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High Energy Neutrino as a Cosmic Messenger

. Cosmic accelerator

Weak interaction during “propagation”

star-light

 Penetration power
e Pointing capability
even at extreme energies

Neutrino

Cosmic
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The IceCube Detector

lceCube Lab

4

.~ Deep Core

@ Amundsen-Scott
South Pole station

Eiffel Tower

324m
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lceCube Neutrino Events

Penetrator

HV Divider

i LED

Flasher
Board

DoM /

Mainboard

Mu-metal
grid

Dealay

nucleon nucleon

Hadronic Hadronig
cascade cascade




Energy Range for IceCube/DeepCore

Icecube can measure 10GeV — 1011GeV neutrinos !

DeepCore atmospheric muon event

0(0.1-1)TeV muon lceCube neutrino event

O(10-100)TeV muon

N / DeepCore




Angular resolution of muon track reconstruction

190 I1C'36 2012-2018 !Background dependent on the directions
1.25- . In the sky
— MG Aartsen et al.(2017) « Southern sky: High energy atm muon
1.00 s ==== M. .G Aartsen et al.(2018) BG (signal PeV-EeV) | |
— * Northern sky: Atm neutrino BG (signal
= TeV-PeV)
= (.75
<]
0.507 e solid lines are for Northern hemispheres
. (upward-going)
0.25 e dashed lines are for Southern hemispheres
(downward-going)




Number of Events per Bin

Data / MC
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After 10 yrs: Diffuse gamma-rays, UHE cosmic
rays and neutrino connection

high-energy

— 107" isotropic y-ray ) ultra-high-energy -
| - background HEHU'”G_S . "W COSMIC rays :
(flavor-average) -
Tm proton (E~4) ™,
« 1077 |
= 15
o
3 R
Q 107° ¢ A B - -
o
o
lMI.IJ 109 L y-rays from
1" decay \
T Lol Ll T I EY. N T . IFI

i 100 10° 1w0* 100 10 107 108 10° 101 oM
Energy [GeV]

https://arxiv.org/abs/2008.04323
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y — v With10 years of IceCube\

Searches with 10 Years of

Time- Integrated Neutrino Source
\ceCube Data

M. G. Aartsen et al.

Phys. Rev. Lett. 124, 05103 - published 6 February 2020

LRENBEE S8 LARS

g - I
PhySICS see Synopsis o= i - =T ANTARES E-2
-7 ~¢ Sensit. === O0% EERRZIBD Xtk
- == ANTARES E-3 ] ’ - Sensit. E4 = S -
t. I = b‘
Sensi 5¢ Disc. Pot. E~3 " e

= 90% Sensit. B2

5 Disc. Pot. B~ NGC 1068
(star burst AGN)

TXS 0506+056
Xy (blazer AGN)

B THRAWNT L—Y
bRZWKHT l,\l%/) v 10712 - PKS 1424+240
"-.""l' v -"M {\" (BL Lac Blazer AGN)

Lb\LEJH:E_:L—FU/OD 10-13

'} 5
':l

t GB6 J1542+6129
WU (BL Lac Blazer AGN)
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https://doi.org/10.1103/PhysRevLett.124.051103

v@v with10 years of IceCube |

16 Source Searches With 10 Years of 10 years of IceCube data is publicly

T‘\me—\ntegrated Neutr
|ceCube Data

y '

available at NASA's HEASARC archive

« of lceCube Data
rino Sources peek out of lcetu
ssible Neutrnino 20

Ph‘y'S|CS See Synopsis: PO3

-0.30°

Declination

x: NGC 1068 A - Equatcnal

(star burst AGN) 42.87° A087° 3887
Right Ascension
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Science 361, eaat1378 (2018)

v—y operational since 2016

B samma-rays

neutrinos
€har e

] el

¢ Kanata telescope

...and many more telescope

Follow-up Observations of IceCube Alert 1C170922

v
-

* lceCube-170922A event Magic telescope
« 2017/9/22 20:54:30.43 UTC

e 5th and the most cosmic neutrino signal like EHE alert

« automated alert was distributed to observers just 43 seconds later
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Multiwaveleng_th Campaig_n with v

lceCube

upward going neutrino induced muon track
23.7*t2.8 TeV muon energy loss in the detector

" M

l . . !

