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gy Motivation




‘Multi-messenger astronomy

o

Four Messengers: &%

1. Gravitational wavers: sensitivity
2. Gamma-ray: absorption
3. Cosmic ray(proton): deflection by magnetic field.

4. Neutrino



HUNT

Neutrinos
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o GW and neutrino astronomies are
just starting and hold the promise of
similar growth.

e Opaque to photons,
transparent to neutrinos
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augy oLalus | Neutrino Astronomy

1960: deep 1976 - Now
underground and « Hawaii (4,500m) : DUMAND

deep underwater « Mediterranean (3,000m) : ANTARES, KM3NeT
detection of high-  South Pole (2,500m) : AMANDA, IceCube

energy cosmic * Lake Baikal (1,300m) : NT series, Baikal-GVD ......
neutrinos were firstly
suggested by 2 N —
B | Moisey Markov. | ,/// - Qf\\
"M.A. Markov, Seminar sUINR, s g@/ | R S
Dubna in the middle of the 50" 1‘ (Z , - ; 2 . ) @ ./:
1998-2003: NT200, Detection principle was verify for the first time. 250 TN °\\. .,'\:\ G e .fff‘, @ ;
2013: First high energy neutrino event (290 TeV). \ \| n -/
2018 - Now b Géﬂa@ﬂc\ r\feu\trjnoswit’ﬁ/Béi/kél-GVD
« Blazar TXS 0506+056(3.50) R .
« NCG1068 ( 2.90 — 4.2 0) b \\\/ -
» Diffuse neutrino source in the Milky Way, ~40. Baikal-GVD Collaboration, Astrophys. J. 982 (2025) 73

50 is not reached, and the neutrino source is not confirmed!
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LHAASO discovered UHE y sources in the Milky Way

Main process:
1st LHAASO Catalog: 43 UHE gamma ray

sources (>40) ik p+tp— N(ﬂ--l_ +7T + ﬂ-o) + X
p—l—’y—)fn,—l—?r'"

™t — v+t — v+ (e U+ )
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70— 24
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E, ~ 10%E,

Two sources of PeV photons: E, ~ 5%E,

Leptonic origin Synchrotron Hadronic origin Interaction . Slmultane0u§ detection: ne.utrlnos
radiation produced by relativistic | | of PeV energy cosmic rays and photon signals, can point back to
electrons and inverse Compton with source region matter or the source.

scattering of low-energy photon fields = Solve the problem of the origin of
photons No neutrinos a large number of neutrinos high-energy cosmic rays!

LHAASO Collaboration, 2021, Nature, 594, 33.
LHAASO Collaboration, 2024, ApJS, 271, 25.
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f-x HUNT and Its potential




(Ih Requirement for next generation NT
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_10The expected integral neutrino flux from LHAASO sources

" total neutrino flux |ntegl’a| SenS|t|V|ty(Ev l,(>E,)=Ig, J(E,)dE, .

10

better than 10713 TeV/cm?4/s @10Tev

S 1 -~

N e | To observe the neutrino sources in the
S \\ Equal to LHAASO’s sensitivity Milky Way, then we can combine with
N S N Sy s photon and other data (such as LHAASO)

E,/,(>E,)
EuFy, « 50> Eo) [TeVem2s71]

10—15 1 ] ; I - 1 1
4.0 4.5 5.0 5.5 6.0 6.5 7.0
log(E,/GeV)

Grey lines: neutrino flux of 43 LHAASO gamma ray sources.

: « Candidates of PeV cosmic ray in the Milky Way;
| !
30 times volume of IC ! ‘ » Lots of neutrino sources in the extragalactic space.
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HUNT

Scientific Goals

High-energy Underwater Neutrino Telescope

 ldentifying the hadronic PeVatrons in our Galaxy(>100TeV)

* Resolving the high energy neutrino sky
« Understanding the propagation mechanism of high energy cosmic-rays
« Exploring the frontiers of neutrino physics and new physics
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Energy spectrum of the astrophysical neutrino flux
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M Lake Baikal: Unique site for HUN

= Very flat lakebed within 100km?2: 1366 +1 m
= Very transparent water

= Very close to shore station: ~4 km

= No high light background.

