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Making invisible visible with neutrinos
* Neutrino can visualize the activities in the dense/obscured media
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Making invisible visible with neutrinos
* Neutrino can visualize the activities in the dense/obscured media
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Geoneutrinos reveal | Earth's inner secrets
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What can we see with 10 TeV — 10 PeV high energy neutrinos?
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radio/microwave infrared/optical gamma-rays neutrinos cosmic-rays
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How to create the high energy neutrinos

high energy (1~108TeV) cosmic-rays (proton and nuclei) interact with matter (gas, plasma) and photon
field in the astrophysical objects

mesons (pions) are created
(both charged and neutral)

p+v — n+x’
p+vy — p-+ 7’

p+p — p+p+7r“
p+p — p+n+x
pE+p = prp+TFa .




How to create the high energy neutrinos

a charged pion decays into muon and neutrino, a
muon decays into positron and (anti) neutrinos

charge neutral pions creates gamma-rays




When neutrinos are born, so are gamma-rays,
from the cosmic-rays!

A simple mechanism is key for neutrino and
multimessenger astronomy

Correlation with the other emissions of electromagnetic waves;
from radio to optical, x-ray, and gamma-ray

Mergers of big masses also emit gravitational waves




How the neutrino telescopes looks like?

dark and transparent media

| Cherenkov light

Charged particles

.\neutrinos
-

-

Cherenkov
photon sensors
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How the neutrino telescopes looks like?

High energy neutrinos are
rare to convert into light
> 1km3

dark and transparent media

_ Cherenkov light

Charged particles

’\neutrinos
-

Cherenkov
photon sensors
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Neutrino Telescopes in operation around the world

Mediterranean Ocean BAIKAL-GVD

KM3NET — ARCA (HE array)
> 3 as of Aug 2023, 21 ARCA strings

as of Aug 2023,
96 strings
3456 OMs

Lake Bikal

South Pole

Glacial ice T ol | ’ ,,
Se——— § BAIKAL-GVD (2023, 96 x 36 = 3456 om) ~0. 5km?3

KM3NET/ARCA (2023, 21 x 18 =378 om) ~0.1 km3
lceCube (since 2011, 5160 om) 1 km?3
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IceCube: The South Pole Neutrino Detector

The largest underground particle detector —

50m

Amundsen-
Scott
South Pole

station 1450 m

2450 m
2820 m

324 optical sensors

86 of 2.5km
depth holes
filled with
optical sensors
in the Glacial Ice

5160 optical
sensors in 125m
X 17m grid

Eiffel Tower

L]
w‘“wm 2

UL

16,000 x SuperK
tank!

33 cm diameter glass
sphere
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IceCube: The South Pole Neutrino Detector

Amundsen-
Scott
South Pole
station

50m

1450 m

2450 m
2820 m

%% %% ¢/% 2 IceTo
— % © “ p
— @ ‘.:50 e%. %, 3' S 81 Stations €
E 324 Optical Sensors First year performance of the IceCube neutrino
telescope 7
86 of 2.5km [
depth holes I:l Refrozenlce |:] Ice
. . © DO} = Pressure
filled with Rl =
optical sensors
< . .
in the Glacial Ice
5160 optical
g‘; L
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X 17m grid
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lceCube Flavor Identifications
Up-going muon track event

Good angular resolution

: v, CConIy
' ey
~100TeV-

Cascade events

Good energy resolution

118545 Event 63733662 -

All except v, CC
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Tau flavor signaturest .z .
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PRL 111 (2013) 02

1103

Phys. Rev. D 84, 072001 (2011)

Run 109682 Event 6298338 [Cns, 40000ns]
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From the first observation to the > 10 year sample

2023

Using the earth as the BG shield,
where the  upward going muon neutrinos

telescopes are

First Observation of PeV-Energy Neutrinos
with IceCube

M. G. Aartsen et al. (IceCube Collaboration)
Phys. Rev. Lett. 111, 021103 (2013)
Published July 8,2013 Science

1A4s

Evidence for High-Energy Extraterrestrial Neutrinos at
the IceCube Detector

i A\ N
" HM&M‘M;\
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Diffuse Cosmic Neutrinos 10yrs observation
with the IceCube neutrino telescope

Cascade histogram Track histogram

W — Mcsum Prompt Atm. | [ — MC sum — Prompt Atm.

