1

® 0060 664¢

060646

L) —
Baikal-GVD (Lake Baikal)
‘. | Me@ium: Deep-lake water
Q\‘ Dephr:%]?ir‘lqn

”*R"olumfe,:x" ~1kmf
\Std‘n!g number: w%40

-

i

IceCube Gen-2 '(South Pole)

Medium: Glacial ice
Depth: ~ 2.5 km
Volume: ~ 8 km?3
String number: ~210

TRIOENT
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N S——
\\ - e —
N -~
A wh
\ e | P
S f -,
\ \
@ . e
o
S \:\\ 5
/ A
/ £
I’ 3
»
£3 \E
| s
- L
iy )
0 - o -
\\. .\)i-
]
f
21
- ¥,
¥~ (HUNT, NEON)
.._I/,, ______ ~“~ ~~~~~
- e T
{ R e
- i g BRI ¢ T Tl
e e G T
AT - WL bl * S RSN §
Y e Bot o U et U BND SR Dol
L

il

Depth ~ 3500 m

' .
TRIDENT (West Pacific Ocean)

Medium: Deep-sea water
Depth: ~ 3.5 km /-
Volume: ~ 8 km3

String number: ~1000

TSN
]

S —




TRoplcal DEep-sea Neutrino Telescope (I RIDENT) LA

E | 5 | TH | Xl

< TRIDENT location (~ 114.0°E,17.4°N): < All-sky scanning of astrophysical neutrinos:

110°E 112°E 114°E 116°E » @ TXS 0506+056 B IceCube B Baikal-GVD
re 1 ; , . ® NGC 1068 I P-ONE B Trident

Nature Astrodl (2023) 12’ 149 7_15‘0. -@:- Galactic center/plane W KM3NeT
3 P [

fx+

110°E 112°E 114°E 116°E

-6000 -5000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000 (m) 10



Detector layout of TRIDENT ERREEN T

Water depth: ~3500m Penrose-tiling geometry:

Number of strings: ~1000 (20 hDOMs per string) 1. Avoid corridor events
Inter-string distance: 70m/110m, Inter-DOM distance: 35m 2. Balance track/cascade events
Detection Volume: ~8 km? 3. Paths for underwater-maintenance

Num of Nearby Strings (kernel=100m)
RID b, 0 0 e Astro 4 2000

1500

1000

o
-

500

w
=}
Num of nearby strings

o

g
Y Coordinate [m]
o
©

=500

N
o

—-1000

—-1500

—-2000

-2000 —1500 —=1000 =500 O 500 1000 1500 2000
X Coordinate [m]
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hybrid Digital Optical Module (hDOM) TRIOENT

mDOM

~0(300 ps)

TRIDENT hDOM: PoS ICRC2023 (2023) 1213 TRIDENT SiPM: JINST 19 (2024) 06, P06011

Pixelized PMT + SiPM layout:

1.

2
3.
4

41 photon coverage (+10% by SiPM)

Better SPE time resolution (without magnetic shielding)
PMT coincidence trigger for K40/dark noise

Photon distribution on hDOM surface

Wei Tian (TDLI)
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TRIDENT Pathfinder experiment (2021) TRIOENT

iE | 2 | Th | X

s TRIDENT Explorer (T-REX)

Light source

Wei Tian (TDLI)




T-REX apparatus TRIOENT

iE | 2 | Th | X

A-frame EXperiment goalSZ
Umbilical

Research vessel

. 1. Optical properties
2. Oceanographic conditions
Control & battery module 3. Radioactivity (K40 decay)
4. Prototype test at 35MPa
_///\ Light receiver module A
N cnts 3420m Light Receiver Module A&B :
BE 2 1 Two systems: PMT and Camera systems
—— Light emitter module Synchronization :White Rabbit (< 1ns)
2m| ¥ ) (PMT: JINST 19 (2024) 05, P05040, Camera: arXiv:2407.19111 )
@ I e Light Emitter Module :
Ballast (~700kg) Three wavelengths: 405nm, 460nm, 525nm
Not to scale Seabed ~3475m Pulsing mode (PMT) & Steady mode (Camera)

(Light source: NIM-A 1056 (2023) 168588)

Wei Tian (TDLI) 14



Optical calibration in water-based neutrino telescopes TRIODENT

iE | 2 | Th | X

% The canonical optical parameters: s Cherenkov waveband in water medium

2:5

0.010

(a) Light beam scenario

2.01 I 0.008

(Photons/nm/cm)

5
IO — — > I(L) 1.5 - 0.006 £
l‘. l" /\/\ =[5 ‘E
. P &
) ) § 1.0 1 F0.004 3
Propagation distance L : E
2, 3
§ 0.5 - 0.002 5
. ]
Absorption length (4,,5) ~ photon loss 5 A
0.0 - 0.000
Scattering length (Acq) ~ photon deflection = Seemas ¥

Rayleigh Scattering Mie Scattering

Rayleigh scattering (Agqay): % % % [Extra challenge in optical calibration:

Mie scattering (Ayie, (COSOyie)):

1. Dynamic water medium
Attenuation length (A4): 2. Time-varying optical properties
I(L) = 1 e_(/1aLb5+ /1$Lca) _J e—ﬁ 3. Non-uniformity in large volume/different depths
= I, - =1,
.

