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1. 宇宙射线起源？高能天体反应机制？

3

Multimessenger astronomy

3

中微子在传播过程中基本不发生偏转或衰减

强子过程同时产生

中微子与伽马光子!

保留完整源头指向性信息
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南极冰立方中微子望远镜：世界最大

4

徐东莲

串列水平距离 ~125 m

探测球舱垂直距离 ~17m

2010 竣工

Science 342, 6161 (2013)
Science 361, eaat1378 (2018)
Science 361, eaat2890 (2018)
Nature 591, 220–224 (2021)
Science 378, 538 (2022) 
Science 380, 1338–1343 (2023)
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Martin Rongen

Lake Baikal

September 2016Event signatures

Charged current ν
μ

Neutral current, Charged current ν
e

Double Bang ν
τ

● Factor ~2 energy resolution

● <1° angular resolution

● 15% resolution on the
deposited energy

● 10° angular resolution
(above 100 TeV)

● Vertex seperation ~50m/PeV

● Not yet observed
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南极冰立方中微子望远镜：世界最大
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徐东莲

NGC 1068，距地球 4700万光年

迄今，人类探测到最高显著度
(4.2σ) 河外高能天体中微子源！

Science 378, 538 (2022) 
Science 380, 1338–1343 (2023)

1）无伴生伽马光子

2）中微子辐射区离超级黑
洞仅几十史瓦西半径

弥散中微子流

1）至少有两类不同的天体中微子源

2）弥散中微子流的起源大部分未知

银盘中微子流

2023年，观测到

>TeV级银盘中微子，

置信度高达4.5σ

(1.5TeV~15TeV)
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2. 通过天体中微子寻找新物理

6
IceCube Collab., Nat. Phys. 18, 1287-1292 (2022) 

1）Lorentz broken？
寻找洛伦兹破缺

2）Quantum gravity？
寻找量子引力

3）Dark matter？
间接探测暗物质

4）Non-standard Oscillation？
寻找非标准模型振荡
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2. 通过天体中微子寻找新物理

7
IceCube Collab., Nat. Phys. 18, 1287-1292 (2022) 

增加数据量、能量范围、提升角度

分辨能率与中微子味道甄别能力

下一代中微子望远镜

1）Lorentz broken？
寻找洛伦兹破缺

2）Quantum gravity？
寻找量子引力

3）Dark matter？
间接探测暗物质

4）Non-standard Oscillation？
寻找非标准模型振荡
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中微子天文学新时代

8

23

KM3NeTKM3NeT: Technical Design Report

The cost estimates indicate that for this design a detector containing about 4 units could be constructed.

Detectors of such a size will require a certain amount of modularisation. For instance the power required and the data rate 

produced by such a telescope will require more than one cable running to the shore. Each such cable will require its own 

primary junction box and seafloor cable network.

A detector building block, see Figure 2‐1 that can comfortably be constructed using a single cable network is at most half the 

size described above. The designs presented and used in the detector performance simulations feature a building block of half 

the ultimate size. The final performance is scaled accordingly.

2.2 Marine and Earth Sciences

The primary objective of the earth and sea science contribution to the KM3NeT programme is to establish a network of 

detection nodes. This network will incorporate a number of secondary junction boxes strategically positioned around the 

footprint of the neutrino telescope and connected to a primary junction box. Each secondary junction box will have a suite of 

sensors connected to it and will deliver continuous real�time data to shore, providing constant long‐time monitoring.

Figure 2Ʌ1: Artist’s impression of the neutrino telescope.

The number of secondary junction boxes installed will depend on the site, the neutrino telescope footprint and the instru-

mentation resources required by the science community. 

The earth and sea science community will use the same shore infrastructure and electro�optical cable for data transfer and 

power distribution as the neutrino telescope.

