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e_Motivation .

® Neutrino Detection

-

_ ® Introduction to Neutrino Telescopes -

®_The IceCube Neutrino Telescope and it's science

-

program =
® The Search for Astrophysical Neutrinos
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The Cosmic Ray Mystery
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Courtesy ALPHONZ WEBER, FORDHAM UNIVERSITY

Victor Hess surrounded by Austrian peasants
after landing from one of his ascensions a few
weeks before his record breaking ascent in the
Bohmen.
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primary particle
stratospheric balloon

~40km

/ collision point of
primary particle

~20km altitude

~5km altitude
Victor Hess
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Cosmic rays have been observed with energies up

to 1020eV (100EeV) or 107 LHC beam energies
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® Cosmic ray spectrum extremely well measured (TA,Auger, ...)
® Where are they coming from ?

® What cosmic sources accelerate these particles to energies
well beyond that reached at LHC ?

Ehwa Woman’s University HOKMA Lecture May 8 ,2019 6 é:S Carsten Rott



E2dN/dE

(GeV cmsr ! 8'1)

Energies and rates of the cosmic-ray particles

Grigorov +——+—
Akeno  x

100 ~ MSU +—&8—
KASCADE =
HEGRA —o—
CasaMia —e—
Tibet
" Kascade-Grande 4
10° IceTop73 +—v—
HiRes1&2 o
Auger2009 +—o—i
- Model H4a
104
10®
108 ,
Fixed target
A
};EHTC TEVATRON
l l l LHC
10-10 [ 1 L |

10° 10° 10* 108 108 1010
Evin (GeV /particle)

102

 _Cosmic rays

Cosmic rays have been observed
with energies up to 1020eV (100EeV)
or 10 000 000 LHC beam energies

® Where are they coming from ?

® What cosmic sources accelerate these particles
to energies well beyond that reached at LHC ?
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AGNs, SNRs, GREs... 44 "

CAMMA rays

They point 10 their sources, but they
can be absorbed and are created by
muitipie emission mechanisms,

e G 5 emision

T c—
N

Neutrinos

Earth

TM,’ are \Wﬁk. neutral “ : \’oo Y

particies that point 1o their TSI

sources and carry Information ks P o0
from deep within their origins.

air shower

They are charged particies and
are deflected by magnetic Helds

* X



cosmic rays
+ nputrinoé

Cosmic Ray Sources

— Active Galactic Nuclei (AGN)
— Gamma Ray Bursts (GRB)
— Supernovae (SN)

— Galaxy Clusters

— Unknown

) Victor Francis Hess

Discovery of

cosmic-rays | & A



he

Potential

sources of high-energy nEUEEINGS

Galactic sources Extragalactic sources Exotic

?

Supernova remnants  Active Galactic Gamma-ray Something
Nuclei bursts unexpected
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ur

p = proton
L = muon
T = pion

V = neutrino
et = electron

e” = positron
¥ = photon
\ \"H
\
\
\
\
\
A |

Neut

_(“ {_i !'rj @S

Cosmic rays interact in the upper atmosphere:

p + A — 11 (K%) + other hadrons
- l.l+V|,| - e*VeVpr

IceCube Collaboration Phys. Rev. Lett. 110 (2013) 151105 /1212.4760v2

107

10

10

10°

® Vv, (unfolding)

v, (forward folding)
. v, (DeepCore 2013)

pany

A V.(2014)

§_ —— Honda v,(HKKMS2007)
. Honda v (HKKMS2007)
= ___ modified Hondav,
- - Bartolv, ‘"
_I | 11 I I N | | I I | | 111 | ] I-....'I\'\"{“
1 2 3 4 5 6
Iog10 (Ev/GeV)
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® Neutrinos interact in water

® Produces charged particle (muon for
example)

® Energetic muon is relativistic travels with the
speed of light, speed of light in water v=c/n

® |ndex of refraction of water n = [.33
® Cherenkov light is emitted
® Characteristic emission angle

® in water ~43°

® inice~4lo
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Principle of an optical Neutrino Telescope

Charged particles (from a nuclear reactor in the
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The neutrino telescope timeline

-mmz-;‘

KM3NeT/ARCA

KM3NeT/Neutrino oscillations
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IlceCube Gen2
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IC Upgrade 2
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2020 2025 2030



arXiv:astro-ph/0609743

to shore .

DAQ . .
Center
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detection volume, m®
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http://arxiv.org/abs/astro-ph/0609743

- ‘-;
Storey with 30OMs @B

©Montanet
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ole « 12 lines
! - 25 storeys / line
. w %  .3PMTs/storey
ve i ve - 885 PMTs
ol v Resolution:
‘b'b ¢ *w - PositionI <10 cm
*’b * A Timing ~ 0.5 ns
= whe

NIM A 656 (2011) 11-38
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ceCube Neutrino Telescope
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AUSTRALIA
University of Adelaide

' ] BELGIUM
Université libre de Bruxelles
Universiteit Gent
Vrije Universiteit Brussel

[E1] cANADA
SNOLAB
University of Alberta~Edmonton

DENMARK
University of Copenhagen

==l GERMANY
Deutsches Elektronen-Synchrotron
Friedrich-Alexander-Universitat
Erlangen-Nirnberg
Humboldt-Universitat zu Berlin
Ruhr-Universitat Bochum
RWTH Aachen
Technische Universitat Dortmund
Technische Universitdat Minchen
Universitat Minster
Universitat Mainz
Universitat Wuppertal

