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CCD/CMOS 400-700nm
1.8-3.8eV

Martin Wolf, IceCube/NSF




radio/microwave infrared/optical X-rays gamma-rays neutrinos cosmic-rays

- s

8|5 " .

~cosmological max of star formaton opaque to photons;
= transparent to neutrinos

nearest blazar

nearest galaxy

o
£
=,
)
O
C
©
et
i
-

 galactic center

| | | 1 | | | | | | | | | |

10¢ 1104 1027 10° 1027 10¢* 10° +10° 10™ 10% 40" 10" 10 0%
Energy [eV]




FHE

100PeV 1PeV

Rziml=9 5REE

10TeV 100GeV i#ﬁfiﬁ'l’:?lz —LDIR)LF—

| CMB
=

CRB

&
$
s

-]
4
5

E 1
>

4><10—64><10 —4 004 4

3‘1"5'*%% _Hﬁﬁ'l':

COB

ki

.-;i

E -1
E thres = 0.3 <T eV) [eV]

400 4 x 10* 4 x 10° 4 x 108 4 x 1019

109 1011

The Spectrum of the Universe (R. Hill et al 2018)

leV]
[Hz]

:(

DEETHEE
LA S

<1<, B, Fehh
BEEEER TS

o TWBHE ., TF

| CRB
0.63

CMB
411

CIB |COB| CUB
1.24 0.009| 2e-5

Radio
Microwave
Infrared
Optical
Ultraviolet
X-rays
Gamma rays

9e-9

108 101! 1014

v/ Hz

ﬁ'ﬁ?%rént?ét

16]7

1020 1023

N =
T R
) PC\T0—2cm—3




Tevatron, Pevatron, EeVatron, ZeVatro

1Parsec(pc) = 3.26 light years

photon+IR
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knowledge of astro neutrino flux as of 2006
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Cosmic Neutrino Detection Rates

N,E) ~ ¢,(E) x 0,(E) Xx Number of target

Cosmological v FIUX - W tolal, CTEQS

Bl VN CC _J-ff'f-f“’: .- 0 ( 1 O)

Supernova burst (1987A)

E B _ Reactor anti-v E eve nt
'7:' Background from old supernovae : # of tar ets in
: > <5 S per
5 3 1g/cm
E Terrestrial anti-v = k m 3
3 Atmospheric v d e nSity
S VN Cross section material per
Cosmogenic -"’
; o year
10 1001000 10* 10° 10° 107 10° 10° 10" 10" 10"
10° 10° 10° 10" 105 10"
eV keV MeV GeV TeV PeV EeV Ev [G e‘ﬂ
Neutrino energy
10720 [em™2 s sr~1 MeV 1] oyp ~ E, X 10733 cm?® for 1PeV neutrinos  {K§&1054%  SAE107°f3

1074 [cm2s 1sr 1 MeV™l] 0y ~ Ey X 10737 cm?® for 10 GeV neutrinos



Neutrino Telescopes around the world

BAIKAL-GVD .
Mediterranean Ocean 2021: Baikal-GVvD

q KM3NET Phase 1 — ARCA (HE array) 8clusters, 2_88 X
e B0 as of April 2021, 6 ARCA strings 8=2304 optical

modules CLUSTER:
On Nov, 2021: 6 months of ARCA 8 strings
data taking with 6 detection units

CLUSTER
CENTER

BAIKAL-GVD (as of April 2021) 0.4 km?

KM3NET/ARCA (as of April 2021) 0.015 km?3

IceCube (since 2011) 1km?3
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The largest underground particle detector - 16,000 x SuperK
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Construction of IceCube

7yrs from the end of 2004 to the end of 2021
® ® e ®

05-06 Season

The first hole

- (e}
07-08 Season o
s o e e © o° o o e °
e -
® ©
08-09 Season
©
) ° ° ° . ° i » ®
2 ® . ° ° i ® »
125m
<>
° ® ® ® L ® ¢
09-10 Season
° . ° ° o .

10-11 Season




Deployment of optical sensors

2009-2010: 20 holes Drilling Over Course of Season
-100 '1 —] — ‘1 ﬂ
-600 — —1
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-2600 I I I I I I I I I
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Ly} O C t
‘?g 200: H\‘-.N‘lj min/DOM Strlng 49— Edge of
E, L E g \"'—\ ] Deployment
= 400 7 f E \\-. . Hole
S f[& & - ]
2 600 L x‘{)‘ . Surface to
§ g \\\:%@o ] /
g SOO: “\\_L*‘:Iy ?
B 1000 [ ) .
= r i 1
ci N EE
1400 [ ! =)
1600 | [l
: VB
1800 | b7
2000 Jan 16,2007 | 4
[ 6:00 pm v 1
2200 [ vl
r 14 m/min' | ]
2400 = fipa] deplh (p‘rel.): %455,8AL11 . . .\ -
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Environmental condition
for optical sensors

