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® This lecture
® Motivation
® Neutrino Detection
® |ntroduction to Neutrino Telescopes

® The lceCube Neutrino Telescope and it’s
science program

ISAPP Summer School 2018 2 {S Carsten Rott



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




Energies and rates of the cosmic-ray particles

1 I 1 I I
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Evn (GeV /particle)

AUGER Collaboration ICRC2017

Eppte = (5.084+0.06+0.8) EeV

E, = (39+2+8) EeV
Eyjp=(23+1+4) EeV

[ ® Auger (ICRC 2017)

17.5 18.0 185 19.0 19.5 20.0
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1600 Water Cherenkov Detectors (WCDs)
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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 ?

ISAPP Summer School 2018
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cosmic rays
+ nputrinoé

Cosmic Ray Sources

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

— Galaxy Clusters

— Unknown

3 Victor Francis Hess
& D

Discovery of % )}

cosmic-rays | ~



S@M?@M‘E@@mﬂ/ NeUutEInes

Atmospheric Neutrinos Astrophysical

Cosmic rays interact — =t —
_ in the upper P T (p’Y) II V

w-men  atmosphere:

T = pion

V = neutrino
et =electron
e” = positron

= photon P +A — -I-l-i (Ki) +
other hadrons

Active Galactic Nuclei

T UV —e*VeVyV
. v H
IceCub Co IIaboratlon Phys. Rev. Lett. 110 (2013) 151105 /1212.4760v2
=
=100
W E e v, (unfolding)
"E B v, (forward folding)
o 10™ = -
3 = A Vv, (DeepCore 2013)
sk v, (2014
g 10°E A V. (2019) log_(E/eV)
o — 10
w 18 185 19 195 20 205
- & A B B BN B B B
10°E p+Y3K_)A+ 3 L] o ez, | B
S (GZK) LRt A % | | / &
1U7 = t'.E' E @ g
— =2 s
= = R 2
- g i ;
10° % <
= —— Honda v,(HKKMS2007) 07E L, ol
L o uger
~ ___ Honda v,(HKKMS2007) sl ] O
-9 L e g . o
- = modified Honda Ve \ | —— power laws + smooth function éo
- --- Bartolv, ‘ wul T EPETTTN \ -
10 B I | | | | ", | 10** 10" 10*
10 1 1 1 L1 1 1 2 1 1 | 3 1 1 1l 4 11 1 | 5 | I I | 6 Energy [e\’,]

log_(E /GeV)
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Neutrino Telescopes
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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

ISAPP Summer School 2018 |l



Principle of an optical Neutrino Telescope

Charged particles (from a nuclear reactor in the
picture) produce 'l_&luei ight in water

Array of optical
Sensors ﬂiptlurstheg

"“ 1 ”ﬁ’?#-‘ul

1

L

1 ) iy
? B
_1‘ f

L 2

f’ - % L 41°
Yoy N P A,
Cherenkov 3
Radiation w
l, v . A7£/
\Y y VYl . o)
'—/; interaction_ O/V@(/
’ Ve g
hadronic
shower






Neutrino Interactions and Detection

(High Energies)
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\UPER .
a K Super-Kamiokandé

Entrance

2 km

® Operating since 1996 P
b ‘:7
® 50,000 ton ring-imaging water S
Cherenkov detector Mt Tkeno
| N

® |[nner detector | 1,000 x
20”PMTs

® 40% photo coverage
Energy spectrum of atm. v in SK

1 | llllllll ! IIlIIIII | Illlllll ! IIlIIIII I IlIIIIIl I IIIIIIII | IIIIIII_

® Outer detector |,885 x 8"PMTs : ey _
750 | — FCv, :
® |n Mozumi mine of Kamioka coo | — o ]
.. C — == up-stoppn
Mining Co, near Toyama Japan : === up-through