FUNDING AGENCIES

CUBE CO

H— SWEDEN
Stockholms Universitet
Uppsala Universitet

[+ ] SWITZERLAND
Université de Geneve

Sungkyunkwan University

-~

>< UNITEDKI
University of Ox

UNITED STATES
Clark Atlanta University
Drexel University
Georgia Institute of Technology
Lawrence Berkeley National Lab

< Marquette University
Massachusetts Institute of Technology
Michigan State University
Ohio State University
Pennsylvania State University
South Dakota School of Mines and

Technology

RATION

Southern University

and A&M College
Stony Brook University
University of Alabama
University of Alaska Anchorage
University of California, Berkeley
University of California, Irvine
University of Delaware
University of Kansas
University of Maryland
University of Rochester
University of Texas at Arlington

Fonds de la Recherche Scientifique (FRS-FNRS)
Fonds Wetenschappelijk Onderzoek-Vlaanderen
(FWO-Vlaanderen)

Federal Ministry of Education and Research (BMBF) Japan Society for the Promotion of Science (JSPS)
German Research Foundation (DFG)
Deutsches Elektronen-Synchrotron (DESY)

Knut and Alice Wallenberg Foundation
Swedish Polar Research Secretariat

The Swedish Research Council (VR)
University of Wisconsin Alumni Research Foundation (WARF)
US National Science Foundation (NSF)

since 2013

University of Wisconsin-Madison
University of Wisconsin-River Falls
Yale University

¢ NCECUBE
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T he |lceCube Neutrino lelescopé

® Gigaton Neutrino Detector at the
Geographic South Pole

® 5|60 Digital optical modules
distributed over 86 strings IceCube Lab

® Detector completed in December  somp— =
2010 after 7 years construction \ H

® Neutrinos are identified through
Cherenkov light emission from

secondary particles produced in
the neutrino interaction with the

IceTo
81 Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings

Ethr ~ 100 GeV

ICe 1450 m|_____

(0] Z|AH= 20144 018 062X} AE 23Hol| AlRf= A& HCE)

I CMAE 2ol 8 201
T\ E=HE FR X Y, HIo] A A7 EHHE SA.. AFA-FHYE S AT

DeepCore
/'8 strings-spacing optimized for lower energies
1 480 optical sensors

Ethr~ 10 GeV

2450 m
2820 m |
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* Hole size ~60cm
- Depth ~2.5km
- Straight to 1m

1400

1600
drop speed:
15 m/min

string drop

1800
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Depth By Corrected Pressure

2200

0
500 |
1000 -
1500 -

2400
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Drilling to 2500 m < 40h
String deployment ~ 12h
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' South
! Po| p + A = Tt (K%) + other hadrons ... TT*—=U*Vuy—e*VeVpVy
ole

»_ lceCube Depth:

e

AN A spheric
trinos

Muons

"1 North Pole I
e Atmospheric muons ~ |10!!/year

Atmospheric neutrinos ~ 10-/year
+  Astrophysical neutrinos ~ 100/year

[ ]
II'i cUuULIUICT TiCuUi i UACREI Uuiid vw

extra terrestrial neutrino fluxes

G
O
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Top V'lew
* of “Fan" :

bafﬂes

(nylon brushes)

dlgltal
receiver

d |

ice

Major calibration efforts resulted in
a very precise understanding of the
ice surrounding the lIceCube
detector

® Calibration Sources:

® |2 LED flashers on
each DOM

® |n-lce Calibration Laser
® Cosmic Rays

® One pair of Camera
DOMs

absorption length ~ 210m

400

300

Dust logs in IceCube

. - o I
scattering length ~20-40m ol e \ S
[ P 936m
_ _ < & elbm
g Hole 21 100} .E\ ‘m
Koy Hole 66 5 =0 RN
@ Hole 50 of 8, N
0 I isposable ]
9 HoIe 92 100} @ disposable DL S /
g’ s . reusable DL \\
‘-I_' -200 _ flow 10 mfyear \‘
S :
g R T N Y S S S o0 a0 a0 a0 i 200 30000 5060
1400 1600 1800 2000 2200 2400 N
Meters L]
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tion and Perto

® Calibration Sources:

med. ang. res. /
S o o =
=

it
R
R
'
)
.
.
.
.
o
.
o
.
.
.
.
.
.
.
-~
~
-~
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|2 LED flashers on each DOM
In-lce Calibration Laser
Cosmic Rays

Moon Shadow

Atmospheric Neutrinos

Minimum-ionizing Muons

— Through-going
- = Starting
----- Kinematic

Neutrino energy / GeV

Physical Review D89 (2014) 102004
Cosmic Rays

Cosmic Rays

® Moon blocks cosmic rays - Observed muon deficit

140 significance

® systematic pointing error <0.|°

o)) B &
5 - 8000
= 3
¢ L 6000
@ —
'g 2: —4000
<A 2000
o= -0
A 12000
- -4000
2
= -6000
-3 —
] -8000
gt 1 1 | ' | | | | ' .| | | | I | | | I | |

3 -2 -1 0 1 2 3
(q) = q) )*Sin(eevent) [deg]

event moon
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Track topology

(e.g. induced by muon neutrino)

Good pointing,

0.2°-1°

Lower bound on energy for
through-going events

Cascade topology
(e.g: induced by electron
neutrino)

GoOd'enefgy resolution, 15%
Some pointing,
10° - 15°

|
- -
v
_a
Q)// @
T
g |
vu CC-int |
-) -
o e

Ve VT CC-int & vi NC-int
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Color indicates on-time or delayed




Track Cascade Double-bang

R

| (1
@ Muon tracks (CC v,) o NCor ve/v: @ High energy v,_ (>100 TeV)
@ Resolution < 1° ® Resolution ~ 157 — 20° @ Nor observed yer
@ Large energy uncertainties o Energy resolution
SE/E =~ 15%
X
%~ 12 X 2 Xia ¢ A
Yy 1 7 Ve Vg Vs v,
Ve X2

early s assssosssm |ate

amount of light in detector « v energy
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Selected Results and Science Program
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IcECUBE

Scientific Scope

ASTROPHYSICS

® point sources of V’s (SNR,AGN ... ), extended

sources

® transients (GRBs,AGN flares ...)