Once deployed, never be pulled out. Long lifetime

High pressure (peak 8000 psi observed at the refreezing phase)

Low temperature (depth dependent, -20C to -40C)

Large heat/cold shock (at the deployment)

Long rough travel

However, dark and cold environment is an ideal condition for photo

South Pole lce Temperature vs Depth

© string 21 (27 months in ice)
m string 30 (15 months in ice)
® string 29 (15 months in ice)

O string 38 (15 months in ice
— AMANDA fit

+ AMANDA data

= new extrapolation
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Final Acceptance Test (FAT)/

South Pole Acceptance Test (SPAT) Systems

20 days of temperature cycle

Dark freezer lab at Madison, Wisconsin

Time (days)

Front View of DFL

outer tem

DL o

perature at SP

- - -



lceCube Operation

Partial operation has started since 2005, full operation since 2011
DOM Survival Rate: >98.3% (an extremely small post-deployment failure rate)

Total (GB/wk)

ALY o N B B e L R R S S s
| SR B I S by :
099_ - . _____ _____ _____ _____ _____ . _____ _____ _____ _____ _____ ______ "E!‘ IcCECUBE LIVE Status Recent Systems History Comms Help
AW Bl N ACtUal R Run 134450  <p sons
: : : : : i : : : : g : 2 ; ‘_:"“ :
T e i ""“rn:.,

o ..... ..... ..... ...Pred|ct|on |n 2019]

Survival fraction

hie ¥ Sensors in the first hole

0.96777 k 7'7‘7L717 VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV 32 33 34 3¢ 0 60 61 62 63 6 0 8182 83 84 85 86
0'956’\%9. "L 6”‘ T S A S T W
USSR 10\’10\’10“’1 20> \”L Lo 11, L "’1 SN 'L"’ 7”1,0?’
Date

projected survival

deployment/infant mortality (constant failure rate)

Run time: >99.5% uptime for 8 years

. 100% DO S S Ve e
Uptime ** 99.95%

A " vy
98%: S = 5
%éQ \JD‘Q &‘bﬁ %QQ
1100 : : : : : . . .
ao ——— TDRSS Satellite Transfer
700
500 — TN
300
100 ‘ ‘ : : ' ' ‘
{)‘T)Q c:"'bg “5%\’ &*Cb\’ *‘b\’ “‘b\’
o Ff {9 v Sl \39%




lceCube Flavor Identifications

Up-going muon track event

Good angular resolusion
—> i ; v, CC only

' e

~100TeV

Cascade events

Good energy resolusion

118545 Event 63733662 -

All except v, CC

PRL 111 (2013) 02

1103

Phys. Rev. D 84, 072001 (2011)

Run 109682 Event 6298338 [Cns, 40000ns]
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40m x 40m
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160004z =
HEDOAXX x
HA—D2—DONRNEFIEEE
6m X 6m AR HLODK XX DS 7= HDBR X

9 Q> =Y »
........ — ﬁ‘%ﬁlﬁ<&’f\/7
Y L

CHERENKOV EFFECT ::...%*‘,3.... g b oS pizizic
B =vic n(water) = 1.33 y
cos 8= 1/fn

=1 8 = 42 degrees




How the IceCube events look at the first sight...

10 milliseconds
movie



First observations of cosmic neutrinos

lceCube

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

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

Phys. Rev. Lett. 111, 021103 (2013)
Published July 8, 2013

The IceCube detector at the South Pole has observed two of the highest energy neutrinos ever recorded.

L]
SClence Current Issue First release papers Archive About v

HOME > SCIENCE > VOL.342 NO.6161 > EVIDENCE FOR HIGH-ENERGY EXTRATERRESTRIAL NEUTRINOS AT THE ICECUBE DETECTOR

RESEARCH ARTICLE f L in @ ?0

Evidence for High-Energy Extraterrestrial Neutrinos at
the IceCube Detector

CECUBE COLLABORATION*
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Published and almost to be published samples

& Upgoing muon neutrino sample 9.5 years Deviation from power law as well as

R s e R SR spectral cut off still not conclusive...

® Cascade sample 6 years

—
9
(@)

= == Conv. Atm. Backgr. (v;)

HESE (7.5y Full-sky)
Subm. to PRD (2020), arxiv:2011.03545

This work: Through-going Tracks
I (9.5y, Northern-Hemisphere)
y P

Cascades (6y, Full-sky)
I Phys.Rev.Lett. 125, 121104 (2020)
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high-energy
neutrinos
(flavor-average)

isotropic y-ray
background

v-rays from
1" decay

proton (E~4)
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COsSmiC rays
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Science 361, eaat1378 (2018)

IceCube-170922A event

. 2017/9/22 20:54:30.43 UTC VAVE NS e Cube
* 5th and the most cosmic neutrino signal like EHE alert
« automated alert was distributed to observers just 43 seconds later

