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Matter makes up everything in our daily life
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if an atom was scaled to a baseball field
size of a proton




if a PROTON was scaled to a baseball field
size of a NEUTRINO
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Earth is neutrino bright
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Earth is neutrino bright

Beta-decay in nucleus
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Sun is neutrino bright Q @
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Neutrino bright explosion!
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Type |l supernova
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/ 1MeV-100MeV

Why we want to see the Universe with neutrinos?

1. to see the high-density states, such as the one formed in the
supernova explosion, and where light can not be escaped



ﬁ 100,000MeV - 10,000,000,000MeV

Why we want to see the Universe with neutrinos?

1. to see the high-density states, such as the one formed in the
supernova explosion, and where light can not be escaped

from 100,000MeV=0.1 TeV
to 10,000,000,000MeV=10000 TeV



How to create the high energy neutrinos

Somewhere in the Universe, ordinary matters (proton and nuclei) are accelerated to very high energy.
Particles beyond 108 TeV (1020 eV) observed
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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




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+vy — ntm"
p+vy — p-+ 7’

p+p — p+p+7r“
p+p = p+n+7’
pE+p = prp+T A+




How to create the high energy neutrinos

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

= et +u,+ 1,

charge neutral pions creates gamma-rays




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

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
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. The massive galaxies in the far Universe

Active Galactic Nuclei
(AGN)

e 10!2 times brighter than Sun
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f 0.1 TeV — 10,000 TeV
Why we want to see the Universe with neutrinos?

* to see the high-density states, such as the one formed in the supernova
explosion, and where light can not be escaped

* to identify the region where the high energy cosmic-rays interact
* to build models with gamma-ray + the other multi-messengers



f 0.1 TeV — 10,000 TeV
Why we want to see the Universe with neutrinos?

* to see the high-density states, such as the one formed in the supernova
explosion, and where light can not be escaped

* to identify the region where the high energy cosmic-rays interact
* to build models with gamma-ray + the other multi-messengers

* to see the universe where light can not penetrate
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f 0.1 TeV — 10,000 TeV
Why we want to see the Universe with neutrinos?

* to see the high-density states, such as the one formed in the supernova
explosion, and where light can not be escaped

* to identify the region where the high energy cosmic-rays interact
* to build models with gamma-ray + the other multi-messengers

* to see the universe where light can not penetrate

e to use the universe as the elementary particle beam accelerator to explore
the particle physics beyond man made accelerators can no reach (not
covered)



Measured cosmic neutrinos
with the IceCube neutrino telescopes in 10 years
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Science 361, eaat1378 (2018)
lceCube-170922A alert to worldwide telescopes

« 2017/9/22 20:54:30.43 UTC
- 5th and the most cosmic neutrino signal like EHE alert
» automated alert was distributed to observers just 43 seconds later
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Follow-up Observations of IceCube Alert 1C170922
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ew of TXS 0506+056

HE gamma-ray observations
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Measured cosmic neutrinos
with the IceCube neutrino telescopes in 10 years
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RESEARCH

RESEARCH ARTICLE Very bright, well studied, spiral galaxy

NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearhy
active galaxy NGC 1068
global significance

IceCube Collaboration*t 4.26 "

+75° 0.4

Science — Nov.4, 2022 NGC1068 orM77 .
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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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Cosmic-particles interact near the core of AGN
obscuring gamma rays

- Ultra hot-gas

ARy, iy / Accretion disk
Supermassive
Black Hole

Credit: NASA/JPL-Caltech



Neutrino bright objects before 2018

Supernova

%

Energy of neutrinos Energy of neutrinos Energy of neutrinos

~ MeV ~ 10 MeV or less ~ 100 MeV or less
distance to the object distance to the object distance to the observed
0 km 149.6 million km object 160 kilo light years

(0.00001581 light years)



Neutrino bright objects as of Today AGN

Seyfert Galaxy

Supernova

Energy of neutrinos Energy of neutrinos Energy of neutrinos Energy of neutrinos Energy of neutrinos
~ MeV ~ 10 MeV or less ~ 100 MeV or less  ~ 100,000,000 MeV > 100,000 MeV
distance to the object distance to the object distance to the observed distance to the observed

0 km 149.6 million km object 160 kilo light years object 60,000,000 light years

(0.00001581 light years)
distance to the observed

object 4,000,000,000 light years



How the neutrino telescopes looks like?



How the neutrino telescopes looks like?

dark and transparent media

Cherenkov light

Charged particles

photon = neutrinos

Sensors -



measure the light

How the neutrino telescopes looks like?

(CCD/CMOS) @ dark and transparent media

| Convert neutrino to measurable light
,? :: (lenses) ﬁ‘

B 4 Cherenkov light

P ..r '

» W %y

» ® Charged particles
photon neutrinos

Sensors
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How the neutrino telescopes looks like?

e © High energy neutrinos are
s +.oeir. % rare to convert into light

e qrf:,ﬁ o~ > 1km?3

Charged particles
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Neutrino Telescopes around the world

BAIKAL-GVD )
Medlterran ean Ocean 2022: Baikal-GVD

_KM3NET ARCA (HE array) 10++clusters, 288
2 as of Sept 2022, 21 ARCA X 8=2916 optical
11 ORCA strings modules

2008-2022: ANTARES 0.1km3
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The first km3-scale detector!
(full operation since 2011)



lceCube

50 m

The first km3-scale detector!
(full operation since 2011)

@ Amundsen-Scott

South Pole station
1450 m

2450 m
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lceCube Lab

ICECUBE
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IceTop

324 optical sensors

3= 81 Stations

neutrino energy: 1TeV-10EeV

lceCube Array
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including 8 DeepCore strings
5160 optical sensors

neutrino energy: 5GeV-100GeV
DeepCore

8 strings-spacing optimized
for lower energies
480 optical sensors

Eiffel Tower
324 m
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Eyes and lens

Eyes: Light Sensor Module

Lends: South Pole Glacial Ice
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Construction of IceCube
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_ light we see in 0.01 sec
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First observation of the high energy cosmic neutrinos!

IlceCube

Energetic Neutrinos on Ice 20 1 3
First Observation of PeV-Energy Neutrinos

with lceCube

July 8,2013 « Physics 6,593
M. G. Aartsen et al. (IceCube Collaboration)

The IceCube detector at the South Pole has observed two of the highest energy neutrinos ever recorded.
Phys. Rev. Lett. 111, 021103 (2013)

Published July 8,2013 o
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In-situ estimation of the South Pole ice crystal properties
(accepted for the Cryosphere https://tc.copernicus.org/preprints/tc-2022-174/)
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neutrino sky beyond our galaxy
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We are in the early phase of the neutrino astronomy :J/;i‘

IcECUBE
GENZ2

with a tiny Tkm?3 telescope



lceCube-Gen2: eight times more volume

Super-Kamiokande
41.4m in height
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