® diffuse fluxes of V’s (all sky, cosmogenic, galactic

plane ...)
e COSMIC RAY PHYSICS

® energy spectrum around "knee”, composition,

anisotropy
e DARK MATTER

® indirect searches (Earth, Sun, Galactic center/halo)

e EXOTICS
® magnetic monopoles

e PARTICLE PHYSICS
® Vv oscillations, sterile V’s
e charm in CR interactions

® violation of Lorentz invariance
SUPERNOVAE (galactic/LMC)
o GLACIOLOGY & EARTH SCIENCE

world

'BREAKTHROUGH

-\ OF THE YEAR

Very diverse science
program, with neutrinos

from 10GeV to EeV, and
MeV burst neutrinos

Ehwa Woman'’s University HOKMA Lecture May 8 ,2019
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How to find astrophysical
neutrinos ?

Carsten Rott Ehwa Woman'’s University HOKMA Lecture May 8 ,2019



Point source search

A .

e search for clustering
& of neutrinos from point
”/Q in the sky
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Transient source search

e search for spacial and

temporal clustering of
neutrinos
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Multi-messenger search
e search for a
coincidence between
neutrino and other
messenger particles
spacial at particular
time and location
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Diffuse search
e search for spectral
feature, inconsistent
with atmospheric
background
predictions

energy
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e search for clustering of neutrinos from point in the sky
e search for spacial and temporal clustering of neutrinos

e search for a coincidence between neutrino and other
messenger particles spacial at particular time and location

e search for spectral feature, inconsistent with atmospheric

background predictions

Carsten Rott

#events

energy
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________ Point Source Search

== Pre-trial (Disc. Potential) = + ANTARES (Sensitivity)
= = Pre-trial (Sensitivity) e Upper Limits (90%)
wem  Post-trial Upper Limit (90%) # Hotspots

northern sky hotspot

10—1”
T
o _11
’]’F 101 :
5 =
-
:_‘Ci
ﬁ—: B 2
s 10T
Y C
10-13 1 1 |
—-1.0 —0.5 0.0 0.5 1.0

0.0 06 12 18 24 30 36 42 48 54 o0  lceCube, APJ 2017

—log,op

4 N (0 )

lceCube Searched for - No point/extended
- point sources source found yet.
- extended sources
- catalog of sources - No correlation with

o diffuse Galactic emission source catalogs found.
J J
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A cosmic neutrino interacts INSIDE the detector: it Is too

energeftic to be produced in the atmosphere

date: August 9, 2011
energy: 1.04 PeV
topology: shower
nickname: Bert

> 300 optical sensors; > 100,000 photons; 2 nanosec time resolution



Search for highest enersy. ne

IceCube Coll. Phys.Rev.Lett. I I'l (2013) 021103 / arXiv 1304.5356

Tue Aug 9 07:23:18 2011
In two years of data expect

0.08 events at high energies,
but observed 2 events !!

® Ernie ~1.15 PeV (~1.9:10-4))
® Bert ~ .05 PeV (~1.7 -10-4))

Tue Jan 3 03:34:01 2012

® Topology of the events -
cascades

® Angular resolution on
cascade events at this
energy ~10°

® Energy resolution is about
15% on the deposited
energy
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&L:MOLDIF_\\/SV Cadl [IC
[ceCube Collaboration, Science 342, 1242856 (2013),
IceCube Collaboration, Phys. Rev. Lett 113, 101101 (2014)

Veto

® Search for High-Energy Scienéé
Starting Events (HESE)

o Efficient reject | T B
atmospheric backgrounds '

e g

AYAAAS

® Discovery of
astrophysical neutrinos

E Threshold
nergy Threshe Southern Sky (downgoing)) [ Northern Sky (upgoing)

[ Background Atmospheric Muon Flux
I Bkg. Atmospheric Neutrinos (/K)
Background Uncertainties
= Atmospheric Neutrinos (90% CL Charm Limit)
—— Bkg.+Signal Best-Fit 1-Component Astrophysical (E->)

[ Background Atmospheric Muon Flux
[ Bkg. Atmospheric Neutrinos (#/K)
Background Uncertainties

>
Q
|_
o
(o]
- . M " N N
° s 2, 102 F |-+ Bkg.+Signal Best-Fit 2-Component Astrophysical A 102 L-eooremrereerereneenn | =  Atmospheric Neutrinos (90% CL Charm Limit)
: 4 ‘ e®e Data w r —— Bkg.+Signal Best-Fit 1-Component Astrophysical (E %)
‘9 g : 8 = = Bkg.+Signal Best-Fit 2-Component Astrophysical
Y . . .
: s © IceCube Preliminary = e*e Data
$ i} ‘ o . ' : 8 iceCube Prelimin
- § ° . o Best fit spectral index (E¥): P i iceCube Preliminary
2* S 3 . ™~ 1 ko] 1 . i :
24 % : S 10'F 107 boqomg |
e 2 - N ~ < b —— :
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0.5
Deposited EM-Equivalent Energy in Detector (TeV)
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High-Energy Starting Events (HESE) — 7.5 yr 1 E H SQ ' ;7/ |