Fermi Telescope

L gamma-rays _
- » rvation e FGST

. | - obse
heutrinos : gamma raV '
. e; e - ——— R I

e i
T Igufing

A

neutrino observg

...and many more telescope

Follow-up Observations of IceCube Alert 1IC170922

g

Magic telescope



Multiwavelength Campaign with v

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

lceCube

radio optical X-ray y-ray

original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A

[
=
|
-
—

HE gamma-ray observations
TXS 0506+056 BL Lac 9 y
" &  Fermi-LAT(20MeV - 300 GeV) é . :
. reported gamma-ray flaring blazer < s
Gray: Archival TXS 0506+056 (ATel#10791) g §

P S—

77.6° 2"

Right Ascension

—
|
w
~
|
£
[}
k)
L
T
=
e
~
L

10!

VHE gamma-ray observations

* Furthermore TXS 0506+056
was observed VHE gamma-ray
Magic telescope (E > 100GeV)

-~ with >6.20 (ATel#10817)

l‘_ 7
Ml MAGIC PSF

c
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©
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MAGIC significance [o]

78.0°  T7.6°  77.2°  76.8°  76.4°
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Energy [eV]
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ource Searches with 10 Years of

T'\me—\ntegrated Neutrino S
\ceCube Data

M. G. Aartsen etal
Phys. ReV. Lett. 124, 05103 — published 6 Feb

ruary 2020

Phy‘STC‘S See Synopsis: Possib
2'90 after trial correction .

“Q

-0.30°

Declination

P 111:_3.1.(111'(14_1?

40.87° 38.87
. q “ 3 - * %.8 e
Right Ascension o

x: NGC 1068

(star burst AGN)

o logl[l(p/()('u/)




' ! ches wit
T‘\me-\ntegrated Neutrino Source Search

\ceCube Data

M. G. Aartsen etal
Phys. ReV. Lett. 124,

i narv 2020
051103 - published 6 Febriatv

PhYST(% See Synopsis: POSSIDIE Neutrin® S9% 1[}—4'
1078

10~°

10~ 10

h 10 Years of

ANTARES E~? Sensit.

- ANTARES E~ Sensit.

=== O0% Sensit. E~°

——— bg Disc. Pot. E?
90% Sensit. B2
50 Disc. Pot. B2
90% Upper Limits E—2
90% Upper Limits E—3

==

LREAREZEBLAER
EENRABHOTLEXRE

-« NGC 1068

{ ) (star burst AGN)
(G

(~ S, TXS 0506+056
<! (blazer AGN)

PKS 1424+240
(BL Lac Blazer AGN)

GB6 J1542+6129
(BL Lac Blazer AGN)


https://doi.org/10.1103/PhysRevLett.124.051103

—
|
e
[
| —
-
—
Z;I
L S
ol
,':U
sl
]
~
T
-
-

2
L/

Best fit spectra for NGC1068

[ceCube v, + 7, Best Fit

» Lamastra et al. 2016:
« Lamastra et al. 2016:v,

- H.E.S.S. upper limit (4hr) EStImated neUtran ﬂUX

Fermi-LAT (7 5yrs) excee d | n g g amma-r ay
MAGIC upper Limit (125hr) I | m | tS
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Obscured (4~#£8H) AGN

1 ApJ 809, 2015

FEAERRKRTHARREM
IceCube: http://arxiv.org/abs/2111.10169

Astrophysical Diffuse Flux (95% C.L.)
1 PoS(ICRC2019)1017

x-ray and IR bright AGN
x-ray and radio bright AGN

1077
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First important multi-messenger result a‘

& lceCubei®:x :
=X D40strings&59strings A2 74F a1L—301C
AVICRB2ER DT —EIMLDFER buole Rl

naturc

Explore content Vv

Publish with us ¥ Subscribe
that This impli
nature > letters > article With((iRBS'are not the Only sources of Cosmiclphes
n 18 ra
ne‘Jtrinsfigfjlitl'“ .eV or that the efficiency )(;St,”
. onism
predicted. uch lower than has been

d with cosmic-ray

About the journal v

Published: 18 April 2012

An absenceo
accelerationiny

f neutrinos qssociate

ynchrotron
A Resonance

-ray bursts
Radiation

iceCube Collaboration

Nature 484, 351-354 (2012) \ Cite this article
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Neutrino emitting steady source candidates

discovery potential for
steady source candidates
in 10 years

A"
A"
starburst al‘ag(ies
Y
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e Pairs = o *\ 4naz

radio-quiet AGN *galaxy clusters

radio Io&d\AGN
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No one can stop us!

& —DOFk. Wisconsin H &I
Eont=wry. ..

TOS structure and tower

Drill cable reel
Return water cable reel

Return water hose reel

Drill supply hose reel
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Yes! we are building even a larger detector “lceCube-Gen2”
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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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