Bio-activity / Sedimentation

Wei Tian (TDLI) 15



The commonly-used optical calibration methods Rt =N T

PMT + Pulsing light source: Specialized laser facility:
(Antares-2004, KM3NeT-LAMs, P-ONE Straw-a) (KM3NeT-AC9, Baikal-5D)

Top Floats ? — 150 m —

—_
o
1
N
o
B

scattering

vvvvv

o
o
1

[-== POCAM2

sz sDOMS

o
=
1

L POCAM3

Ratio of

slcattered photons

NIM- A 1054 (2023) 168367
1

= sDOM4

e
[N
1

Ratio of scattered photons
o
(@))

00 T T T T T c
-0 0 20 40 60 WET lab, AC9  Baikal-5D, PoS ICRC2023 (2023) 977
Hit time relative to peak [ns]
Eur.Phys.J.C 81 (2021) 12, 1071
1. Must work under single-photon mode 1. Nice precision of canonical optical parameters
2. Hours-long data accumulation 2. Need extra calibration/deployment
3. Hard to separate the direct photons, “Aggrae” 3. Localized measurement

Wei Tian (TDLI) 16



The camera system and its control module

TRIOENT

iE | 2 | Th | X

Camera + Isotopic steady light source:

1. O(~0.05s) exposure time: Real-time calibration

2. ~8cm size: Integrated in DOMs, across the detector
3. Other applications: Environment & Self-monitoring
4

Robustness: no need for precise synchronization

Lens: Computar-M2518

f=25mm %

Camera: MER-502-79U3M
CMOS: Sony IMX-250,~5M Pixels

Power~2.7 W
-

T-REX LEM

Control & DAQ module : Raspberry 4Pi & FPGA

1. Two additional sensors for DOM monitoring

2. Real-time data transmission/ Remote operation

) (vodd)

lawe)n

.&(e

SRR ERGT

F -

_Acc_.-Rofcf,\S\ghs,gﬂ;\

o R

17
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Camera settings during the data taking process TRIOENT

iE | 2 | Th | X

Depth = 1221 m, Wavelength =460 nm

1. Exposure time scanning: ExpT & Gain: 0.055_g08

Fast mode: 0.02s
For 460nm: 0.05s
For 525nm: 0.07s
For 405nm: 0.11s

LED brightness
calibration in lab

41.62m

Environment mode: 0.5s, 1.0s

LN
s s Depth = 1221 m, Wavelength = 460 nm
2. Gain scanning: S

ExpT & Gain: 0.05s_g08

21.56m

Gain = 0~20, step2

For each wavelength (< 8 min):

ExpT * Gain * 20 pics = 1200 pics

Wei Tian (TDLI)



Optical measurement strategies of the camera system TRIOENT

iE | 2 | Th | X

K/

** Exclude scattered light by viewing angle:
—(L+ R ) _i
Direct light: Idir (R) = IO . e Aabs Asca’ = ]0 e Aatt

Separate the direct light: o _
Camera (direction, pixel)

Light

\ K
\,
—y — K
h F T
., =
. >

Scattered light

Receiving surface

Wei Tian (TDLI) 19



The I,.,;.r method for A,;; measurement TRJIODENT

iE | 2 | Th | X

/7

*¢ Using the mean gray value of the Centroid Pixel:

Pixel (Exclude scattered light by a small angle ) _
@ Direct light I4, — Ay, bias ~ O(1%)
R

Within a unit solid angle: I;;,.(R)=1,-e Zatt

Image recorded Image recorded
by Cam-A La Lp by Cam-B

Gray value

Ig I}
I enter method: Ay = _(LA — LB)/ln(_ ﬁ ) i)

. . . . .
(1_0 indicates the non-uniformity of the light source)
0

Wei Tian (TDLI) 20



Verification of the I_.,,;.,- method IaRiEiEN T

** Long-distance test in air [Sm, 42m|

Radius = 162 pixel Radius = 77 pixel Radius = 51 pixel Radius = 32 pixel

e S8 (% S I

"O T
-é 1001 [}

k=

)

o

S gorg-d-t-d-F - -F-F-g-4-F-H ’

% Distance = 8.2 £ 0.1 m Distance =17.2+ 0.1 m Distance =26.2 + 0.1 m Distance =41.2+0.1 m
g HH 460 nm data Mean value

>

gﬁ 60 - HH 525 nm data : Mean value

§ HH 405nmdata @ ——- Mean value

ST S S s

10 20 30 40
Distance [m]
J

**  Water tank experiment to test I .,¢er

._.