- e o L——

IceCube Collaboration, Science 342, 1242856 (2013)

1 ! N | L | ;
’ 25 o ® Showers +—e -
3 . Tracks X C ; ,.f§ .
& ¢ X" IceCube Preliminary | 2 i; !f :
0.5 1 ey G 1% Y g
c orxi [0 04 1 . = § EVaL
& L O L ‘fx’ ¢ :
g Oy el
O P o ® \ ¢ o . 33
= L INES I 2 1 ‘
G — R ® > - t’y .
-05_% .)?'(’<O>< L ( Q :23!\&45
® X e 0 = $ :g = | s
& I® % a - 8 |
° *%ae i § 8§ §F
7H Py : Ve
1 Ly x: o T b d
10 10°

—

Deposited EM-Equivalent Energy in Detector (TeV)
® Recently unblinded |.5 additional years of data (new calibration)
® Topology ID added (Cascades, Tracks, Double Cascades)
® Above 60TeV: 60 events - 17 new events in 2016/2017 season

® All energies: 102 events - 31 new events in 2016/2017 season
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High-Energy Starting Events (HESE) — 7.5 yr HENEF / Svre rac

| »

IceCube Collaboration, Science 342, 1242856 (2013)
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JR & 4P+
®
_1 >X.-1 1[& 1 1><l 1 L 11 l‘ 1
10° 10°

Deposited EM-Equivalent Energy in Detector (TeV)
® Recently unblinded |.5 additional years of data (new calibration)
® Topology ID added (Cascades, Tracks, Double Cascades)
® Above 60TeV: 60 events - |7 new events in 2016/2017 season

® All energies: 102 events - 31 new events in 2016/2017 season
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| b A | | |
! u.u.-| Pollik Mehuni Witschaft Pancama Sport Kubs Netzwel Wisenschafll mels v
IceCube Collaboration, Science 342, 1242856 (2013) WISSENSCHAFT e T

Nachrichien » Wassrnchef® » Netur b Nectnos > Nect-ros m oeQubte-Dperirmert: Drde werschiuck? Getartstichen

L) L)

L} | ) | ) LI | l W
ShOWGl’S Erde verschluckt gehelmnisvolle Gelstertelichen

Tracks Neutrinos rasen weitzehend ungestiet durchs All, wedl sie tast nicht mit normaler Materie Interagieren. Aber
nur fast. Amazerechnet unsere Erde st ein efMzienter Neutrino-Killer, wie ein Experiment beweist.

~ 'x" IceCube Pre¢ g . s ot
o

1@------.1 -
'8*(_;_(0@

1

il
T o

sin(Declination)
o
|

New events

"o
SR
Se
~

-1 .m?....lw L .%.....i 0.9

-== Neutrino
2 3 o8 43— F—— 13— ..a.. Antineutrino
1 0 1 O 07 0 —" . . —Weighted combination
Deposited EM-Equivalent Energy in Detect 3 os "é A — —e

® Recently unblinded 1.5 additional years of data (new ca = ,,

® Topology ID added (Cascades, Tracks, Double Cascades

Accelerator
Data
® Above 60TeV: 60 events - |7 new events in 2016/2017 N
0.0 |
® All energies: 102 events - 3| new events in 2016/2017 : " = i 55 65
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, 1242856 (2013)

Arrival directions (highest energy events)

High-Energy Starting Events (HESE) — 7.5 yr
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Coincident events: 32, 55 .
Dropped events: 5, 6, 42, 53, 61, 63, 69, 73 Equatorial

0.0 6.5 13.0
TS = —2A1In(£)

E < 300TeV 1PeV < E

No evidence for point sources, nor a correlation
with the galactic plane
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Neutrino_energy. spectium

o , Astrophysical Flux _
7 work in Progress (on top of atmospheric)
G 7 e Differential
T 10~ mm Best-fit (E~2870:3) E
Nm NO SYStematlcs Wy, Best Fit (E~219=0.1)
I .
& |
>

v 1078
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I
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©
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—53 . R ..106
Neutrino Energy [GeV]
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_lransient Se

Burst data from Fermi-BAT and Swift External Shock no coincidence found

provide precise time stamp and location The Flow decelerating into o - IceCube Preliminary * upgoing vutrack search —
the surrounding medium = ! 506 bursts in 4yrs ]
Internal Shock 9 n . 1.23 x model - all-flavor cascade search —
Collisions betw. diff. n 107 F0.69 x model ) _257 bursts in 1yr E
parts of theflow &~ [ - - =
E =~ -~ |
O \ ~
> ) \
v 10° 3 A .
S i ’ = = Fireball Model Prediction % .
o PP ___ 4YrTracks + 1Yr Cascades
3, ! , ’ , ’ 90% CL Upper Limit
- 10-11 i ’ ’ = = Photospheric Model Prediction |
S TR A ___ 4YrTracks + 1Yr Cascades |
g s ’ 90% CL Upper Limit
4
- o ’ 5Yr Tracks + 3Yr Cascades
D R4 Projected 90% CL Upper Limit
10712 R U E T ST S
10°* 10° 10° 10’

Neutrino energy (GeV)

ANTARES Collaboration, IceCube Collaboration, LIGO Scientific
Collaboration, Virgo Collaboration [arXiv:1602.05411]

(]

o

6
45" Three off-source low-energy
30 > neutrinos within = 500 s
15 / %X
OO
o\
30° GW (99% CL)

®  Follow up on LIGO Gravitational Wave GW 150914

° No neutrino association observed

GW (90% CL)
-45 GW (50% CL)
-60 5 . X  neutrino
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We have a connection between gamma rays and gravitational

waves. ..

