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High Energy Neutrino as a Cosmic Messenger

• Penetration power
• Pointing capability
even at extreme energies

Weak interaction during “propagation”

UHECR 
sources?
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Ultra-high Energy Neutrinos in the Universe
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The IceCube Detector
@ Amundsen-Scott 
South Pole station

1000m
1000m
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IceCube Neutrino Events
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IC86 = full IceCube (2011~) IC79 (2010-2011) IC59 (2009-2010)

IC40 (2008-2009)IC22 (2007-2008)

IC9 (2006-2007)

IC1(2005-2006)

2021

IceCube Construction and Runs
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DOMの⽣存率 (ここ10年は) 98.5%をキープしている

初めの⽳に埋められたセンサー

Partial operation has started since 2005, full operation since 2011

>99.5% uptime for 8 years !!

IceCube Operation

予想値

Actual



• IceCube建設中の40stringsと59strings コンフィギュレーションによる２年分のデータからの結果

First important multi-messenger result
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First observations of cosmic neutrinos
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  Astrophysical Diffuse Neutrino Spectra
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  Ultra-high Energy Interactions
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IceCube Realtime Alert System
High energy starting track (HESE) and Extremely high 
energy (EHE) alert channels has started since 2016
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IceCube-170922A event

Fermi Telescope

Magic telescope

Kanata telescope

neutrino observed Optical telescopes

neutrinos

gamma‐rays

optical light

• 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

...and many more telescope

Science 361, eaat1378 (2018) 
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Multiwavelength Campaign with 

radio optical x-ray -ray



Gray: Archival

TXS 0506+056 BL Lac HE gamma-ray observations

• Fermi-LAT(20MeV - 300 GeV) reported
gamma-ray flaring blazer TXS 
0506+056 (ATel#10791)

VHE gamma-ray observations
• Furthermore TXS 0506+056

was observed VHE gamma-ray 
Magic telescope (E > 100GeV)
with >6.2σ (ATel#10817)

upward going neutrino induced muon track
23.7±2.8 TeV muon energy loss in the detector

z = 0.3365 
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• neutrino only time dependent search around the blazar TXS 0506−056 
→Inconsistent with bkg-only hypothesis at the 3.5σ level

2014/15 neutrino flare

IceCube evaluated 9.5 years of archival data in the direction of TXS 0506+056

(In addition and independently of the previous 3σ
when looking in this specific direction)

13±5 events excess compared to 
background expectations
(Sept 2014—March 2015)

2014/2015 Neutrino Flare
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Cascade events at Glashow resonance
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Published and almost to be published samples
• Upgoing muon neutrino sample 9.5 years
• High energy starting event sample 7.5 years
• Cascade sample 6 years

After 10 yrs: Diffuse Neutrino Spectra

Deviation from power law as well as 
spectral cut off still not conclusive…
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https://arxiv.org/abs/2008.04323

After 10 yrs: Diffuse gamma-rays, UHE cosmic 
rays and neutrino connection
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After 10 yrs: High Energy Tau Neutrinos

2 candidate events observed over expected 1.5 𝜈ఛ signal and 0.8 
𝜈௘, 𝜈ఓbackground

Double pulse signatures
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Upper limit on neutrinos 10 PeV and above with 9 years of data 

After 10 yrs: GZK Neutrino Constraints
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進化度大



2.9σ after trial correctionx: NGC 1068
(star burst AGN)
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After 10 yrs: Neutrino Source Searches



IceCube Collaboration
PRL 124 051103 (2020)

NGC 1068
(star burst AGN)

TXS 0506+056
(blazer AGN)

PKS 1424+240
(BL Lac Blazer AGN)

GB6 J1542+6129
(BL Lac Blazer AGN)

上限値が感度を卓越し有意な
信号が見え始めている天体

Neutrino Source Searches with 10 years of IceCube Data

近くて明るいブレーザーか
ら見え始めているが、それ
が宇宙ニュートリノのメイ
ンの起源天体種ではない
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• 初めての一立方キロメートルニュートリノ検出器の完成！

• 10TeVから10PeVの宇宙ニュートリノ流量
• 超高エネルギー宇宙線エネルギー密度と近い値
• 拡散ガンマ線放射エネルギー密度とも近い

• EHE流量上限値からはUHECR陽子起源天体の宇宙進化度に制限が得られている

• Real Timeアラートによる宇宙ニュートリノ起源天体TXS 0506+056(blazer AGN)のマルチメッセンジャー観
測

• TXS 0506+056は2014-2015にもニュートリノをバースト的にだしていた

• 時間相関のないニュートリノ放出天体NGC 1068(star burst AGN)が見え始めている

• 他にもデータ量が増えるにつれ有意度が上がっている天体がある

• 高エネルギー素粒子物理への示唆(Glashow共鳴事象、超高エネルギーニュートリノ反応断面積)
• 宇宙論的距離の伝搬によるフレーバー物理(タウニュートリノ事象候補観測)