9

=
|

‘== Mean value
'{-‘ 460nm data

Exponential fitting: Ay =1.14 m

[
(=3
(=}

H-  460nm data

—_
W
w

O
9
n
S

=
3

o T__T_i_._.{_._}_{_i _____ £

[]

@
S

Mean gray value of centroid
Z
Mean gray value of centroid

=

o
wn
S

=
%

1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 25 3.0
Distance [m] Distance [m]

No water After filling water




x* fitting method for A, , Aqps, AscqMeasurement TRIOENT

iE | 2 | Th | X

Simulated image

L=21.56m 2D image — Normalized 1D gray value profile
—— —— 20m e
BN — 40om 0.0250 $4555-5-65-5-8-5-05-5 s-a-t-tt-s-att-est oo
102 - ! !
] f | \ ) ) 9 0.0225
- | T Absorption dominaté
) . E >0.0200 —4— Data: CamB at 3420m
2 104 Scattering tail | > —+— Data: CarpA-at3420m
(Aabs; Asca; COS) i g E 0.01751 —4— MC: CamB, At =18.6m, Azps =26.5m
NIM- A 1054 (2023) 168367 £ g 00150, —— MC: CamA, Azt =18.6m, Azps =26.5m
100 - zZ
From LRM-B 001257 Aatt » Aabs
M
I R 0.0100{ | | . | | |
0 25 50 75 100 125 150 175 200 5 10 15 20 25 30 35 40
Radius [pixel] Distance from image centroid [pixel]

N

o o . . 2
Pixe] band By minimizing: x*=)
1=1

K K
[M; = Ti(1+ 25— )] £y o3
0]2\4i + O-%i k=1 O-/%

Fitting area
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Low-temperature calibration

TRIOENT

iE | 2 | Th | X

Calibrate the cameras in deep-sea temperature

460nm
I, =98.51+2.8

18.9°C 460nm
Ip =96.9+2.6

Wei Tian (TDLI)

460nm
I;, =124.7+ 4.5

18.9°C 460nm
Iy =123.7+5.8

Normalized gray value

S © o o o =
\O \O \O \O \O S
- . BN AN oo )

=
00
o0

Calibrate the emission PDF of the T-REX light source

Calibration of light emission PDF (2.1°C 460nm )

Cam-B side As an weighting factor for  ,+%*{
Cam-A side Geant4 simulation p

L ]
0o e0 e

NIM-A 1056 (2023) 168588

0.2 0.4 0.6 0.8 1.0
Normalized radius from centroid

23



Camera response calibration

TRIOENT

iE | 2 | Th | X

L)

L)

300

250

Radius [pixel]
@
S

250

Gray value

W
[e]

0

» Distortion test in long distance

— 1/r fitting
- 460nm data

Pin-hole camera
assumption test

5 10 15 20 25 30 35 40 45
Distance [m]

s —

2001

[S—
N
(e}

p—
S
[

e

Linear response
& Saturation test

Data

0 50 100 150 200 250 300 350

Exposure time [ms]

Wel l1an (1DLI)

*¢ Focal length recalibration in water

An extra ‘lens’ caused by curvature of glass vessel

-
i/\_ 8 (; light source
Ship Towing Tank in SJTU =2=
24



Remote operation of the camera system TRIOENT

iE | 2 | Th | X

/
0
* °
Depth 3420m, wavelength 460nm, 0.05s gain(8
LRM-B: 21.5m LRM-A: 41.6m
0
. 3400m upper ball, blue
i i 200
ime: 01:25: | ime: 02:16:52 ‘
o time: 01:25:44 : ool t 02:16:5 : 100 g
B slope angle: 1.59° B slope angle: 6.86° | — v<—€
'g " temperature: 19.0°C J\ 'g 7 temperature: 21.0°C : g-g >
% 000 oo e '% 0004 — — e L ] b: >
E | g | 100 £
E-j -025 “ "‘i 025 : 200 (D
i ! . 3
o } o } Radius = 65 pixels
! 075 ‘
v | |
-1.00 - 1.0 : O

- . - -1.00 -
eoeme llﬁljiszOIHZfoclirec(:i—éu v IUO oo llgljiSZOIHZi)oclirecii—éu e LOU O 1 OO 200 3 OO O 1 OO 200
Pixel Pixel
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Optical measurement results from T-REX EREEN T

