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Principle of an optical Neutrino Telescope

Charged particles (from a nuclear reactor in the

picture) produce 'I‘)Iu ight in water
Array of optical | ol .
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° IceCube at the Geographic South
Pole

° 5160 [10”PMTs in Digital optical
modules distributed over 86
strings instrumenting ~ | km3

° Physics data taking since 2007 ;
Completed in December 2010,
including DeepCore low-energy
extension

B
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° ANTARES is located at a depth
of 2475 m in the Mediterranean
Sea, 40 km offshore from Toulon

° Consists 885 [0”PMTs on 12
lines with 25 storeys each.

° Detector was competed in May
2008 ; Phyiscs data taking since
2007

Super-Kamiokande
at Kamioka uses | K 20”
PMTs

50kt pure water (22.5kt
fiducial) water-cherenkov
detector

Operating since 1996

Detect Cherenkov light from neutrino interaction products

Main backgrounds: Atmospheric neutrino, atmospheric muons (down-going)
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I he lceCube Neutrino lele:

Gigaton Neutrino Detector at the
Geographic South Pole

over 86 strings
Completed in December 2010

Extremely stable: >99% uptime and 98%
of sensor modules in perfect condition !

® Neutrinos are identified through 1450 m
Cherenkov light emission from
secondary particles produced in the
neutrino interaction with the ice
(0] Z|AH= 20144 018 062X} AE 23Hol| AlRf= A& HCE) 2450 m
I CMAE 2o 2 F2 018
2820 m |

T\ E=HE FR X Y, HIo] A A7 EHHE SA.. AFA-FHYE S AT

5160 Digital optical modules distributed som—=

IceCube Lab

COPE

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

F'rhr ~ 100 GeV

DeepCore
8 strings-spacing optimized for lower energies
el 480 optical sensors

Ethr~ 10 GeV

Carsten Rott
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' South P + A = 1 (K%) + other hadrons .. TT"2M*Vy—e*VeVuVvy,

Pole

lceCube Depth:
A [.5-2.5 km

'3;‘/)- spheric

IEhiutrinos

e Atmospheric muons ~ |0!l/year
Atmospheric neutrinos ~ 10-/year
+  Astrophysical neut

II'i TUULIUIC TiCUi diiu UACREI Uulid wv

extra terrestrial neutrino fluxes
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Top V'lew
* of “Fan" :

bafﬂes

(nylon brushes)

dlgltal
receiver

d |

ice surrounding the lceCube
detector

® Calibration Sources:

® |2 LED flashers on each
DOM

® |n-Ice Calibration Laser
® Cosmic Rays
® One pair of Camera DOMs

absorption length ~ 210m

ice Major calibration efforts resulted in
' a very precise understanding of the
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PROCEEDINGS
OF SCIENCE

PS

Volume 444 - 38th International Cosmic Ray Conference (ICRC2023) -

Neutrino Astronomy & Physics (NU)

DISCO NEULEING

et

lonincomplexamedid
POS-ICRC2023-1139

-

DISCO: An optical instrument to calibrate neutrino detection in complex

media

C. Rott*, S. BenZvi, M. DuVernois, K.

Full text: pdf

Pre-published on: August 09, 2023

Golden, B. Jones and C. Toennis
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Figure 2: A 3D model of the basic design concept for the emitter and receiver module.
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Selected Results and Science Program
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IceECuBE

Scientific Scope

o ASTROPHYSICS & NEUTRINO SOURCES

® Point sources of V’s (SNR,AGN ..

® Transients (GRBs,AGN flares ..