= Stable ice cover for 7 weeks a year:

Extreme low deployment cost!

South China Sea

Lake Baikal has better FOV for the center of the Milky Way.

& TRAERA R AR ————_ W
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(i Configuration N

: ae®
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HUNT at Lake Baikal (water depth ~ 1300 m)

» 30 km3
» 2,212 strings

» Height of string: ~720 m

2000

» Radius: ~3.8 km 1500
z/m Ton0

750

500
250

Specifications:
* Angular resolution: ~0.1° (tracks), <3° (cascades)

« Energy resolution: AlogE~0.3(tracks), AE~10-30% (cascades) Aaih G
> TRHERBRE IR

Cylindrical Shape
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Performance expectation
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50 Integral Discovery Potential for E > Eg
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Southern Gamma-Ray
Bubble ~ 30 pc

Direction of the Normal

Line of Sight

Northern Gamma-Ray
Bubble ~ 60 pc
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Discovery Potential | Galactic Ridge

10-yr Integral Discovery Potential for E > Ej
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il Discovery Potential | LHAASO’s UHE vy sources. 16

1LHAASO 1825-1337u 1LHAASO J1809-1918u

10-yr Integral Discovery Potential for E > Eg
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JDiscovery Potential | Seyfert Galaxies

50 Integral Discovery Potential for E > Ej

10—10 :

e HUNT (10 yr)
| === HUNT (1 yr) |
NGC 1068 (IceCube 9 yr)
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..~ .lceCube Preliminary|
Power-law fit (y =2.5)

Model expectation
(logygLx=42.6, d=6.0 Mpc)

== Model fit

Shigi Yu, 3
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HUNT will discover tens of neutrino sources.
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ﬂxf R&D of detector




&N—t NEW super-scale Optical Module

Much simpler, Lower cost and better stability.

20-inch PMTs in LHAASO.
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20-inch PMT The number of detected signals is 1.6 times that of GVD’s OM

This makes the arrangement of OM very sparse(Density of OMs is smaller).
B TRBAEEDRGIR MR f
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 Light transmittance: ~ 90%;

 Pressure resistance: > 3000m:

The sample passed the pressure test of 50Mpa.

20
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HUNT
.\EO a® .E:,‘

White rabbit clock synchronization technology

\
: A A

0

v'High precision clock synchronization

Onshore station
GM ﬁ o WRS ]
(1%) s | e | s [ o | o | s |~
WRS-L0 LSLQMQQ;_Jh

(gé) p s =, s | e | o | o |

@ x16 i
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WRS-L1 [ ii!,_ . B'I?II“'IBS u] [":I)L_“‘ — m;l: .9]»] [\Fz_l . )(ﬁaﬁiﬁﬂ

(1448) X Jf

Il 8
WRS-L2
(1152%)

@X48

oM
55296

Successfully applied in LHAASO
(<0.2ns) and Baikal-GVD
prototypes.

® @@

1,300 WR switches in LHAASO
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HUNT

Instruments | Geomagnetic shielding

Improve PMT’s performance with Geomagnetic fielding
1. Relative Transittime & TTS

2. Charge distribution

3. Detection efficiency

Geomagnetic shielding produced in China recently.
» high-permeability materials: Permalloy
» Modeling and design via COSMOL software

20inch detection efficiency distribution 2d 6 without shielding
0°

. & 12F
20inch detection efficiency d:tnbutlon 2d 6 with shielding g = . .
S 1asE- ---- with shield
£ = .
IRE= ---- w/o shield
1.055—
% 13— o i o T
0.95F- N E S W
0sf-
0.85
O.BE—
0-75__IllllllIlllllIIIIlIllllllllllllllIllllllllllllllI
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Direction
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Simulation program

e ———

Simulating Baikal-GVD observations
HUNTSIimNeT « 16 Baikal-GVD cascade events observed.

« Geant4: simulating particle interactions inside the array * We simulate the GVD observation (e.g., NPE) using
« CRMC: hadronic interactions above 100 TeV the reconstructed parameters of these events.