727N1Q

radio optical X-ray y-ray IRSLNCE R
Iog{v [HZ]J original GCN Notice Fri 22 Sep 17 20:55:13 UT 10
s 10 12 w18 18 o 2 o 2 28 oo | e M
HE gamma-ray observations — 8
109 TXS 0506+056 BL Lac T J Y e
i z =0.3365 " T I+ ) «  Fermi-LAT(20MeV - 300 GeV) reported &, “
I . v gamma-ray flaring blazer TXS < 55
.| Gray: Archival \ ) 0506+056 (ATel#10791) g i 8
10 E_ ll'l, i _E 3 LEE
\ e 2
] - 1
° 1< i 0
i A T * 4.6
— | | 78.4° 78.0° 77.6° 77.2° 76.8° 76.4°
10 125 Eigfo h Right Ascension
_ 3 VHE gamma-ray observations
10 ! ; s g
: 3 N & : «  Furthermore TXS 0506+056
u Archival *  SARAJUA —— INTEGRAL (UL) —— VERITAS (UL) ] 2 2
| = VLA s+ Swift UVOT  HH FermiLAT —— HAWC (UL) O o was observed VHE gamma-ray
2 s OVRO ; ASAS-SN i AGILE — IC170922 - D.5yr ] : Magic telescope (E > 100GeV)
el L} ¢  Kanata/HONIR Swift XRT MAGIC ——— C170022 - T.hyr | H
10 Hg v Kiso/KWFC % NuSTAR H.ESS. (UL) " = with >6.20 (ATel#10817)
0 0 0L 0 0° 00 102 T i e T e
Energy [EV] Right Ascension
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2014/2015 Neutrino Flare

S L ]
SCIENCE - 13Jul2018 - Vol 361, Issue 6398 - pp.147-151 - DOL 10.1126/
IceCube evaluated 9.5 years of archival data in the direction of TXS 0506+056 YN 1
I1C40 IC59 ICTO [CEGa ICEGh ICBGe
men JeeCube-17009224 .
4 m Caussian Analysis o :
(=% _ s Booc-zshaped Analvsis :
5 :
__l_,,—Jf:
' T ' T '
2009 2010 2011 2012 2013 2014 2015 2016 2017

 neutrino only time dependent search around the blazar TXS 0506-056
—Inconsistent with bkg-only hypothesis at the 3.50 level

(In addition and independently of the previous 3o
when looking in this specific direction)
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Neutrino emitting steady source candidates
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106}
10°}
1041
103t
102t

10+

0.1

L0001 IceCube
__ IceCube-Gen2

effective local density pus [GpC 2]

10~2

10—3 L
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effective neutrino luminosity L, [erg/ s]

Amrd?2

LPS
av ( Y )peﬁ(1 +2)°W(2)

— A BERENMCHAFTEDZ2 M)/ DR
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é — 50 Discovery Potential —— Ref. [16]
1 == Sensitivity — this work

* 50 Discovery Potential (large bandwidth)
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Neutrino emitting transient source candidates

107+
106_
10°+
104+
103+
104+

10}

local rate density g [Gpc 3yr—1

L.l IceCube
__ IceCube-Gen2

01r
10—2_

10% 10% 10*® 10*° 10”° 10°! 10 10™° 10™ 10™°
effective bolometric neutrino energy E,[erg]

Paiff =-—| dV

AQ <E1I;S/ATemissi0n

41rd? ) peffATemission(1 +2)°¥(z)

41T

— A BRERENCEFTEL=2—M/DH

Nps = ATemission-[dQPS-[dE Aeff( v 4nedﬂzllssmn>
z
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REREEE=—a—F / ZRET 2XRED M

v source distributions in the redshift space in AQ = 2n

annual rate for EP® = 3 x 10%erg

Perr =3 x103Gpc 3yr 1

101 5

107 3
1071 3

1072 4

Number of Sources

1073 4

1074 4

\

—— Number of Singlet Sources
—— Number of Multiplet Sources

103
0.0

0.5

1.0

T
15 2.0 2.5

Redshift

3.0

ZtransientRAMN < 5 =a—r1 / QHEAFE

I;PS/ZYT . .
Nps = ATemissiondepgjdE Aeff( v 47T€d7’l;lsswn>
Z

ZOHFENDELET, —DOO=a—FrY /N
lceCube TEURIRIRE I N S KIAD %

source

single __ AQ oisson : 3
N = E av Pp=y (NPS)peffATemission(l + z)°W¥(z)

Z2OND=a2— Y J HMlceCube TEAITIRELZ KA

41T

AQ . ,
Ns%%g‘bclee — —jdV Pr?iszson(NPS)peffATemission(l + Z)Blp(z)
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lceCube-Gen?2 & H 25 |
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« EFHREDM L
« SHEEHOER
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0 Zrv—"F (Pw—rFy)
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ICECUBE

GENZ

Highest energy event to date,
an upward-going track.