® Solar Atmospheric Neutrinos

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

® [ndirect DM searches (Earth, Sun, Galactic center/

® Magnetic monopoles

® Violation of Lorentz invariance
e PARTICLE PHYSICS

® V oscillations, sterile V’s

® Charm in CR interactions

® Neutrino Cross Sections

COSMIC RAY PHYSICS

sources

)

BSM PHYSICS & DARK MATTER

halo)

)

. ), extended

® Energy spectrum around "knee”, composition,

anisotropy

SUPERNOVAE (galactic/LMC)
GLACIOLOGY & EARTH SCIENCE

Science

Very diverse science program,
with neutrinos from 10GeV to
EeV, and MeV burst neutrinos

Flavor Ratio Neutrino
e Oscillations

Neutrino
Astronomy

Cosmic

Tau Appearance
Accelerators o5

0

Sterile Neutrinos

Multimessenger
Astronomy

Supernova
Explosions Heavy Quark

Production

ASTROPHYSICS NEUTRINO
. PHYSICS

Gamma Ray
Astronomy Non-standard
Interactions
Cosmic Ray FUNDAMENTAL
Physics SYMMETRIES

Neutrino Decay

Solar Physics

.

BEYOND .
STANDARD Glaciology
MODEL

Space-time
ymmetry

Earth

Tomography

Atmospheric
Sciences

SP&rches for DM

S?rangeleszMOﬂDPOIGH Axions H

LWF

ICECUBE
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(1) Point source search
e Search for clustering of neutrinos from point in the sky
(2) Transient source search
e Search for spacial and temporal clustering of neutrinos
(3) Multi-messenger search
e Search for a coincidence between neutrino and other
messenger particles spacial at particular time and location
(4) Diffuse search
e Search for spectral feature, inconsistent with atmospheric
background predictions

. + various combinations and

Carsten Rott
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How to find astrophysical
neutrinos ?
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Point source search

Vv :

e search for clustering
& of neutrinos from point
Al 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

Carsten Rott APCTP - 70th Workshop on Gravitational Waves
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1T Is oo

energeftic to be produced in the atmosphere

A cosmic neutrino interacts INSIDE the detector

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

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



BREAKTHROUGH
| OF THE YEAR |

NEUCLRINOS
aboration, Science 342, 1242856 (2013),

IceCube Collaboration, Phys. Rev. Lett 113, 101101 (2014)
IceCube Collaboration arXiv:2011.03545

Veto e Search for High-Energy Sciende |
Starting Events (HESE) TR

Evidence for High-Energy [Tl —
Extratarrostt al Neut nos at the

TR T

e Efficient reject
atmospheric backgrounds

® Discovery of
astrophysical neutrinos

1
| FI-‘I Data
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” 1 % ﬂ BN Atmo. Conv.
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< ] 1 | |
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High-energy starting
events (HESE)
Interaction vertex in the
detector, All flavor, all sky

Up-going tracks
Muon-dominated
Northern sky

IceCube Coll. Nature volume 591, pages220— 224(2021)

PeV energy partially
contained events (PEPE)
Interaction vertex near
the edge of the detector,
All flavor, all sky

== |ceCube cosmogenic », 90% UL (2018)'5 \
100 T :uNgr; IV mozénﬁfsgte(ﬁ?gw)% ® A h M I .ﬂ
] Auger cosmic rays (ICRC 2015)% \ Strop ySICa UX
IceCube northem track » (ICRC 2019)* \ /.

. lceCube cascade » (2020)%4 \ X °
] T , in the 20 TeV -
a - .
T 107 4
W 17 - 9PeV range
= .
? ! .
¢ * Various channels
W 108 - °

: and analysis

vivr=1:1
S methods
10-9 AR | L | L | ™ R MR | L | L
104 10° 108 107 108 109 1010 10
Energy (GeV)
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Burst data from Fermi-BAT and Swift

_lransient.Sez

no coincidence found

External Shock

cCRES

provide precise time stamp and location The Flow decelerating into - F IceCube Preliminary * upgoing vutrack search —
the surrounding medium = ! 506 bursts in 4yrs ]
Internal Shock e _"’ . 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 1010 A .
Q ’ = = Fireball Model Prediction
o A ___ 4YrTracks + 1Yr Cascades
3, , ’ , ’ 90% CL Upper Limit
- 10-11 i ’ ’ = = Photospheric Model Prediction |
S TR A ___ 4YrTracks + 1Yr Cascades |
g ’ ’ 90% CL Upper Limit
7’
- o ’ 5Yr Tracks + 3Yr Cascades
D ’ Projected 90% CL Upper Limit
10712 R/ A R R
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)

GW (90% CL)
GW (50% CL)
neutrino

45
-60 _ x
7

®  Follow up on LIGO Gravitational Wave GW 150914

° No neutrino association observed

APCTP - 70th Workshop on Gravitational Waves
and Numerical Relativity - Oct 5, 2023
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Astropart. Phys. 92 (2017) 30

_|ceCube-1709224

¥ SN/GRB/...