: :  Our simulations are consistent with the GVD
« Two libraries, G4ART and G4DMT, are developed to observations considering the systematic

accelerate the S|mUIat|0n above 100 TeV GVD210515CA Vértex pos: (—19.00, 65.00, —292.00), dir: (31.00, 80.00), energy : 120.00TeV
NPE(log10) ThiS Work Ch (log10) BaikaI-GVD
e 1 D
I Morph()logy : ;i , o . 100 : 22 5 ' 100
@ 30 e ! : @® 09 i ; :
@ 36 | @ & : 200 e 1> 8 g : 200
: : : : ® 15 : ; : ; : S
® 18 : : : 300
$ 5 (L [

Left: Cascade event induced by an 1 PeV electron; _— T — —  —
. . > Q Q Q Q Q N O Q Q QN Q Q Q Q Q Q Q O O Q ]
Right: Track event induced by an 100 TeV muon PSSP P LSS S &
time / ns ‘\b ‘\,Q’ ‘\b ’\53 ’\6 ,\,‘o '\6 '\6 \(o ,\b '\,b ‘\,b
time / ns

Wang, et al., 2024, CPC
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&Nl Simulation | Parallel algorithm

SHE
&g g

Full simulation need deal with the transport process of billions of photons generated by neutrino.

G4DMT: Geant4 Distributed Multiple Threads ( CPU Parall )
« Call all CPUs to simulate a primary particle.
_ | Photon generation time
G4ART Geant4 Accelerated Ray Tr_aCIng ( GPU para” ) Photon Generate Time Distribution (First 200 Bins)
« Speeds up optical photon simulation. o Data Source

GPUOFF

10° CPU

One electron (1 PeV)

» CPU: AMD 7950X

» GPU: Nvidia 4090D 24G
» default Geant4: 40 hours

107

103

Photon Count (log scale)

> G4ART only: 4 hours 50X speedup
» G4ART + GADMT: 2000 s
> number Of threads: 4 0‘ 20 40 ‘60 ‘ 80 -nml:?ns) 120 140 160 180 2‘00
validation Secondary particle emission Isotope emission
> Start time, Photon absorption length, arrival time and energy. the difference between W/ and W/O

G4ART is within 10%.
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Two MOUs with INR and JINR
to promote the R&D of the

The largest neutrino astronomy next generation NT. ' The most sensitive facility for detecting
telescope in the nohern hemisphere § MEMORANDUM OF Ul Gt 9()23 very high energy and ultra-high energy

and
the Joint Institute for Nuclear Research (JINR)

Institute of High Energy Physics of the Chinese Academy of Science [§ gamma rayS

MEMORANDUM OF UNDERSTANDING

between
The Lostitute of High Escrgy Physics Chinese Lcadosny of Selences

= May, 2023

Ihe Institute for Nockesr Nosearch, R

Amendment No. 1 to the Memorandum of Understanding
between
The Institute of High Energy Physics, Chinese Academy of Sciences
and
The Institute for Nuclear Research, Russian Academy of Sciences

JGegory Trubnikov

/
2y mem r 7
Wenexos 2 \
- e/
2 //
B al al G V D \“ / , [)J[c I)‘“c
Igor Belolaptikov Zhen Cao
Head of the Baikal-GVD project at JINR Spokesperson of the LHAASO

Collaboration

Plags— ~Date Place Date Zg 07 291} : > 2




e 12 OMs with 20-inch PMTs
« 4 LED calibration modules

A
120m //E - i 3m
228mf, - 30m
340m :
:: } 30m
~330m

“Nerpa string” Anchor

' YR ALELDRER UL f

<y e e e v s
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Prototype String @ Lake Baikal