深海～2.6 km，
体积～1 km3，
规划～70根潜标 

P-ONE (东太平洋)

KM3NeT (地中海)

Baikal-GVD (贝加尔湖)

IceCube Gen-2 (南极)
TRIDENT (中国南海)

(HUNT, NEON)
深海～3.5 km（ARCA），
体积～1 km3，
规划～230根潜标 

深湖～1.4 km，
体积～1 km3，
规划～140根潜标 

深海～3.5 km，
体积～10 km3，
规划～1200根潜标 

冰川～2.5 km，
体积～8 km3，
规划～210根潜标 

下一代中微子望远镜（2030 era）
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深海中微子探测
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Track
径迹事件

Cascade 
级联事件

Double Cascade
双级联事件

• 中微子与海水反应，次级粒子产生切伦科夫光

• 通过探测切伦科夫光重构中微子信息

• 海水对光的散射、吸收特征 à 中微子望远镜选址的关键!

(𝜈) (𝜈)

(𝑍)
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徐东莲

arXiv:2502.08508
arXiv:2502.08484
arXiv:2502.08387
Nature 638, 376–382 (2025)

最有可能：河外星系源 ? 
     AGN / GRBs

宇宙活动?
UHECR 与 CMB 相互作用
PBH蒸发
…

河内源?
尚无模型

2025年，观测到迄今最高能的中微子

事件（220 PeV）、仅用20多根潜标。

源头仍然未知！

（KM3-230213A方向）

地中海中微子望远镜KM3NeT：220 PeV 事件
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海铃探路者 – 南海寻址

12

2021年9月，近80

人组成的海铃团队

赴南海选址科考

2021年9月

“海铃盆地”

发现深3500m的

深海开阔平坦盆地，

生物活动少，适合

建造大型科学设施



海铃计划进展与展望             |             朱泰琳（李政道研究所 ）           |            第七届粒子物理天问论坛

海水光学性质测量

13

海水实测衰减强度与其他深海中微子实

验台址相当，适合建造中微子望远镜！

TRIDENT Collb., Nat. Astro. 7, 1497-1505 (2023)
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洋流测量

14

Current measured on Sep. 6, 2021 @ South China Sea

在上海交大船模拖曳水池
模拟探测器受洋流影响

在海深 2800m 以下，洋流速度持续小于 10cm/s  à 可稳定运行望远镜阵列

Current measured during Dec 2024 – Feb 2025 @ South China Sea

F. Zhang (TAUP2025), TRIDENT 
Prototype Testing
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海铃探路者 – 其他技术论文

徐东莲

总结：
《Nuclear Instruments and Methods - A》 ，3 篇
《Journal of Instrumentation》，2 篇
《Institute of Electrical and Electronics Engineers》，1 篇

Extended Data Fig. 8: Images of the light emitter at a wavelength of 460 nm
with an exposure time of 0.02 s and a water depth of 3420 m. The dashed
circle shows the profile of the light emitter and the gray value distribution of
the inside region is used for the �2 fitting analysis. The region enclosed by the
solid circle is used for the analysis of the Icenter method. Left panel: an image
taken by CamB at a distance of 21.5 m, the radius of the dashed circle is 65
pixels. Right panel: an image taken by CamA at a distance of 41.6 m, the
radius of the dashed circle is 33 pixels.

35

实时、快速刻度望远镜介质光学性质 ！

首次实现利用 CMOS 成像系统解码介质的光学性质



海铃计划进展与展望             |             朱泰琳（李政道研究所 ）           |            第七届粒子物理天问论坛