GW170817/GRB170817A

Gamma-Ray Bursts (GRBs): The Long and Short of It

Long gamma-ray burst
(>2 seconds’ duration)
A red-giant
l star collapses
= .4_ onto its core....

1

..becoming so

dense that it
\ | expels its outer
ayersina
- supernova
\ /.~ Explosion.
N ——>

«—=

Gamma rays

Short gamma-ray burst
(<2 seconds’duration)

Stars* in
a compact
binary system »

begin to spiral
inward....
»

...eventually

colliding.

The resulting torus
has at its center

a powerful

black hole.

*Possibly neutron stars.  NASA/STScl

Fermi

Reported 16 seconds
after detection

LIGO-Virgo

k.

o ad

Reported 27 minutes after detection

INTEGRAL

Reported 66 minutes
after detection

Gamma rays, 50 to 300 keV GRB 170817A

1,500

Counts per second

Gravitational-wave strain GWI170817

N
L
>
)
c
]
3
o
@
2
o

Time from merger (seconds)

Gamma rays, 100 keV and higher GRB 170817A

Counts per second

LIGO/Virgo; Fermi; INTEGRAL; NASA/DOE; NSF; EGO; ESA.
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Search for High-energy Neutrinos from Binary Neutron Star Merger GW170817
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GW170817

binary neutron star inspiral

- followed by short GRB (observed
by Fermi-GBM)

Abstract

The Advanced LIGO and Advanced Virgo observatories recently discovered gravitational waves from a binary
neutron star inspiral. A short gamma-ray burst (GRB) that followed the merger of this binary was also recorded by
the Fermi Gamma-ray Burst Monitor (Fermi-GBM), and the Anti-Coincidence Shield for the Spectrometer for the
International Gamma-Ray Astrophysics Laboratory (INTEGRAL), indicating particle acceleration by the source.
The precise location of the event was determined by optical detections of emission following the merger. We
searched for high-energy neutrinos from the merger in the GeV-EeV energy range using the ANTARES, IceCube,
and Pierre Auger Observatories. No neutrinos directionally coincident with the source were detected within +=500s
around the merger time. Additionally, no MeV neutrino burst signal was detected coincident with the merger. We
further carried out an extended search in the direction of the source for high-energy neutrinos within the 14 day
period following the merger, but found no evidence of emission. We used these results to probe dissipation
mechanisms in relativistic outflows driven by the binary neutron star merger. The non-detection is consistent with
model predictions of short GRBs observed at a large off-axis angle.

Imre Bartos Neutrino 2018

GW170817 Neutrino limits (fluence per flavor: v, +7;)

[
x’ 10° § +500 sec time=window |
ANTARES .
i 1
i Auger
2 5 101 r loeCube ‘_'_g: S |
X -t L=
6o 4- ~
10) x 6 é 100 r o ,z':’___,. - =~ 1
0° A\ . IecCube nppoing, A, |02 x . . S Kimura et al,
e 107§ ¥ e N ™, EE moderate
150 9 g /"’ / R
- . it T + NGC 4993 <[ N
30 ) ' ¥ neutrino candidate (IceCube) 10 ':‘J‘“;“p‘,‘:n‘;l fi' g s T o Kimura et af
- );( / O neutrino candidste (ANTARES) 10~ st prompt
= £ | e s [ Crabe horizon
el — — ANTARES horizon
—60" / ] Auger FoV (Eartheskimming)
- / oV : =
N“—/_ C_JAuger FoV (downmgoing) 3 ANTARBS
= 10 — .
=
8 107} IceCube Fang & .
. N N ) — Metzger
* Search within 1000 s and 2-week time windows (model motivated). =l __ 30 days
< g Fang &
* Complementary sensitivity from the three detectors. 107 f \ Metzger |
f | 14 day time-window y,
* No significant coincident detection. L R T R T T AN LT
E/GeV

* On-axis emission could have produced detectable emission in some models.

ANTARES, IceCube, Auger, LIGO, Virgo 2017
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Astropart. Phys. 92 (2017) 30
A&A 607 (2017) A115 f\_

® Real-time alerts. Since 04/2016,
~6-8/yr

® Improved selection summer

2018

® Good angular resolution
(0.5° - 2° 90% of events)

® 50% astrophysical fraction

.....................................................................

Online Event IceCube
Filtering - Live

System South

South Pole, Antarctica

.......................................................................

ceCube-170922A & I XS 05C

’—-_.

-
ﬁ e R

PTF (optical)

Swift (X-Ray)

“The North”

% |I'Idl.llll?’ :

Veritas/H.E.S.S./

, , o
MAGIC/Fermi/... ;

iceCube ¥ EHE Alert ™  apmoN
Live &

North ™™HESE Alert ®  GCN

Followup
-'Reconstructions -»>

lceCube Data Center, Madison WI

»* SN/GRB/...