T-REX PMT system PMT (at ~ 450 nm, ~ 50 minutes)
10° Method Aabs [m] Aray [m] | Amie[m] cos O e Aatt [m] Aatt,eff [M]
—— 21.56 m PMT model
—— 41.62m PMT model x? fitting | 27.4%55 | 200073 | 847%% | 0971002 | 18.7139
+  21.56 m PMT data : ' ' 25.2+ 3.7
10° + 4162mPMT data MCMC | 26472 | 203115 | 64773 | 0971007 | 17.270%
§ Global x* fitting Camera (at ~ 460 nm, ~ 8 minutes)
104 Method )\a.bs [m] Asca [m] Aatt [m] )\att,eﬂ' [m]
x? fitting | 26.54+ 0.5 62.9 £+ 3.7 18.74+0.2
\ JINST 19 (2024) 05, P05040 26.8£2.8
107360 300 400 500 600 Icenter Aatt = 19.3+1.3
Time [ns]
Wavelengths [nm)] Depth [m] Aatt [m]
T-REX Camera system 460 1221 17.8 £1.1
0 460 2042 18.7+1.2
460 3420 19.3+1.3
200 525 3420 14.6 £0.7
100 2 405 3420 13.7 £ 0.6
g E
& 100 £ A
@) ° —_
200 - | | Effective model: (L) = I, - . e "L/ Aeftatt
Radius = 65 pixels Radius = 33 pixels 4112
0 L
0 100 200 3000 300 -5 T
Pixel Pixel Refined model: I(L) =1Iy-e “*abs, L (L, Ayies Aray, Omie))

- (TRIDENT camera: arXiv:2407.19111)
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A preliminary timeline for TRIDENT TRJIODENT

iE | 2 | Th | X

Pathfinder experiment (2021) > | TRIDENT Phase-1 (~2026) > TRIDENT Phase-2 (~2030) >
Done Funded

A-frame @ String ROV path
Research vessel Umbilical -
| |
| 100m '
Control & battery module
Light receiver module A
Camera PMT 3420m
41.8m
43.2cm |
Light emitter module
21.7m
Light receiver module B ——

Ballast (~700kg)

Not to scale

Seabed ~3475m

T-REX 10 strings, 200 hDOMs
200km electric-optical cable
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Angular resolution [degree]

1072

All-flavor neutrino detection in TRIDENT

4500

vy, CC events

90
3 4000
234 E
2
8 £ 3500
B ! %
78§ Z
= @
N E
234 E
3000 =
-390
L2500
2000

X
COwdinat 7
¢ () 216

360

Angular Resolution & Energy Reconstruction

10! 10° P
—— Kinetic angle —— median energy
—-= Reco error
—— Total angle

~0.1°@ 10

10% 10* 10° 108 10% 104 105 108
Neutrino energy [GeV] Muon energy [GeV]
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Energy: 1 PeV
Interaction Type: v,-CC

Angular Resolution [deg]

v, CC events

1000

900

800

700

600

500

400

300

200

Median: ~1.5° @ 100 TeV & 1PeV

10
--=- Median

~1.5° @ 100TeV 6

8_
N\ ~‘\:\‘
6 NS
2N
Q\‘

4-.-- V\\

""" SO
2 o S B e cmsssanas 4
10% 105 106

Neutrino Energy [GeV]

Time (ns)

TRIDENT hDOM

(N XX * B AL

v, CC events

[ &
e
@
®
&
[ ]

Vertex 1:
CC interaction

Ve T

Vertex 2:
\ TauDecay

- e

Voltage [mV]
2 &
g 2

@
g

TRIOENT
[ Xl

&E | ¥ | T

2000

1500

1250

Time (ns)

0 1000

50

250

—— Complete WE hits num = 130
==+ DIS_hits num = 82
==+ TauDecay_hits_num = 108

200 400 600 800 1000
Time [ns]

—— Complete W, hits_num = 236
==+ DIS hits num =99
==+ TauDecay_hits_num = 137

400 600 800 1000
Time [ns]

28



TRIDNET simulation pipeline TRIOENT

iE | 2 | Th | X

Tau neutrino simulation:

JU—

DIS Secondary Particl Cherenkov Phot D G
Erntgmorate | | [ e, | T [emayrutles | | Ohornen o | |kt S| (e et
Corsika 8 h Simulati
[ (P(;lglliaas) } [ Ta:ell.)t:;ay J :> [Proposal/Geant4] |:> [ OptiX J |:> [ Geant4 J @ mulation
\ Y ) \ ’ ) | Y )
Neutrino Physics Detector/Optical Simulation PMT Waveform Simulation

S

(a) Light beam scenario

w

v

—— DOMid = 5925 PMTid = 12

Voltage[mV]
N

—

=)

track shower double bang*

_ !"‘m
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PMT & ADC characterization in waveform simulation TRIOENT