“海铃计划”大阵列

16

hDOM

§ 混合数字光学球舱 （hDOM） ：多 PMT + SiPM 设计，增加角度分辨能力与光感应面积

§ 水平间距70m～110m 不等；竖直间距30m à灵敏范围达到 sub TeV – EeV

§ 科学目标：快速确认天文高能中微子源、高能中微子所有味道甄别

几何构型：Penrose 密铺
3-inch PMT

SiPM array
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海铃望远镜灵敏度

17

南海台址位于地球低纬度

海铃可实现全灵敏度巡天！
(a) All sky point source 90% C.L. median sensitivity (dashed lines) and 5�
discovery potential (solid lines) for TRIDENT with 10 years of data taking.
The left panel corresponds to a source spectrum index of 2 and minimum
energy of 10 TeV, while the right assumes an index of 3 and minimum energy
of 1 TeV. The x axis represents the sine declination. KM3NeT, IceCube
and IceCube-Gen2 sensitivities [15, 46, 47] are also shown for comparison.
Here, the KM3NeT result has been scaled from 6 to 10 years assuming a
square root of time dependence. IceCube, located at the South Pole, has
increased sensitivity to the northern sky. For a source located in the southern
sky with a spectral index of 3, TRIDENT will have 4 orders of magnitude
improvement in sensitivity compared to IceCube. Similarly comparing to
the future telescope KM3NeT located in the northern hemisphere, yields an
improvement factor of approximately 5.

(b) The exposure time needed to discover potential neutrino sources. The
source flux used in this figure: NGC 1068 flux from IceCube best fit result
with spectrum index of 3.2 [13]; di↵use neutrino flux from IceCube best fit
result [48]; Galactic Center from conversion of HESS gamma-ray observa-
tion to neutrino flux upper limit with gamma ray cut-o↵ energy at 100TeV
[49, 50]; LHAASO J1825-1326 from conversion of LHAASO gamma-ray
observation to neutrino flux upper limit with cut-o↵ energy at 286TeV
[51, 52]. In the analysis, the di↵use astrophysical muon neutrinos [48] and
atmospheric muon neutrinos [53] are considered as backgrounds. The mini-
mum energies adopted for each source are shown in the legend.

Fig. 3: Projected point source sensitivity and discovery potentials for TRI-
DENT.

10

观测范围:

(IceCube vs TRIDENT)

角度/能量重建能力（水中散射更低）:
冰川

深海

𝝀𝒔𝒄𝒂 < 𝝀𝒂𝒃𝒔

𝝀𝒔𝒄𝒂 > 𝝀𝒂𝒃𝒔

Credit: KM3NeT

TRIDENT Collb., Nat. Astro. 7, 1497-1505 (2023)
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海铃望远镜物理潜能
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W. Tian (ICRC2025), Tau Neutrino Identification

天体中微子味道甄别

河内核坍缩超新星探测

R. Cao (TRIDENT) PoS(ICRC2025)1004 

(a) All sky point source 90% C.L. median sensitivity (dashed lines) and 5�
discovery potential (solid lines) for TRIDENT with 10 years of data taking.
The left panel corresponds to a source spectrum index of 2 and minimum
energy of 10 TeV, while the right assumes an index of 3 and minimum energy
of 1 TeV. The x axis represents the sine declination. KM3NeT, IceCube
and IceCube-Gen2 sensitivities [15, 46, 47] are also shown for comparison.
Here, the KM3NeT result has been scaled from 6 to 10 years assuming a
square root of time dependence. IceCube, located at the South Pole, has
increased sensitivity to the northern sky. For a source located in the southern
sky with a spectral index of 3, TRIDENT will have 4 orders of magnitude
improvement in sensitivity compared to IceCube. Similarly comparing to
the future telescope KM3NeT located in the northern hemisphere, yields an
improvement factor of approximately 5.

(b) The exposure time needed to discover potential neutrino sources. The
source flux used in this figure: NGC 1068 flux from IceCube best fit result
with spectrum index of 3.2 [13]; di↵use neutrino flux from IceCube best fit
result [48]; Galactic Center from conversion of HESS gamma-ray observa-
tion to neutrino flux upper limit with gamma ray cut-o↵ energy at 100TeV
[49, 50]; LHAASO J1825-1326 from conversion of LHAASO gamma-ray
observation to neutrino flux upper limit with cut-o↵ energy at 286TeV
[51, 52]. In the analysis, the di↵use astrophysical muon neutrinos [48] and
atmospheric muon neutrinos [53] are considered as backgrounds. The mini-
mum energies adopted for each source are shown in the legend.