.........................................................................................

.........................................................................................
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Astropart. Phys. 92 (2017) 30

A&A 607 (2017) A115 H o
1C

® Real-time alerts. Since 04/2016,
~6-8/yr

® |mproved selection summer

2018

® Good angular resolution
(0.5° - 2° 90% of events)

® 50% astrophysical fraction

.....................................................................
.

Online Event lceCube
Filtering - Live
System South

South Pole, Antarctica

-
----------------------------------------------------------------------

't

. «asnesBBBeteinse
SLBNLRRAD SRese T, -0

First public v Alert: lceCube-160427

i

I T e

....-.-.~ aeeny 000 o
*

SABLBARNNNEN 0"
LALLALANREREssee s .

. " e
—— e .

-— S

.........................................................................................
.

iceCube ¥ EHE Alert = ApmoN

&

North ™™HESE Alert ®  GCN

- Followup ->

Reconstructions

lceCube Data Center, Madison WI

.
.
ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
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Astropart. Phys. 92 (2017) 30
A&A 607 (2017) A115

ZN0HX] SS0|Xte| ZAX| AR == &0

At =S50l s SE0IA AEFXQ Ofo|AFEIM Z10|LX| SHE0[AHE
AEUCL WSIXE2 0| SY0[AIZ 37 BE BOIT JA| TXS 0506+056' Ofl A

TITLE: GCN CIRCULAR
NUMBER: 21916

SUBJECT: IceCube-170922A - IceCube observation of a high- ARRCHs ARME X202 Ya{WiCt H30IM HE8H SM0|RIe] HES X6t
energy neutrino candidate event 21} MA ZtA|2] A Y HE 20 U= BHBE0| 226 MukE Al 22
DATE: 1 XM SHOIAPHHIRRS S 2IRCE

rrom- £| Fermi-LAT detection of increased gamma-ra
TXS 0506+056, located inside the IceCubs

Claudio Ko error region. > =
FEPOTLON}  Tel m0791; 3 - — o
| First-time detection of VHE gamma rays by MAGIC from
oot .| @ direction consistent with the recent EHE neutrino
Extremely| Subjects: Gamma event lceCUbe"I 70922A
narmal Al peferred o by Al ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration
10844, 10845, 10 ond Oct2017: 17:17 UT
¥ Twoot| m Credential Certification: Razmik Mirzoyan (Razmik Mirzoyan@mpp mpg de) 4
L Subjects: Optical, Gamma Ray, >GeV, TeV, VHE, UHE, Neutrinos, AGN, Blazar el S X7 htoz
Referred to by ATel #: 10830, 10833, 10838, 10840, 10844, 10845, 10942 § - SS0RRt
= HX}7| el
O G R p—| - i
After the IceCube neutrino event EHE 170922A detected on 22/09/2017 (GCN circular #21916), , S - A
Fermi-LAT measured enhanced gamma-ray emission from the blazar TXS 05064056 (05 09 el o el e ' 28t ®MA7|nrel
*25.96370, +05 41 35.3279 (J2000), [Lani et al., Astron. 1., 139, 1695.1712 (2010))), located 6 S ZHMS ZHx
arcmin from the EHE 170922A estimated direction (ATel #10791). MAGIC observed this source i oo [IE SontE
under #ood weather conditions and a 5 siema detection above 100 GeV was achieved after 12 h of S80|x17F A 1‘1{|E[]|
& AL _ &
: : - R, Hxiol VLT o
® September 22, 2017: a neutrino alert issued by . 10 »
3 o | A, 3
lceCub MM GOZHE | N gy Y
ceCube i ,
. . . H o " I
* Fermi-LAT and MAGIC identify a spatially 86/i7k US| g i )
. . . 2450m : iof .
coincident flaring blazar (TXS 0506+056) l : ¥
. L ] l- _ - -~ A 4 . /
Very active multi-messenger follow-up from et / . o A
radio to y-rays : O =i = ojol~

ZM0|x}e| S5 TR E0| Tl
0|54z v ZXE
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,NGC 1817
/

; —NGC 1807 TaUrQs
Multimessenger observations of a |
flaring blazar coincident with

high-energy neutrino IceCube-170922A L

The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.ES.S., A = ; Tesi SRRl B v \
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpoal Telescope, Subaru, Swift/NuSTAR, i < Lt am Ay ' 2 ST i : ‘
VERITAS, and VLA/17B403 teams™ : : RS N : i St ik ‘~_LBN866 -

i ‘I Betelgeuse X i & B i S <5
e Chance probability of a Fermi-lceCube [ e ;' vimie o /
coincident observation: ~30 (determined [, i e T
based on the historical lceCube sample S N sl L -

and known Fermi-LAT blazars)

® Time-integrated neutrino spectrum is
approximately E-2

e TXS 0506+056 redshift
determined to be z=0.3365 (S. S U
Paiano et al. ApJL 854.L.32(2018)) e

- l » - - ."' 55 >
LBN 999 . L b R rogt : —~IC 2118

el Erdanus

® Time-average luminosity about an order
of magnitude higher than Mkn 421, Mkn
501, or IES 1959+605

©.S.Guisard & R.Gendler
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__lceCube-1709224

IC40 IC59 IC79 IC86a IC86b IC86¢

==us |ceCube-170922A
Gaussian Analysis
== Box-shaped Analysis

2009 2010 2011 2012 2013 2014 2015 2016 2017
® 9.5 years of archival data was evaluated o w0 s muo mus ws
in direction of TXS 0506+056 £ 4 = BestFi: Box ] 0 @
;%’ = = Best Fit: Gaussian / \‘ 5 ;;
!
® An excess of [3+5 events above = * ‘ &
: > I >
background was observed during Sep “ -4 ! 05 3
2014 - March 2016 g o1 €
56200 56400 56600 56800 57000 g
® Inconsistent with background only MJD

Time-independent weight of individual events during the 1C86b period.

hypothesis at 3.50 level (independently

of the 30 associated with
lceCube-170922A alert)
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A blazar is an
AGN with a jet
pointed at the
Earth.