PMT characterization ADC characterization

Hamamatsu-CR519 PMT Response Curve

—— gaussian fittin
175000 9 9

White noise

4 4000 150000
125000

=3 & 3000 P
£ with ~60k wfs | £
£2 = 2000 o - 75000

s S.P.E template z non-linear response

1000 * Original Points 20000
—— Fitted Curve, R-squared=0.9998 25000

| _—J
0
0 0

0 20 40 60 80 100 120 140 0 2000 4000 6000 8000 10000 12000 14000 -2 -1 1
time[ns] Incident photon number baseline amplitude [mV]

----- Saturated at 4539.6 photons

ADC saturation (2.16V)

SPE waveform template PMT non-linear response
ADC sampling rate (125 MHz)

Transit Time Spread (1.8 ns) After-pulsing rate (~1% in 1us)

. White noise (sigma=0.31mV)
Quantum Efficiency (~28%) Dark Count Rate (~300Hz)

Time window (1000 ns)
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Three levels for v, identification TRIODENT

iE | 2 | Th | X

oo msoooomo oo - v, energy: 334.3 TeV
1 PMTid=13 1 I — - =
1 = 1 omplete W, hits num = 190 _ 2000
! vl 200 - DiSbis num - 2 tau decay len = 43.2 m
: - | ﬁ : ==+ TauDecay_hits num = 108 N,
1 | 1 .
P (U 1 =
RETN| VU N | | hDOM id = 8212
1 h R o - 1 —_—
yertex 1: ! PMTid=14 | [ $o .
(C inferaction = 1| 3
‘VT > 1T : | : 50 150
3 1 1
: W‘*“w . , 100 S | 1250
i s | PR AAEOBIYRG -
: . ' 50 g
________________ I 0 200 400 600 800 10 =
Time [ns] £
== —=——mmeo————- ' = 250 = Complete WE, hits_num = 236 0 1000 &
1 PMT id =26 1 ——- DIS_hits_num = 99
1 — 1 ==+ TauDecay_hits_num = 137 _50
: ' H 200 .
' \ v hDOM id = 821 [ 730
- Iy L | B0 q
: W’ gt i : E’
1 T T 8
! PMTid=25 ' [ 3" 500
1 - e 1
1 ‘ 1 50
1 1 b
1 l 1 M 250
TRIDENT hDOM I e it atacans . 0 200 400 600 800 1000
! .e 1 Time [ns]
1 1

Tau decay length ~50m / PeV | Y )| Y J | Y /

PMT level (waveform) DOM level (Hits) Detector level (event topology)
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DOM-level wavetorms & Double Pulse waveform TRIOENT

iE | 2 | Th | X

DOM-level double pulse waveform from NuTau CC

PMT stacking  r------------ommmmmm oo :

! Job0, Event id=180, hDOM id=5644, |
=" _P_I\/I"f ‘_d_—_ i3_ =TT 1 E NuTau=100.1 TeV, Decay len=7.83m, E Tau=83.5TeV, :
| wa=1o . . L OA=35.5m, cos=0.37,delta T=20ns !
1 1 1
Lo M : ! 400 = Complete WF i
o I il ‘ ! ! ~=- DIS hits num = 139 |
| ORI | | WY S ! ! —=- TauDecay hits num = 202 | Vertex 1:
. PMTid=14 | [ | _ 300 - ! CC interaction
R : | V.o T
1 1 ! .E, 1 3
1 = | 1 1 o 1
! I ! | 5200 !
1 SERPRPAIUL Ll Fip— 1 | g 1
: . —— - e : 1 ) I —
i o H - !
""" _'I‘_' = 100 .

1
| PMTid=26 | | |
i e ! ! Vertex 2:
— 1 P

. 'i ! : . , , , , ‘ ! - Tau Decay
N | - ! 100 150 200 250 300 350 400 e _
i M‘J‘!M : i | -, €
P e ' 1 20 : kT — 71'0/:[:
: PMTid=25 ! [ ' g |
! —em) | 2 0 :
1 - 1 1 wn
1 ‘* 1 1 :
. i ' ! -20 , , . : , !
! LN : 100 150 200 250 300 350 400 !
' ' | Time [ns] :
: ! | e e TRIDENT hDOM ‘VT
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Parameters in Double Pulse Algorithm (DPA) TRIOENT

iE | 2 | Th | X

300 1 TeV NuE . 1TeV NuE
Level 1: Pre-cuts i \ 1 TeV NuTau eV NuTau
250 . NuE_hDOM Mean = 5.325 200 S R oo NuE Median = 13
A B NuTau hDOM Mean = 5.04 N P NuTau Median = 11

»»»»»» NuE Mean = 60.981
------ NuTau Mean = 70.589

1. Total hits number >= 50 200
2. Triggered DOM number >= 35§

[u—y
l*J
(=)