Fig. 3: Projected point source sensitivity and discovery potentials for TRI-
DENT.

10

NGC 1068 

寻找点源

J. Huang (TRIDENT) PoS(ICRC2025)1059

地球密度扫描

TRIDENT Collb., Nat. Astro. 7, 1497-1505 (2023)

一年内5σ 
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海铃望远镜物理潜能
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暗物质探测

X. Xiang (TAUP2025), TRIDENT

Image Credit: 
ANTARES Coll.

大气中微子模型优化

W. Huang (TRIDENT) PoS(ICRC2025) 1062KM3NeT/ARCA results 
from arXiv:1601.07459v2
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海铃探测球舱 hDOM 原创设计

20

基于 PMT+SiPM 的混合光学舱 (hDOM)：高光子收集面积 + 精准时间戳
à径迹事件优于 0.1o ；级联事件优于 2o @ 100TeV

波形读出：
TTS <1.8 ns
QE>28% @ 450 nm

时间读出：
jitter~ 300 ps

First TRIDENT hDOM (2025)

W. Zhi et al (TRIDENT) PoS ICRC2023 (2023) 1213
F. Hu  et al (TRIDENT) PoS ICRC2021 (2021) 1043

G. Zhang (TRIDENT) PoS (ICRC2025) 591 

hDOM 母板

W. Zhi (TRIDENT) PoS (ICRC2025) 1055

SiPM 子卡
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海铃探测球舱 hDOM 触发策略

21

主要背景 事例率

海水中钾-40 (K40) O(105) Hz / hDOM
大气缪子 O(100) Hz / 10 strings

TRIDENT Preliminary

Local coincidence:
X PMTs having over 
threshold pulses within Y ns 

Y. Zhu (TRIDENT), 

PoS (ICRC2025) 1231

海水中大量的钾-40是深海中微子望远镜的主要背景

硬件与软件结合触发机制
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海铃建设路线

23

海铃探路者: 2019-2022  海铃一期: 2022-2026 海铃大阵列: 2026-

海铃选址
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Ø 光学舱对中微子信号的高精度探测

Ø 深海光电传输与耐压封装

Ø 串列的高效集成打包与精准布放

Ø 全阵列定位刻度与时钟同步

Ø 望远镜海量数据采集方案与处理策略

拟验证关键技术

预计2026年，在海铃盆

地布放十根潜标 （每根

20个hDOM）

搭载亚纳秒级的时钟同步

系统与20cm精度的球舱

定位系统

J. Liu (TRIDENT), PoS(ICRC2025) 1102
Y. Ye et al 2021 JINST 16 P11036

在科技部、上海市科委、上海交大的大力支持下，“海铃一期”于2022年启动

“海铃一期”研发进行时（整体规划） 
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3) 望远镜串列打包与布放策略

布放器海试

“海铃一期”研发进行时（海试任务） 
1) 环境流场与生物噪声监测 2) 中微子潜标串列样机海试
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“海铃一期”研发进行时（技术验证） 
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2024.12.01 中微子潜标样机抛放

交大拖拽水槽布放器1:4 模型测试
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+

首个hDOM潜标，装配测试
中，预计今年布放

多根探测潜标

一期布放（2026）hDOM 小串 (2025)T-REX 2024

多目标自融式潜标
刻度潜标（研发中）

“海铃一期”研发进行时（技术验证） 
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2024年海试（T-REX 2024）
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2024.12.01 – 2025.03.26布放于海铃盆地

PMT球 相机球 光源球

声学球 塑闪球（MuonSLab） 小鸟球（DAQ）

Y. Wang (TRIDENT), PoS(ICRC2025) 1209 ; J. Wu (TRIDENT) , PoS(ICRC2025) 440; 
F. Zhang (TAUP2025), TRIDENT Prototype Testing
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2024年海试初步结果