3/4 View Top View

Relativistic jet

Sophia Dagnello, NRAO/ ) )
AUI/NSF Accretion disk

Relativistic jet

Black hole e
Accretiondisk | IR
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Acllve G!QT”@MM@”@U Cosmic A

Inner Structure of an Active Galaxy

|—i Shock
0.1 lightyears \

Relativistic Jet

S

Supermassive

Black Hole g B
ESO/WFI (Qptical); MPIfR/ESO7APEX/-
A.Weiss et al. (Submillimetre); NASA/CXC/

Accretion Disk CfA/R.Kraft et al. (X-ray) - .

Opaque ®rus
(Inner Regions)

'X-ra.y:." SA’
. Optical: NAS

|

2LA|C BlazarlUpper Limit | - ?equal weiighting -

'l— = I's1 = —2.5,E, > 10 TeV [ oo “y-weighting - - 3
~ Tsi = —2.2,E, > 10 TeV | : 1 1
CTI : 0
5
T, | ; i - _
>:D 10—8; o ‘ , — E ------------------------ :-------------------. ------ Trennmnrenrsnesnnnansssnsssnsaynan :
2 - oy ¢ 1 :However: Maximum contribution of the 2LAC blazars:

N : S : —_19% — 2% . . i :
SR 10-7 T .., N | ito the observed astrophysical neutrino flux to be 27%:
. T v "~ | :or less between around 10 TeV and 2 PeV [IceCube:

~10 ;\strophy:sical DiffL;se Flux ' : : -
10 | — — e e e ] EAStrOPhYS,J, 835 (20 I 7) no. I : 45] E

102 10° 10" 10° 105 107 105  10°
Neutrino Energy [GeV]
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_______Multi-me

Number events at a cubic kilometer detector

Ead
10°
g v 4 - » v y 1 ¥ . y y 4 » » Y - T \a 22 v ¥

5 ?
| (o
.—\ ®o‘ -

1045

3! . " neutrinos 10 Big Ideas for Future NSF Investments

] O atmos

1,
)
(7o
[
\

As(‘_rop Windows on the Universe: The Era of Multi-messenger Astrophysics

Ney/yr
2,

] O 3 We have arrived at a special moment in our quest to understand the universe. For years, we hys I Cal
: have been making observations across the known electromagnetic spectrum -- from radio h . d d .
waves to gamma rays -- and many great discoveries have been made as a result. Now, for the I e n I n

l 3 be first time, we are able to observe the world around us in fundamentally different ways than we .
4 - - - - - .
previously thought possible. Using a powerful and synthetic collection of approaches, we have L n e Utrl n O
expanded the known spectrum of understanding and observing reality. Just as electromagnetic

1 O— ] radiation gives one view of the universe, particles such as neutrinos and cosmic rays provide a \
2 different view. Gravitational waves give yet another.

Energy of the neutrino (log|o(E/GeV)) Multi-messenger methods
could identify them
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D C &,Lri n

Energy Threshold

® |ceCube has provided an amazing sample = S
of events, but i still statistics limited N e
® Observed astrophysical flux is consistent g IceCube Preliminary
with a isotropic flux of equal amounts of = B
all neutrino flavors 2
® So far non of the analyses has shown Z i

any evidence for point sources

® Where are the point sources? - E =)
Deposited EM-Equivalent Energy in Detector (TeV)

lceCube Gen2 Facility

® What is the flavor composition?

® What is the spectrum? Cutoff?

® Transients ?

wre/PINGU

lceCube Gen2 Cosmic Ray Array (CRA)

® Multi-messenger physics!?

e GZK neutrinos!

® New physics or something unexpected ?

cccccc

— 14 km ’
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lceCube DOM

—_
35 cm 36 cm 36cm 30 cm 30 om 11 em 11 cm

e Directional information © Directional information e more sensitive
» More sensitive area per ® More sensitive area per  area per $
module maodule e Small diameter

e Smaller geometry e | ower noise rate

Carsten Rott 6 71 Ehwa Woman’s University HOKMA Lecture May 8 ,2019



see also:
- PINGU LOI arXiv:1412.5106

1000m
« ¢ ° 2.00
¢ - ~ T A R IceCube-Upgrade Preliminary
. K Fom e 8T v, Appearance |
B " ' N 1.751
. L, el :'. Lo *Note, lceCube Upgrade is
.. ' .G m N2 " e CC+NC inclusive while SK &
..‘ 2 . oS .' . et 1.501 OPERA are only CC '
B . ° N 2 =4
@ | § 125 '
< o =
, N 32
. : T g 1.00 I l Q
1Tm - — -
L ’ (@] o —- @
100m m c g =3 =
2"0.75- © 5 aN
24m > O L ¥ —
m T~ 5 X
o - 8o
- . o T 0.50+ b < Q ’%’ o
- 5 2 o n
IceCube DeepCore  Phase ;:;—x glg g;:—gﬁ § S 8 §
| et 4 ] Q o
T D 025 . 90% range % § § %
O o
String Module Modules | S8%range | g S
Armray / 0.00 ; ; . . . -
Spacing Spacing String 05 10 15 20 25 3.0
livetime (years)
IceCube 125m 17 m 60 !
Desglwe | 75m | 7m =
Ugade  20m  2m 125
First step to restart South Pole activities
- Tau neutrino appearance - Test unitarity
of the PMNS matrix
- Calibration devices
- Platform to test new technologies | | | : | '
Project Year 1 Project Year 2 Project Year 3 Project Year 4 Project Year 5
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lce properties dominant source of
sys. uncertainties for most analyses
Solution: SKKU ice camera system