• 他にも多くのユニークな物理：標準理論を超える物理への制限、WIMP探査、重いダークマター、モノ
ポール探査、…

A Short Summary of 10 yrs

しかし多くの興味深い信号が、10年で数事象レベル、もしくは3σレベルの有意度で見え始めているところである！



IceCube
&

Gen2 Phase1

IceCube-Gen2

アムンゼンスコット南極点基地

南極点傍に⽴つ
居住建屋

IceCube光検出器DOM

Gen2 Phase1⻑球型光検出器D-Egg
• 縦⻑で掘削費⽤および時間を⼤幅に削減

• Gen2に向けさらなる改良
• 実効感度の向上
• 消費電⼒の低減

IceCubeコントロールルーム

 IceCube-Gen2 検出器



Angular resolution improvement with larger detector

26



>100TeV >50TeV

H  l  G 2  b ?How large Gen2 must be?
….For given number of strings (or cost)
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• String number dependence
• 1 season corresponds to ~17 strings
• In this plot, the first deployment year 19 strings
• 3 seasons corresponds to 17 x 3

Intermediate sensitivities

• Full sensitivity and good exposure is required for the detection of dimmer neutrino sources

• However for time-dependent flares such as TXS-like flare, deployment of first year or two, Gen2 becomes 
large enough to achieve 5𝜎 𝑙𝑒𝑣𝑒𝑙 of observation

• Partial construction is still valuable for time dependent neutrino emissions!
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Expectation with more than 5 times better sensitivity
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Better link between gamma-ray and UHECR
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New drill ($12M/3yr) is ready for upgrade and Gen2

2036年に
IceCube70年分
データ

Timeline 
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dusty  ice

special calibration region

clear ice

POCAM
(isotropic light source)

Pencil beam
(beaming light source) LEDs in modules

• Calibration of the IceCube and Gen2 detector
• Deep survey for  Gen2

inner fiducial volume 2.2Mton

outer fiducial

IceCube-Gen2 Phase1 
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33

clear ice

POCAM
(isotropic light source)

Pencil beam
(beaming light source) LEDs in modules

• Calibration of the IceCube and Gen2 detector
• Deep survey for  Gen2

inner fiducial volume 2.2Mton

outer fiducial

IceCube-Gen2 Phase1 
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Decadal Survey on Astronomy and Astrophysics 2020

Gen2 White Paper

Information
IceCube-Gen2 Technical paper is upcoming the next!

34



• 2011年のIceCube検出器はその完成以来、世界唯⼀の⼀⽴⽅キロメートルニュートリノ望遠鏡として、安定
した運転をしている

• 観測においても部分的な検出器の頃より解析をすすめ、宇宙線起源に重要な制限を与え、世界初となる⾼エ
ネルギー宇宙ニュートリノの観測を⾏っている

• 拡散宇宙ニュートリノのエネルギー分布、３σレベルのニュートリノ起源天体の同定が2天体、”⾯⽩い”事象、
GR事象やタウニュートリノ事象など、が10年で1-2事象⾒つかっている(PeVを超える事象頻度は2年に⼀度)

• 10年分のデータはすでにパブリックになっている
• ⾓度分解能、検出率を⾼め、観測の⾼性能化を可能とするIceCuge-Gen2計画を進めている。
• 粒⼦シャワー事象の有効検出体積が約８倍、トラック事象の有効検出体積が約５倍。宇宙ニュートリノ事象

やさらに稀な事象の観測頻度は検出体積増える
• さらに、体積の拡⼤からのトラック事象の⾓度分解能の向上が期待。ニュートリノ起源天体の同定で約５倍

の感度向上
• 2023年にIceCube-Gen2 Phase-1の建設が⾏われる。2025年からのIceCube-Gen2 メイン配列の建設にむ

けた準備をすすめている

Summary
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Backup



14ch x 4ʼʼ PMT

IceCube-DOM 
normal QE

D-Egg (high QE) = 2.2-2.8 x DOM

Gen2-14PMT = 3.7 x DOM

24 ch x 3ʼʼ PMT

dia 36cm

Gen2 Phase-1

GEANT4 calculation of preliminary Gen2 OM sensitivity

Gen2 Optical Module

dia 30cm dia 30cm dia 31.8cm
18ch x 4ʼʼ PMT

Preliminary

2ch x 8ʼʼ PMT

dia 30cm

dia 33cm
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Additional Improvements with Cascade 
Events

However, currently directional resolution is ~10°dominated by uncertainty 
associated with optical properties of ice 
 Improvements on the reconstruction of cascade prior to Gen2 construction 

give us significant benefit 
 Reduce ice induced systematics with 800 densely (3m) instrumented optical 

modules
☞ Calibration of ice with Gen2-Phase1

ν , ν

hadronic
shower

W, Z



e

Cascade channel is complementary to upward muon 
track channel
• Good energy resolution of ~10% 
• Sensitive to full sky
• Less atmospheric neutrino background 

• lower energy threshold (10TeV ‒ 100TeV)
• Cascade event rates proportional to volume 

⇒ a factor of 8 in Gen2

target angular error 3°
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an example ‒ less dust layer 
+ more shallow option



• Detector effective muon area － x 4～5 (horizontal)

• Angular resolution － x ～ 0.45 (horizontal) 

• improvement with new optical sensors

• improvement with new calibration

default factor gives a 
factor of 5 better 

sensitivity

∝sqrt(x): Livetime, Detector size
∝1/x: Angular resolution
Signal selection efficiency
BG rejection efficiency

Additional improvements

Design Principle



HESE 7.5yrs

期末試験で６０％の評価をする
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