29

2025.3.26 回收

2）生物发光次数与洋流可能存在耦合性

Y. Wang (TRIDENT), PoS(ICRC2025) 1209
W. Tian et al, NIM-A 1076, 170489 (2025)

4）Attenuation length
结果与探路者结果一致

1）4个月无可观测的生物附着

J. Wu (TRIDENT) , 
PoS(ICRC2025) 440

3）塑闪球对缪子探
测灵敏度得以验证

5）PMT复合
触发率与模
拟结果一致

F. Zhang (TAUP2025), 
TRIDENT Prototype Testing

TRIDENT Preliminary

F. Zhang (TAUP2025), 
TRIDENT Prototype Testing
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hDOM电子学读出 - FPGA

30

32通道 ADC (125 Msps)

Ø 嵌入式小白兔时钟同步系统，各hDOM间亚
纳秒级同步

Ø 支持TDC读出，达到亚纳秒级TOT信号识别
Ø 嵌入式慢控系统

高线性度读出
Arxiv: 2507.00548v1

单光子波形 电荷分布

单光子峰

FPGA母板设计
G. Zhang (TRIDENT) PoS (ICRC2025) 591 
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hDOM电子学读出 - SiPM

31

测试结果

W. Zhi (TRIDENT), PoS (ICRC 2025) 1055

8*8 array

W. Zhi et al 2024 JINST 19 P06011

大面积的SiPM阵列可达高精度时间测分辨率（～500ps）：

24-channel

8x8 SiPM array front-end
功耗：~ 132mW per array
架构：8 串 2 并 4 相加
尺寸：5.5cm * 4.2cm
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深海布放、组网技术
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串列精准布放方案完成攻坚突破

中微子探测潜标

～ 1km 压缩

3.5 m3.5 m

～4.5 m

探测潜标集成布放器

水下
展开

Y. Xue et al, Design and Lake Trial of a Deep-Sea Neutrino Detection Mooring Deployment System (in prep)
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Y. Xue et al, Design and Lake Trial of a Deep-Sea Neutrino Detection Mooring Deployment System (in prep)

深海布放、组网技术

§ 创新设计了中微子“水车型”潜标布放装置，2025年8月完成两次海试布放验证

串列精准布放方案完成攻坚突破
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目录
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1 中微子天文学简介

3 海铃一期设计

2 海铃计划背景介绍

4 海铃未来展望
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hDOM设计优化中
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arXiv:2507.10256

3-inch PMT hDOM
• 31 3” PMTs
• 24 SiPMs
(4x8 array)

4-inch PMT hDOM
• 31 4” PMTs
• 5 SiPMs
(8x8 array)

预算缩减，
性能不变！
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海铃探测器阵列优化
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I. Morton-Blake et al, Optimising Underwater Neutrino 
Telescopes for All-Flavour Point Source Sensitivity (in prep.)

不同尺寸与间距下，
角度分辨率、有效面
积、探测能力的变化
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海南三亚集装实验室

§ 工厂式1000平方米实验室建设
中，位于三亚崖州湾

§ 海铃一期200个hDOM和10根 
串列计划集中在此装配测试
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海铃国际合作

~13 institutes, ~ 100 members
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总结

Ø 海铃大阵列建成后，将在多信使天文学研究和新物理探索等多领域达到国际领先水平

Ø "海铃计划"取得系列重要进展：

Ø 在南海海域选定理想台址，具备深海、光学性质优良、环境稳定等特点

Ø 通过多次海试，在探测球舱、刻度方案、通讯系统和布放技术等关键环节完成验证

Ø 计划2026年完成“海铃一期”建设，全面验证探测器性能

Ø 三亚基地建设稳步推进，国际合作网络持续拓展
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