PTF (optical) Swift (X-Ray)

“The North”

% Ir|d|'um'

Veritas/H.E.S.S./ b
MAGIC/Fermi/... &

IC-170922A

Real-time alerts

South Pole

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

T m Eoany Ice(?ube lceCube e
Live Live :

. Filtering reconstruction
Signalness >50% >30% S s South North

Expected signal/yr 6.6 2.8

S
Expected bkgd/yr 6.1 14.7 Median alert latency: 33seconds

APCTP - 70th Workshop on Gravitational Waves
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Astropart. Phys. 92 (2017) 30 ' '
A&A 607 (2017) A115 q@b@c | ' 7/@@ 7 /7 A
| . Y CALT =7\

lceCuBeAR - https://icecube.wisc.edu/news/view/776
e I « s % SN/GRB/...

x"}ﬂ:‘

Swift (X-Ray)

Veritas/H.E.S.S./
MAGIC/Fermi/...

South Pole

v. 134577/31638233 : gfu-gold (202C-10-07 22:01:49.286503),
662.751TeV

it sl o

Online lceCube lceCube

Event Followup

Live Live
South North

reconstruction

Filtering

Signalness >50% >30% System
Expected signal/yr 6.6 2.8

—>
Expected bkgd/yr 6.1 14.7

Median alert latency: 33seconds
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Astropart. Phys. 92 (2017) 30
A&A 607 (2017) A115

TITLE: GCN CIRCULAR
NUMBER: 21916
SUBJECT: IceCube-170922A - IceCube observation of a high-

energy neutrino candidate event

DATE: 1
rrom: | Fermi-LAT detection of increased gamma-ra

TXS 0506+056, located inside the IceCubgas
error region. _

Claudio Kd

report on - _— e
AT #0791 1 First-time detection of VHE gamma rays by MAGIC from
oot . adirection consistent with the recent EHE neutrino

event IceCube-170922A

ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration
ond Oct 2017; 17:17 UT
Credential Certification: Razmik Mirzoyan (Razmik Mirzoyan@mpp mpg de)

Extremely| Subjects: Gamma

narmal nn

Referred to by Al
10844, 10845, 10

¥ Tweet | 3 e

: . Subjects: Optical, Gamma Ray, >GeV, TeV, VHE, UHE, Neutrinos, AGN, Blazar

Referred to by ATel #: 10830, 10833, 10838, 10840, 10844, 10845, 10942

m £} Recommend 448

After the IceCube neutrino event EHE 170922A detected on 22/09/2017 (GCN circular #21916),
Fermi-LAT measured enhanced gamma-ray emission from the blazar TXS 05064056 (05 09
12596370, +05 41 35.3279 (J2000), [Lani et al., Astron. 1., 139, 1695-1712 (2010))), located 6
arcmin from the EHE 170922A estimated direction (ATel #10791). MAGIC observed this source

under eood weather conditions and a 5 sigma detection above 100 GeV was achieved after 12 h of

e September 22, 2017: a neutrino alert issued by
lceCube

e Fermi-LAT and MAGIC identify a spatially
coincident flaring blazar (TXS 0506+056)

¢ \ery active multi-messenger follow-up from
radio to y-rays

lceCube-|70922A & 1 XS 0506056

Z10|LX] SE0|xe| ZRAX| At 2| =2 &0

At =S50l s SE0IA AEFXQ Ofo|AFEIM Z10|LX| SHE0[AHE
HAERUCL SIS 0| SY0IA7} 37 B oI HA| TXS 0506+056 01| A
AARICHE AldE NZCZ BSRICt HS0A A&t SJ0IAL] HES FX st
211 MIA ZIX|2] MAHYRHB L 230] U= BHESO0| Z=et Huts ZX|eH 22
R0|AM SE0[AHHIRRSS SIRCE