L 1t
°co M
1 ndf 1.164e+04 /105 o ° @ | Chinese string
10°E Constant  9.736e+04 £ 1.693¢402 °
B Mean 139.6 0.0 ® ) N )
; Sigma 3.302 + 0.002 . nd| 0 1o Optical
e %2/ ndf 16260+04 /142
Constant 1.007e+05 + 1.741e+02 1st & 2nd string located in GVD
g 10° L Mean 136.8+0.0
E : Sigma 3.163 + 0.002
C
I : : : :
10? Size of signal Arrival time
10k b Down-going Event (nhit=9) Down-going Event (nhit=9)
: 1 @ 1000 bt
| 10 ® 900 hd
100 110 120 130 140 150 160 170 180 - PS a00 1
ATfeeOS-feeO? [nS] é 7 ° % :zz t
E 2 L % 500
« Q-T correction -> Same Light intensity : ~0.4ns ; X N £ o0
« PMT calibration : ~0.5ns : - ¢
. 1
* Module shape correction : ~1ns
. . e 0
418nm: 137.5ns @ 30m -> 1.374 [refractive index] oz o v 0 I A
. . rrive 1ime(ns :
460nm: 135.2ns @ 30m -> 1.351 [refractive index] oM i

« Around 10 muon-like events (>=4 hits) per day.
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HUNT
fri\-_._ﬂ

L2
N2 2 8 sl
>

Dataset: LED calibration on April 7, 2024. 12 o

» LED light No.4, 3, 2 and 1 were turn on in order; = e M T —

» The nearby GVD OMs can detect the LED signals ; o ? : N =3

» Can be used to calibrate the time delay between two types of - 2nd| @ fo_/Optical
OM, and detection efficiency lately; 15t & 2nd string located in GVD

FFFFF GVD_F_856276.ro0t, n=0, AvgAmplitude: 33 3500 <107 LED 4 LED 3 LED 2 LED 1

300[—
2 3000 E

: ! 250:_ JIL HUNT

. 2500 - GVD
200(
54 Time(ns) 150 }
Z axis (m) -
100f—
1 B (Fo o |
1111111111 1160 a0 _16;17;(axis(m) N 0: : e ()W) ‘ I =0 " 5" ‘(‘) oo
Y axis (m) -1z " - L
Time (min)
HUNT LED lighting nearby GVD strings Calibration Time delay by event by events

GVD-HUNT= -38s - 488510850ns
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» Operation Mode 1: Gain at 1E7 with a threshold of ~0.5 p.e.
» Operation Mode 2: Gain at 1E5 with a threshold of ~1.6 p.e.
» For short of disk storage, operation Mode 2 since April 15. The relationship between single-channel noise rate
> To today, all of OMs without any waterproof issues. vs different water depth.
depth: 1300m ) 530m
A 2502 //
Y “_""_"““““““"""““"1: — 2005 /\
1 N
] | T : ’/
c o )uJﬁj;l;);.Wl’f’,!ﬂz : é' -
g | o 90 1%
g — Linutipbl i o 100:
790m & T 505 th@0.5 p.g
____ Optical Module  LED calibration Module _ N A S
P OM ID
t)/ » the deeper the water depth, the lower the noise rate.
 / 2" string

L/-‘LE Status of 2"d prototype string

» The 2nd prototype string, including 24 Optical Modules(OMs) + 4 LED calibration modules,

was installed in this March.
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Data analysis of 2"d Prototype string

Preliminary Results:

« Dataset: 30/04 - 05/05/2025 with Operation Mode 2.
 Number of down-going events > up-going events.
« nHit > 6, down-going events(muon-like), 0.07Hz.
 nHit > 6, up-going events(neutrino-like), 0.02Hz.

Entries 4400881

0 [ Bluctine: wio any selectigfn, i
e RedLine: Up:going evts
- GreenlLine: D -goil .
100 o e B R S ';”ge"ts Next:
F Develop MC Geant4 simulation program to
g check the charge and time distribution with
N ol experimental data, and study the detection eff.
Of OM detailedly.
10

L EI
25

10 15 20
nHit distributiomef trigger events
(6 days’ raw data)
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Phase I. Long-term monitor string (Jan 2025)
» 4 OMs, vertical spacing ~10 m

Phase II: Seven-string array (2025-2026)

» R&D of OM, APS, waterproof connectors,
deployments,.......

» Measure the atmosphere neutrinos.