= Astrophysical Segmented Conv. Muon _| = Astrophysical Segmented Muon-Template
10°F — Conventional Atm. I Data (11lyr) — Conventional Atm. I Data (8.5yr)

10°f

iceCube Preliminary . _ lceCube Preljminary
107 104 10° 10° ! 10° 10* 10° 108

reconstructed Egeposited [GEV] reconstructed E, @ detector [GEV]

Richard Naab, Erik Ganster, Zelong Zhang
for the IceCube collaboration at'fCRC2023




Diffuse Cosmic Neutrinos 10yrs observation
with the IceCube neutrino telescope
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lceCube Preliminary
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Cascades 6yr(2020)
= HESE 7.5yr{2021)
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5z 5 55 5 Richard Naab, Erik Ganster, Zelong Zhang
spectral index y for the IceCube collaboration at'f{CRC2023v



Energy flux comparable to the diffuse messenger siblings

< 106 L isotropic y-ray high-fpergy ultra-high-energy -
= background SHELIATAGS “w=  COSMiC rays
(flavor-average) -

Tm proton (E72) "™
o 1077 I ]
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e
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IceCube-Gen2 Collaboration, IceCube-Gen2 Technical Design: The IceCube-Gen2 Neutrino Observatory

https://icecube-gen2.wisc.edu/science/publications/TDR (2023) -



First Observation of Neutrino Emitting Sources

Multimessenger observations of a flaring blazar TXS 0506+056 coincident with a high-energy neutrino IceCube-170922A

» 2017/9/22 20:54:30.43 UTC, IceCube-170922A alert just 43 seconds later from the event detection
» Triggering the observations of radio-to-VHE gamma-ray telescopes in the world

. Fermi Telescope
gamma-rays _ v 4

neutrinos
: j/' e
CoSSe

Kanata telescope
...and many more telescope

Follow-up Observations of IceCube Alert IC170922

SCIENCE B
13 Jul 2018 Magic telescope
Vol 361, Issue 6398

pp. 147-151

DOI: 10.1126/science.aat13/8

1


https://doi.org/10.1126/science.adc9818
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Multi-messenger view of TXS 0506+056

. .. HE gamma-ray observations
upward going neutrino induced muon

track with energy 23.7+£2.8 TeV loss . B * Fermi-LAT(20MeV - 300 GeV) reported gamma-ray flare
in the detector “ ;

original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A
e |C170922A 50% - area: 0.15 square degrees
= |C170922A 90% - area: 0.97 square degrees
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VHE gamma-ray observations

RN —

* VHE gamma-ray Magic telescope (E >
100GeV) with >6.20

bright in neutrino
bright in gamma-ray

Archival SARASUA —— INTEGRAL (UL) —— VERITAS (UL)

VLA Swift UVOT  HH  Fermi-LAT —— HAWC (UL)

OVRO ASAS-SN AGILE — IC170922 - 0.5yr |

Kanata,/HONIR Swift XRT o MAGIC —— IC170922 - 7.5yr |

Kiso/ KWFC NuSTAR H.ES.S. (UL) ]
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Is blazar efficient neutrino emitter?

e The Contribution of Fermi-2LAC Blazars to Diffuse TeV-
PeV Neutrino Flux, ApJ, 835 45 (2017)

« Upper-limit on the contribution of >GeV gamma-rays emitting blazars to
diffuse neutrino flux to be 27%