* Deposited energy 2.6+0.3 PeV
* Median neutrino energy 8.7 PeV

+ Observed photoelectrons 130,000 pe
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Expectation with more than 5 times better sensitivity \ :

ICECUBE
GENZ2

25 i) 7h 100
Test Statistic

1{]—11} ~ —— lceCube (10y, 50 discovery potential) 1{]—1&
mm  |ceCube-Gen2 10y, 5o discovery potential)
__'"""- —— lceCube-Gen2 10y, sensitivity at 90% CL)
|
crllﬂ
E 1{]—11 I 1{]—11
oy
E — 1L — |
o
¥
NHJ 1{]_12 + T ] 1{]_12§ [}
T B i‘””“Ill'i SR [ R S S S - S AR R
10 10 10 10 10 10 10 10 10 10 10 10 10 10
Energy [GeV] Energy [GeV]
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A

Intermediate sensitivities :

E‘®, ,p (TeV cm™s™1)

cEQymE
1 yr Discovery Potential, E™-2.0 TXS-like flare
) =~ —_—— Cub 173
1074 - — cekupe ~=- IceCube
- —— Season 1 15.0 1 —— Season 1
Season 3 Season 3
-.1~ —— Season 5 1254 — Season 5
lceCube-Gen? — — lceCube-Gen2
o
w 10.0 1
!
. %
104 A
: - e 1.5-
-
o
Y1501
2.5
5 .
10° 4 lceCube-Gen2 Preliminary 0.0 - cecube-Gen? Preliminary
-1.00 -0.75 =050 -0.25 0.00 0.25 0.50 0.75 1.00 50 100 150 200 250 300
5ind Flare duration (days)

» 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 5¢ level of observation
 Partial construction is still valuable for time dependent neutrino emissions!
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Missing capabilities
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Endorsed projects
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Gamma Rays
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VHE

Cosmic Rays s

&

IcCECUBE

Existing/planned projects

-

Multi-Messenger Astronomy Must be Coordinated

2020 2025 2030
2040

VANOGrav ' NANOGTavEXpaRGESII)
Advanced LIGO/Virgo/Kagr:

3
| Discovery uncertain &

Impending gap in

IcCECUBE

GENZ2

i mnnitqring c_apabilitieg —

Opportunities needing
technology development
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Desig_n Principle :

ﬁ.

N
ICECUBE
8 1.0 :
ot .. eme . Muon energy at detector border
e 13 : : l Ageo, Gen2 —-*" ] 1 — 10TeV  — 1PeV
®ccsqrt(x): Livetime, Detector size — - ., [lgeoGenz— 7 0.8 ooy — Tooey
. E, O, )
®oc1/x: Angular resolution = S 0.6
o 4 — ho]
. . . . < N\~ = NN\ e
®Signal selection efficiency c \\//"‘"\ 50.4- iceCube 10 TeV
= [}
o . o o . €
®BG rejection efficiency S | 202
K Ageo, IceCube
0 T T T 0.0 T T T
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Cosezenith CosezeniLh
: : default factor gives a
- Detector effective muon area — x4~5 (horizontal) 9
factor of 5 better
- Angular resolution — x ~ 0.45 (horizontal) sensitivity

improvement with new optical sensors

improvement with new calibration Additional improvements
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med. ang. res. / 1

e 9
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Tracks: induced by v, CC interaction

Angular resolution

Median resolution: 0.4° (> 100 TeV)
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to the Extreme Universe

lceCube-Gen? Technical paper is upcoming the next!

arXiv.org > astro-ph > arXiv:2008.04323 Gen? White Paper The IceCube-Gen2

Collaboration
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[Submitted on 6 Nov 2019] Decadal Survey on Astronomy and Astrophysics 2020
Neutrino astronomy with the next generation IceCube Neutrino Observatory
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