Histogram
—_
()]
=)
Histogram

—_
[=]
o

1TeV~5 hDOMs

—_
(=]
o

1TeV~13 hits

50

(o))
o

40 60 80 100

o
o

Level 2: Double Pulse Algorithm O e Numberofhithpoms 2T Total Number of Al Recelved SPE
1. Peak Voltage threshold >=50 mV (~10 P.E)
. Waveform 2410, Job number: 0.0, Event number: 259.0, hDOM number: 1753.0 Waveform 3192, Job number: 0.0, Event number: 340.0, hDOM number: 9954.0
2. Peak Wldth threShOld >= 28118 500 WF meets Condition 1 250 Wf meets Condition 1
___ Peak [66, 83]: ___ Peak[104, 117]:
.. < 400 Rising edge. 114, 8] <™ Rising edge: 111, 11]
3. Peak Rising-Edges >= 16 ns E oo E o
Ezoo 51’1(,
4. Peak Falling-Edges >= 12 ns = ” 50
5. Peak number >= 2 06 100 260 ™~ 350 200 500 0 100 200 300 400 500
v 25 M
° ° ° 8 50 3 I
6. Time distance of two main peaks >=16ns ¢ 'JVLWW " s
5o 0 160 200 360 460 500
o O 100 200 Tme (ne] 300 400 s00 2 Time [ns]

7. Voltage ratio of two main peaks <3
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Double Pulse NuTau examples @ 100TeV

TRIOENT

iE | 2 | Th | X

DOM-vertex distance is (m) 31.68998936015759

cos_theta is 0.5708957640611657

Tau_decay_len is (m) 22.853077741728573
Energy_asymmetry is (E1-E2)/(E1+E2) -0.929506172917025
Tau_decay_type is -211.0

Tau_energy is (TeV) 96.4937734375

NuTau_energy is (TeV) 100.0191393962952

DP_hDOM_id 4603

DP_hDOM_photons 330.0

300 —650
Waveform 9110, Job number: 0.0, Event number: 957.0, hDOM number: 4603.0

W meets Condition 1
ak (49, 67]

= width: (12, 19], 350

200 Rising edge: (5, 10] 400

s0 500 <

300

0 260 60 660 860 1000

860 1000

60 60
Time [ns]

800 1000

DOM-vertex distance is (m) 87.08125785363386

cos_theta is 0.8183215318472292

Tau_decay_len is (m) 1.7451686367946955

Energy_asymmetry is (E1-E2)/(E1+E2) -0.46891943538757885
Tau_decay_type is 13.0

Tau_energy is (TeV) 73.499921875

NuTau_energy is (TeV) 100.07345549976581

DP_hDOM_id 13132

DP_hDOM_photons 102.0

., = e
o -400 -350 ° .
Waveform 8060, job fiumber: 0.0, Event number: 846.0, hDOM number: 13132.0
Wi meets Condition 1
125 Peak (113, 117
— Wl oy 12}, 300200
100 Rising edae: (5, 31 105290
35 0" =
2 100 %
£ 0200
=
- v l
s F o oo 6o 1000
@50 Il f
. 3
§ 3 of ) $ c
. b3 FY o o s 1000 .
. : 3 Time [ns]
%00
50
3%
2 100
50
0

250 500 750 1000 1250 1500 1750 2000 2250

DOM-vertex distance is (m) 32.803740762943754

cos_theta is 0.5352488581447665

Tau_decay_len is (m) 7.8044109333218055
Energy_asymmetry is (E1-E2)/(E1+E2) -0.7935163101563747
Tau_decay_type is 310.0

Tau_energy is (TeV) 89.7155703125

NuTau_energy is (TeV) 100.04433169016211

DP_hDOM_id 4392

DP_hDOM_photons 819.0

WE meets Condition 1
Peak (50, 551
= Width: (6, 211, ~350
Rising edge: (5, 5] ~300
~250

0 260 %0 630 860 1000

13 260 60 50
@ Time [ns]

860 1000

800 1000
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“Double Pulse” NuE examples @ 100TeV

TRIOENT

iE | 2 | Th | X

DOM-vertex distance is (m) 22.503307646104563
cos_theta is -0.7964778843700554

NuE_energy is (TeV) 100.08168891518315
DP_hDOM_id 6885

DP hdom photons: 221.0

oo 150 . .
100
150 o5
100 g o
2 50
50 N
~ o | X ~100
g 5 /& . -150 3§
2 -50 -200 O
~100 5
150 -900
Waveform 9283, Jos number: 0.0, Event number. $28.0, hDOM number: 6835.0 -
—200 * 10 'Wf meets Condition 1 |
900 125 250
<100 200
~750__, B —100 %
Yim) 7700 g5 50«
£ 5 )
2
0
200 460 600 860 1000
. T
2. My
3
. s A |
200 400 600 800 1000 L4
[ Time [ns]
. 150
100
N 50
0
R
Z100
~150