« Search for Astrophysical Neutrinos from 1FLE Blazars with
lceCube ApJ 938 38 (2022)

« Upper-limit on the contribution of MeV blazars to diffuse neutrino flux to
be ~1%
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First Evidence of Steady Neutrino Sources

—log;(Piocal)
[ Signal 1 Total
Evidence for neutrino emission from the 1 Background ¢ Data
nearby active galaxy NGC 1068 . B
80
0.4
SCIENCE | "
04 November 2022 g 0.2 2
Vol 378, Issue 6619 ‘f;e o Z 40 +
pp. 938-543 ;g
DOI: 10.1126/science.abg3395 R O~ 20 L
752 0.4 e S
I Ay 40.2 0o 1 2 3 4
1? [deg?]
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Multi-messenger view of M77 (NGC1068)

Murase et al v, + v, o IceCube v, + v, . Archival data
Inoue et al v, + v, ~+  4FGL-DR2 MAGIC
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Gas clouds

starburst active
galactic nuclei
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line relativistic flowsof particles B
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Cosmic-particles interact near the core of AGN
obscuring gamma rays

- .
-

- Utrahotgas -

oar ; * Accretion'disk
Supermassive 5
Black Hole

Hs is optlcally thick to GeV-TeV
i AC Ierat|on cannot be
ese photons

Credit: NASA/JPL-Caltech 2.2



Continuously Emitting Neutrino Sources

+75°

Observation of high-energy
neutrinos from the Galactic plane

+15°
SCIENCE <
29 Jun 2023 E24n oh
Vol 380, Issue 6652 g
pp. 1338-1343 o
DOI: 10.1126/science.adc9818

\.\
-120° -180°

Galactic longitude
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A New View of the Milky way

* One of the most intensely scanned objects In >
the Universe
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Future Neutrino Telescopes

BAIKAL-GVD

750 m & - 2020

525m

Also, not covered P-One,
Trident (prototyping
stage)

Beyond optical
Cherenkov,

PUEO, Trinity, TAMBO,
GRAND, Beacon, RNO-
G, POEMMA, RET-N
(...and more)
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ARCA & ORCA

KM3NET

: 90m and 20m
36m and 9m

separation

horizontal
* vertical separation

: 3500m and 2440m

bottom depths

500 x2 Mton and 7 Mton

trumented mass:

INS

ORCA

and

ARCA

115 strings
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Digital Optical Module (DOM) Detection Unit (DU) Building Block (BB)

~——Buoy

31x3” PMTs
ns timing
~10cm spatial positioning

ANTARES 7-° + v [reco, up)

ARCAB 7°° + vE¢ [PS ARCAB-8 selection)

ARCAB 7°° 4 vS¢ [PS ARCAB-8 selection)
KM3NeT/ARCA Preliminary

—+—Base module

AL

i

e 21 DUs in operation (2022) ~ 0.1 Km3
* 10 more DUs planned this year
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Diffuse neutrino search with glowing DUs

102 days 212 days 51 days 67 days
\ o ARCAL)
‘ BDT score > 0.35 | logEesiimare >4.20GeV | BDT score > 0.27 | logEesrimare >4.04GeV | BDTscore>0.45 | 10gE,grimate >4.12GeV | BDT score > 0.40 | logE,stimare >4.36 GeV
atm. v+ v 117.68 16.08 185.18 33.04 58.94 10.60 480.54
atm. 150.91 39.07 49.12 2339 0.06 6.75

all atmospheric 268.59 55.15 234.30 5843 10.66 487.11

1.37evts/ 100days 1.44evts/ 100days 1.98evts/ 100days 3.2evts/ 100days
(atm. 53evts/100 days) (atm. 28evts/100 days) (atm. 21evts/100 days) (atm. 15evts/100 days)

Reconstruction level - upgoing - v,CC + v,CC

KM3NeT preliminary

ective area |[m

ARCA 21 ~ 3 x ANTARES !