X+ ggoz
S0/t

2t |l
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HopdE K|
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__|lceCube-| /0922A

> 3 ; A ; /'NGC1817 S S
'S/2161‘ Pt ' X SR e _ . —NGC 1807 lAUrus

Multimessenger observations of a
flaring blazar coincident with

high-energy neutrino IceCube-170922A

; i o ; 7 LBN 865 : A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.ES.S., SR : Y e st L TR v \ ety
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpoal Telescope, Subaru, Swift/NuSTAR, £ : b lE S Ay : P 8 g ; 3
VERITAS, and VLA/17B403 teams™ : : RS 2. : : SRR Jik ‘~_LBN866 .

i  ; " Betelgeuse Ao o0 T et Ll

® Chance probability of a Fermi-lceCube & il g e e /
coincident observation: ~30 (determined [EEEEEEEEE—————-\ o
based on the historical IceCube sample S o e e o -
and known Fermi-LAT blazars) Lan s

® Time-integrated neutrino spectrum is
approximately E-2!

o TXS 0506+056 redshift s
determined to be z=0.3365 (S. cbie el
Paiano et al. ApJL 854.L32(2018)) - e

- VAI » a - .' 5 -
LBNG9g =~ - - = et » ¢ 2118

sl Endanus

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

©. S.Guisard & R.Gendler

4 . - APCTP - 70th Workshop on Gravitational Waves o
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® 95

IC40 IC59 IC79 IC86a

smus |ceCube-170922A
+ Gaussian Analysis
== Box-shaped Analysis

2009 2010 2011 2012

years of archival data was evaluated

in direction of TXS 0506+056

® An

excess of |3x5 events above

background was observed during Sep
2014 - March 2016

® |nconsistent with background only

hy
(ind

bothesis at 3.50 level
ependently of the 30 associated

wit

N IceCube-170922A alert)

2013 2014 2015 2016 2017

20125 2013.0 2013.5 2014,0 2014 5 2015.0
B a2 2 2 . L 2 2 2 3 L 2 2 3 3 . ..... 1 a2 2 0 . . 2 20 ;
= Q
% 4. Best Fit: Box | [_,\_l 0=
® = = Best Fit: Gaussian ;N 5 o
s .. e |0 S
: ‘ :
S >
w ! o
-8, w
1 01 &
56200 56400 56600 56800 57000 §

MJD

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

:However: Maximum contribution of the 2LAC
:blazars to the observed astrophysical neutrino fluxg
to be 27% or less between around 10 TeV and 2:
PeV [lceCube Astrophys.]. 835 (2017) no.l, 45] :

Carsten Rott
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Image credit: DESY




Distance scaless s

Milky Way E GW170817 [jj Closest Blazar TXS0506 +Oogg
' z=0.

z=001 1 0. 1.8Gpc
~40Mpc g =

Blazar TXS 0506+056

Highest redshift GRB

~10kpc. ‘ |  aGRB090423
Diameter ~50kpc r L '\j .
v

Galactic Center

Distance

Neutrinos

. GZK cut-off (E~5-101%V)

Gamma-rays (@1TeV) Gamma-rays interact with
+— Gamma-rays (@1PeV) EBL and CMB

Gravitational waves

[1 pc=3.261ly

Note: Distant sources also allow to test rare interactions K.Choi, J.Kim, C.Rott PRD 2019
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® Tidal Disruption Event
(AT2019dsg)

® Radio-emitting tidal disruption event,
AT2019dsg, with a high energy
neutrino

® |dentified as part of ZTF (Zwicky

Transient Facility) follow up of
lceCube-191001A (19/10/01)

® The probability of finding any
coincident radio-emitting tidal

disruption event by chance is 0.5%
(Stein, R. et al. Nat Astron (2021).)

® see also W.Winter https://arxiv.org/pdf/
2005.06097.pdf

o AT2019dsg (z=0.05 / 230Mpc) /
E=200TeV IC-191001

Artist illustration of the TDE example for image of the galaxy
Arp299B .... Credit: NRAO/AUI/NSF/NASA/STScl
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