800 1000 1200

DOM-vertex distance is (m) 25.794190719968654
cos_theta is -0.653792703560148

NuE_energy is (TeV) 100.05135916088857
DP_hDOM_id 7567

DP hdom photons: 205.0

0

-50 .
X N_1001
‘,, k 2150 y
~200 y2x
/ -250
-300

-800 250
Waveform 9003, Job number: 0.0, Event number: 900.0, hDOM number: 7567.0

120 Wi meets Condition 1

o 260 80 600 860 1000

860 1000

200 400 600 800 1000 1200

DOM-vertex distance is (m) 22.928976066429097
cos_theta is -0.6359760188329503

NuE_energy is (TeV) 100.0791925368603
DP_hDOM_id 15945

DP hdom photons: 271.0

W meets Condition 1

__ Peak [46, 56]
Width: (12, 9],
Rising edge: [11, 4]
750
800
900 850
950 (G
1000 *
0 260 460 660 800 1000
S0 ¥
9
8o A
L )
13 260




Voltage [mV]

DPA under various waveform sampling rates

TRIOENT

Waveform examples under different ADC sampling rates:

JobO, Event id=511, hDOM id=21254,

Job0, Event id=511, hDOM_id=21254,
E NuTau=100.0 TeV, Decay len=7.35m, E Tau=72.2TeV

E NuTau=100.0 TeV, Decay len=7.35m, E Tau=72.2TeV

=== Complete Wf, PMT id = 26

30 === Complete Wf, PMT id = 26
25 ~—- DIS_hits ——- DIS_hits
—=- TauDecay hits ==+ TauDecay hits
25
20
250MHz 520 125MHz
£
15 Py
15
=
10 £ 10
5 5
0] 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time [ns]

Time [ns]

For fixed 100TeV NuTau & NuE (10k events, fixed random seed)

500MHz 250MHz

17.5

15.0

—_ —_
IS
(=] [$)]

Voltage [mV]
~
(&)}

iE | 2 | Th | X

Job0, Event id=511, hDOM id=21254,
E NuTau=100.0 TeV, Decay len=7.35m, E Tau=72.2TeV

= Complete Wf, PMT id = 26
——- DIS_hits
~=- TauDecay hits

S50MHz

5.0
2.5
0.0 =
0 100 200 300 400 500 600
Time [ns]

125MHz

NuTau CC
Nuk CC

140/10k
5/10k

253/10k
22/10k

260/10k
24/10k

100MHz
261/10k
25/10k

134/10k
30/10k
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DPA efficiency and expected event rate in TRIDENT

TRIOENT

iE | 2 | Th | X

@125MHz 1TeV 10TeV 50TeV  100TeV 500TeV 1-100TeV 100TeV-1PeV
NuTau CC  0/10k 8/10k  57/10k 260/10k  1247/5k 10/10k 1193/9k
NuE CC  0/10k 0/10k  10/10k  24/10k 58/5k 4/10k 53/10k
0231 —— NuTau Assumed an isotropic diffused flux : /lceCube: Arxiv 2402.18026]
0.201 —+ NuE
? ¢per—flavor
:8 0.15 Astro_ 1 68 E, ~2.58%3%10-18GeV-1s—1cm—2sr—1
Eo.lo- = 1. X(IOOTeV) X3 X eV s ‘cm “sr
5
0.051
Expected double pulse events per year in TRIDENT :
0.001 @ C
1°° Neutrino Energy (Tev) Bl | 1-100TeV | 100TeV-1PeV | >1PeV (not yet)
bégg T """""""""" * ___________ - NuTauCC 0.60+0.51 3.98+0.15 (~0.75)
S o085 4 purit l NuECC 0.27+0.21 0.12+0.03 (~0)

, . ;
0.80 100 10! 107

Neutrino Energy (TeV)
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Tau neutrino identification by Graph Neural Networks TRIOENT

s TRIDENT-Net: a GNN-based point cloud for event identification (PoSICRC2023(2023),1092)

A typical NuE CC event: A typical double pulse NuTau event

— Compl 0 p— o WE it L, o
® -
®-9 © ®
e O /o fw i o
® £ 2 10 g0
e » »
® ® o PeH v " Ol
o 200 400 600 800 1000 N o0 o, ol w00 1000 19 200 400 600 800 1000
e k
-
70 Completa W s w2 /1€ 20 Complete WE bits " | ¥,
o
"
"

a e . B R . . T S e
¢ ® g @ ® o g ® GNNs training Waveform profile of 10 hDOMs from a NuE event
® 00" 2 e °
@ ® 100 [ EYRET T YN WSO TN O TR 200
complete graph G partial observed graph Gy TR WU Wl
g
GNN node: each hDOM ER
, . ——
Connection: 10 brightest hDOMs SRR
D
Feature: hDOM([X, y, z] + [waveform] 2R . L ’
40 (5]
. 5 3
Label: vy as 1,v, /v, as 0 ey
H(P*| P) = —Z P*(i) log P(i) U BGOSR " ) L AETRINNR 1L R
r | | 0 0
l o
s 00 300 o B 500

e ————
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Two GNN models for different energy ranges TRIDENT