Monitor freeze in

Hole ice studies

Local ice environment

Position of the sensor in the hole
Geometry calibration

Survey capability

Example
M camera for
llustration

"g_}‘ 0 — Ex'pe(l:ted (st.at,v. onl'y)

’g @ - Observed (sys. + stat.)

2 20 b O -

s

STy Py - :

E L e Camera sy_stem key to comprehenswe

S 10 [ A e e understanding of the detector medium

= - —> Retroactively analyze more than 10

= il years of IceCube data with substantially
ol Sy — improved angular and energy resolution

Deposited enerqgy [TeV]
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SKKU graduate student Hrvoje
Dujmovic @ South Pole

L.
b1\
|l 3 'H{j

heragel

ik, .-,4_{3“

o'.‘ )f‘;‘a J.Ls.. >
A - t‘/’

-
O
-
= ]
-

;r‘\
r (\ g

“\. e SPICE Core camera system was successfully deployed
N

., N

S ’

S’ P R e in January 2019 (one 7h deployment to the maximal

-2

-e, 3 Sw "

Ll T e depth of 1695m)

® several hundred images taken - image analysis on-
going

® Platform to test camera systems for integration into
next-generation optical sensor modules
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High-energy astrophysical neutrinos have opened up a new window to t
Universe

® What's the origin of the high-energy neutt
Very strong bounds on dark matter scatt
Very diverse science program, lceCub:

Neutrino astronomy is a central part of
field

The lceCube Upgrade has just been approved and we can'lc
exciting discoveries in the near future

Image:Stephan Richter, IceCube/NSF






Search for Dark Matter
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— ooy == crnaena——> - §earch for Dark Matter in

10° mc-total
10° the Sun
1]
T R MC-truth Jatm. p
~_ 10° {|=— reconstructed :
.4'2 10t L ®© data
N
2
P
©
% interaction
W*W-
(1TeV)
1055 ~0.5 0.0 0.5 1.0
Sianal b cos(zenith) Observed events
g pdr. Spectral part IceCube Eur.Phys.d. C77 (2017) no.3, 146
Si(lfi_fsun(ti)l,Eiymxacann) e ¢ data
:f(lfi_fsun(ti”,xi) Xéam . (Ez) - bkg expectation — limit: 50 GeV xx — 777~
“ 700 . .. i )
3 ) | °
Monovariate Fisher Bingham 56558 * . o -
distribution from directional statistics — 10l ' ' :
o 40 1 |
330 paenc : : |
Background pdf: Zi(txi.Ei) = B(6:) x P(Ei|¢am) € %8 e:e;oore ! 50 :30 o
B 1 1
. . nS n > = . —
Likelihood: Z(ns)=]] (ﬁSi‘F( -~ NS)%) = 970992 0994 0996 0998  1.000

N cos(P)
e Search for an excess in direction of the Sun
e Off source region used to reliable predict backgrounds from data

» Observed events consistent with background only expectations
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Ea

,.é'.f?f:mp ® Dark Matter could be captured in
the Earth and produce a vertically

up-going excess neutrino flux

® No off-source region

19 Sivertsson & Edsio, 2012 .= . -
10" - , Llsrplts on Dark Matter Nucleon scattering cross section
10°
——  Gauss (free space) _
| . Sest from LE 2004 — SK IV, bb T DAMALIBRA (2008)
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® Dark Matter could be captured in
the Earth and produce a vertically
up-going excess neutrino flux

® No off-source region

- Sivertsson & Eds, 2012 - . . -
10" v Llsrplts on Dark Matter Nucleon scattering cross section
10%¢ g
——  Gauss (free space) = _
' A C[;tus;s ir'cf: f ? ffctoa = = SKIIV,bb ] DAMA/LIBRA (2008)
10%. f ‘.\ Und 10797 [ — sk T — ANTARES, 2007-2012, bb
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Atmospheric Neutrino Telescopes / Detectors

o IceCube at the Geographic South ®  ANTARES is located at a depth
Pole of 2475 m in the Mediterranean
Sea, 40 km offshore from Toulon

° Super-Kamiokande
at Kamioka uses | K 20”

PMTs
° 5160 10”PMTs in Digital optical

modules distributed over 86 ® Consists 885 10”PMTs on 12 ° 50kt pure water (22.5kt

strings instrumenting ~ lkm® fines with 25 storeys each. fiducial) water-cherenkov
: detector
®  Physics data taking since 2007 ; ®  Detector was competed in May
Completed in December 2010, 2008 ; Phyiscs data taking since . Oberating since 1996
including DeepCore low-energy 2007 P &
extension

Detect Cherenkov light from neutrino interaction products
Main backgrounds: Atmospheric neutrino, atmospheric muons (down-going)
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