KM3NeT-ORCAG6 (510 days, 433 kton-years)

KM3NeT/ORCAB, 433 kton-years KM3NeT/ORCAS, 433 kton-years
- - — ——

F 3.0F T aRas
KM3NeT/ORCA 0% CL
i 80% CL IceCube 2024 — SK 2020
100 _ N0 [ —T2K2023  —MINOS+2018
L 10 3.0~ —NOVA 2020 —KM3NeT 433 kton-years
i - |
50/ >
i > |
2.5
£ e
E g cof
>t NE%' [
-50] 300
100[- 151
r P S R L I NS RS B
T I R e T 7 04 0.5 06 0.7 0.3 0.4 05 0.6 0.7
x (m) sin6,, 5in°0,,

2900068009

290005068 W
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Summary “

» LHAASO has discovered tens of Galactic PeVatron candidates
which are good candidates for high-energy neutrino sources.

» HUNT will realize unprecedented potential in discovering the
neutrino counterparts of Galactic PeVatrons and resolving the
high-energy neutrino sky.

» Prototype string in Lake Baikal has observed muon-like events.
We are going to deploy another string in 2026. The seven-string
array in South China Sea is coming.

» We hope HUNT project will be built in Lake Baikal.

33






PeVatrons discovered in the Milky Way ~ *

Neutrino observation will decisively solve the problem of the origin of cosmic rays!

» PeVatrons === neutrinos above 50 TeV & gamma-rays above 100 TeV.
» LHAASO observed tens of gamma-ray sources above 100 TeV.

» Gamma-rays above 100 TeV can be produced in both leptonic and hadronic scenarios.

(>100 TeV) Excess Map 100 Main process:

p+p— Nrt +7 7 +70)+ X
p+y—n+at

(-]
<
Counts/pixel

t— v+ ut — v+ (e D+ )
T —= Uy +pm — v+ (e +ry 4 ve)
70 — 2y

1072

* LHAASO Collaboration, 2021, Nature, 594, 33.
* LHAASO Collaboration, 2024, ApJS, 271, 25.
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Discovery Potential | Stacking LHAASO sources ™

1LHAASO catalog

43 sources with significant (>40) emission above

100 TeV
median spectral index 3.28
median source extension 0.21°

Neutrino & Gamma-ray Relation
E, = 2E,
N, = 3N,
VeV, ve=1:101
Jv(Ey) = 2], (2E,)

> TRHERBRE IR

50 Integral Discovery Potential for E > Eg
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161

EvFy,+0,(>Ey) [TeVem=2s71]
=
9

=

<
o}
w

D | we HUNT Typel (10 yr)
N HUNT Typel (1 yr)
. = HUNT Type2 (10 yr)

NN HUNT Type2 (1 yr)
total neutrino flux

B
o

4.5 5.0 5.5 6.0 6.5 7.0
log(E,/GeV)
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Discovery Potential | diffuse neutrinos 7

10-yr 50 Differential Discovery Potential

; = HUNT @ South China Sea +75°
“|— =1 = HUNT @ Lake Baikal |
" lceCube (9.5-yr northern muon tracks)

~10 LA
L v v ‘;I HUNT (10-yr)
| I - _i:r_i_ SenS|t|V|ty for 1 year

| - >
|4 Sigg— —

10—12- | J - .
g | | — 2o se

00 05 1.0 15 20 25 30 35 40
Pre-trial significance / o

10115

Equatorial Coord.

Right Ascension a

E2¢y, +5, [TeVem™2s~1sr™1]

10—13 T T T T
3 4 6 7 8
° lceCube, SCIENCE, Vol 380, Issue 6652

log(E,/GeV)
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HUNT
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105 E,_, ....... T l". ................................ ........................................ L —e— Mediterranean © ng_—.— — e emge— o ol e et - e - - - — L
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A0 Trigger | cascade events

trigger rate with different energy
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transmission normalized to immersion date

IKENEGT (~800cm?)
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Sensitive to the neutrino events with all directions
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Simulation | in-OM
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PMT tested in the lab. +
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