MC dataset: Training set (70%) + Test set (20%) + Apply set (10%)

[10TeV, 100TeV] GNN model [100TeV, 1PeV] GNN model
Flavor Injection Volume Event Number Flavor Injection Volume Event Number
YV, CC hh=200m, R=1000m 100k V, CC hh=100m, R=500m ~20k
Ve CC hh=200m, R=1000m 100k Ve CC hh=100m, R=500m ~20k
Apply Score Distribution (10TeV-100TeV) o Apply ROC Curve 2ol Apply Score Distribution (100TeV-1PeV) Apply ROC Curve
NuTau . xz-lli—au
100 - NuE 601
o 0.8 1 s .
E 60 1 *5 E g
% % 0.4 .% * g
g 407 £ 201 "
20 " 02 o
e —— ROC curve (AUC = 0.76) 00 ot — ROCcurve (AUC = 0.74)
0 0.0 : : : : 0- "0.0 0.2 0.4 0.6 0.8 1.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 1.0 False Positive Rate

False Positive Rate

Score

(Need further optimization & more MC data ...)
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iE | 2 | Th | X

Summary @ TRIOENT

IceCube’s observation leads the dawn of neutrino astronomy.

TRIDENT is a 8km3 neutrino telescope with 1000 strings, 20,000 hDOMs.

TRIDENT Pathfinder experiment was successfully conducted in 2021 for site selection

The T-REX Camera System demonstrated a Real-time Optical Calibration tool in deep sea
By using Double Pulse Algorithms for NuTau identification in TRIDENT, ~5 NuTau CC/year

We are also exploring using GNN for NuTau 1dentification, need further optimization

Wei Tian (TDLI) 40






Physics potential of TRIDENT by v, events TRIOENT

iE | 2 | Th | X

¢ Detection sensitivity of neutrino flux: ¢ Discovery potential for different sources:
1010 T i 20 —
g 2
L - : || — TIISII);%?\IT';’ E TRIDENT Discovery Potential
A | | TeoCube — NGC 1068 (1TeV)
ﬁg 1011 | | | — KM3NeT (scaled) _ 15 Galactic Center (5TeV)
ﬁ | 9 == [ceCube Diffuse Flux (100TeV)
= | z
I>:t 10_12 g L‘% 10
¥ g =
= o)
% n
< 50
5 __________________________________________________
1013 ¢
~ (o]
Galactic Center NGC 1068 0 .tFaICkI “‘J’c‘f 01 @IIO'O'I:eY
10- : J | 0 5 10 15 20
-1 -0.5 0 0.5 Livetime [yrs]
sin(9)
TRIDENT, Nature Astron. 7 (2023) 12, 1497-1505 -NGC1068: 50 within 1 year!
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Oceanographic conditions TRIOENT

iE | ' | T | X

Temperature [ ° C]
0O 5 10 15 20 25 30

0 - 0
500 500f
1000 1000}
2 15007 ' 1500}
g £
(o o
R 2000} R 2000}
2500} 2500}
.
3000 13000} !
! + <10 cm/s
3500 : * * * 13500 | : i ;
33.8 340 342 344 346 348 0% & 20 30 40 50
Salinity [ppt] Current speed [cm/s]
*0K decay activity : 11101 + 119 Bq/m? Ship towing tank experiment in SJTU
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Radioactivity measurement

West Pacific | Mediterinian East Pacific

40K radio acticity

11101 + 11 1 + 2 +
(Bq/m?) 0 9 3700 + 200 12526 + 752

Experiment TRIDENT ANTARES P-ONE
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3. TRIDENT Pathfinder experiment Ity

s PMT : quick measurement of A : < PMT: Global x? fitting for all parameters:
N K 2 K 2
. ot . 2 _ (M; = Ti(1+ ) 5y €x)] €k
Data re-weight: 1/L% - e ¢ti/Aabs with Geantd: x* =) 52 4 o2 + o2
i=1 Mi T1 k=1 k
6
107 . 107 10
; [ wi absorption 1 20m g —— 21.56 m PMT model
i w/o absorption 1 40m &
\ ——- w/ absorption after corr [ 20m after corr | —— 41.62 m PMT model
I 106 5 [ 40m after corr
1004 | + 21.56 m PMT data
1 10° 3 4_ + 41.62 m PMT data
i 105 R
\ Qo
o : @] Lot ] O
| 10"
10ty |
‘ 103 4
108 ; ; I 102 ; : \\\ o 3
90 100 110 120 130 100 150 200 250 300 10 ‘ ‘ ‘ ‘ ‘
Time [ns] Time [ns] 200 300 400 500 600

Time [ns]
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