—— ANTARES
— KM3NeT/ARCAZ21
V. Tsourapis, E. Drakopoulou, C. Markou, A.Sinopoulou and —— KM3NeT/ORCA1S
E.Tzamariudaki (KM3NeT collaboration) at ICRC2023 10° 10° 7 35

Energy [GeV]



. » clear water of the lake Baikal ,
Baikal-GVD . 96 strings In 8 construction seasong. &+

CLUSTER
CENTER

2017
2018
8 2019
2020

2021

2022

Fig. 5. Top view of GVD: 96 strings are grouped in 12 clusters.

) 2023

* Array of Hexagon cluster

e 7 strings 60 m from the center

e 36 OMs/string, vertically 15m apart between
700m and 1240m

* |ce-season installation, water-season operation

) Exp.

Laser
station

Baikal-GVD: arxiv/2211.09447 36



Astrophysical neutrino candidate events

downgoing
Search for the diffuse cosmic
neutrinos using upgoing high energy '

(>100TeV) cascades E~91TeV ® .o . :
Expected: : 5; ¢ I
0.95 events from atm. muons Sefe i ?‘. n |

v‘_ -~ « ' "

3 events from atm. neutrinos
10 events for IceCube’s E246

i Cluster 1
aStrOphyS|CaI flux Upgoing (19° below horizon)  May 23, 2019

E~1.2 PeV

Found in data:
11 events
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Events per bin

10°

30 observation of diffuse flux 10 T e TE T& 20

Baikal-GVD: arxiv/2211.09447 log, (E,/ TeV) 37




IceCube-Gen2 Neutrino Observatory @ \ceCuse

lceCube-Gen2 Callaboration : | | ST
IceCube-Gen2 Technical:Design: The IceCube-Gen2 Neutrino Observatory = ¢ oo oo
https://icecube-gen2.wisc.edu/science/publications/TDR (2023) _ .............
* 3 250 m

The IceCube-Gen2 Neutrino Observatory
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IceCube-Gen2 Optical Array ﬁ S

IceCube-Gen2 Optical ® IceCube IceCube Upg rade(2025-26) ~700 new OMs
| 24 ch x 3” PMT 2ch x 8” PMT

Gen2 DOM (18 PMTs)
Gen2 DOM (16 PMTs)

i dia 36cm
: dia 30cm

== |ceCube-Gen2 (this proposal)

IceCube-Gen2 (with IceCube DOMs) oy
lceCube Critical to have

good sensitivity
for TeV energies
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IceCube-Gen2 Collaboration, IceCube-Gen2 Technical Design: The IceCube-Gen2 Neutrino Observatory
https://icecube-gen2.wisc.edu/science/publications/TDR (2023) 39



IceCube-Gen2 Source Discovery Potential @9 =52

Whole source classes of neutrinos from a few TeV to a few PeV!

IceCube-Gen2 Collaboration, IceCube-Gen2 Technical Design: The IceCube-Gen2 Neutrino Observatory
https://icecube-gen2.wisc.edu/science/publications/TDR (2023)
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* IceCube-Gen2is h
« ICEHAP (Japan)
e Supports /tut
* Welcoming visit

THE ICECUBE-GEN2
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Summary

* The area of neutrino astronomy has opened with the 1 cubic kilometer IceCube
detector, establishing analysis and calibration techniques.

* Neutrinos are starting to tell us about the origin of cosmic rays in the vicinity of
the hidden Universe and obscured regions of high-energy astrophysical objects
not accessible with the other methods.

 To achieve a full understanding of neutrino-emitting source classes, we
anticipate the need for close to an order of magnitude increase in detection
capabilities, KM3NET, BIKAL-GVD, and IceCube-Gen2.

* The on-going telescope constructions in Northern hemispheres. KM3NET-ARCA,
BAIKAL-GVD, will observe IceCube-like flux with higher significance in a few
year
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