250 -

® ~|000m of rock overburden
to block cosmic rays

ISAPP Summer School 2018 16



- o W v -. o 1 — b B R -
om...c_.t.o.o.o.a.u.Ou...,....!.:x_.-;.-,.. .f..e N ...#C
» » L ed - 4
\.Q. ‘!.0‘. - L L .OU.JLQI}.. /\' Y 4 . ﬁl anI
., L s R R RPN 2 ' T ~ 3N
A e W0 e N IR i TR X/ ¥ , ‘ .
‘s ,Q.!‘.! . .s.\ PR A ‘s..oo‘ak‘-. . o JD.-.....) 0 ‘,o a A £ . O
@S et 60 e T T RA s Q.T
» ‘ . -. 0.. ‘ ' ‘ 4 ‘ 4 ‘ ’ . Q'--‘ Qs’.‘\‘.* ’. o—. A ) ll/ ﬂ A > \ é Y—
& o OV L GO0 €0 O e g T e IR S S
‘~Jts‘~‘s"‘-..s0.~¢.- © W As..sq..'...—kv..s..s ?..M ....c&r.«....&w_& - l.s .
LU OTe eve w ollTEG, B G i v >
..,‘.i b .(|A

. Ne. o _ Jied
(4 l.a.t..n.....-.....‘...~..\sf~..i.n.:$....._..... .....Q\. ' 5 .

’ 1A . " . A et ) A 2 X
..!‘..-...s...s“h.ﬂy .s‘.-‘,n ‘.w..n..o ‘w.wo.‘ﬂ??.-..?\of..\ % .\g; .....‘C ..L . M
‘4 . 4 E R S e e ..\o...pﬁif’.—.l'ouv- VKL AR . A Ve
. 3 . . . N . a.. N ., B R N " "
\‘...‘.\.‘.\ ‘s‘!‘w ‘.\‘,wﬂ.\ ‘-. e @ ..-...'k.“'ﬂ..r. " ..-.4 _

. ' ‘.\..h‘.u ‘s..r-.'p.'... .— ﬂ. ’
3 c . o .~‘ 4
FUE L S A €50 i, Aot 3

e Univers

Th

s‘\‘- ‘.\I-Ds LR B AS-\?'.-’. 3 ' .. o .. \ >
.G..AA..A‘.‘A\..A..,A‘ OO OO ..:mtr:.». smm.sm \ A e 3 ot
,A..A._A\uquq_.:.,. A.-_\¢~.v-2..t:3!.t.}... ,
L A I T L T S ol S e, ;-

’\‘~ v, .,l...ﬂ.\d.-.» LR B ‘v......‘.....#l’ - -

rcgs 2

-

G OV G0 G0 000 OO . 19
) JQ.F.@A\..AA..A.\A.QQM;.q.-.,:-.. n..:..a.._"“&c@c.“u, ; .o.S»
..F..n..F._A... .\.A.,_A..A.» VOO VOO O .Z.rr_'_:.iwl......__ (T Nt : !
..f.A.A\.A\M\.AA.xA‘f.A.-.:..-.. LR RR -..-:.._-......f. h: :#.....;.x«..r 1 ..u. STy Ao
..A\.A\ LR & A\.A.A. PR R B R -..-...‘.iP. ..!. , f.: .w AR -» _.....:w o A o,.. S
'.'.‘A..Au".a A..A...‘ 0 A..-.. OO0 O .H..! —LLL. ,.a.%.... B o‘o» v ,.m il (O
.. K...”.A..._O.AKAA,...A...A.\. O oo ..-....r...v.-... \ AT AL Ny ol Y

‘..”‘__“L.A..A\. A.A..A oo vOO a.».v...k“...‘..(‘.# . .. AR £

\ .F..A...ﬂ.a.. ﬂ...A..A. OO OO0 .........t... . h oA & /

«

"
ane’

-

0 b
' §

.

OO0 00y
OE BF BF ‘.’.

.

«

o
enx

PO 0D OO
PO O
L O N A
-As.‘.. @

e

"

‘-"Q-
-
~aee
-~

\ 4

N\

oo
e
-~

e

% &F o &

tute

.
.

o060

it

an

S X

AR
Insti

~
(

iho P
1
u‘,‘l

-

)
~

6 6.6 © ok i

LA L { : o
Aw‘.‘.ﬁ~ bt ih o4 R 0 ..._...ﬂ...’.u.‘—rt.*«wci.”\m‘.!{qL&...
€y 4..A.M OO GO0 & é o .........._..r...~h.{u..¢.mwn~. 3 : .
Se e e O LE CO0 006 0 abAmnpt g T Lo M5
.J..A _.%.A..An 00 660 660 6O ey .:.*1\ ’ Y\ L
Ot nee 000 066 o owmi TP IL QSR iy T
.A:A A.ﬂ.ﬂ. L ._..‘.A. & dr v i .-o..”.‘..t.-.‘.q (Q' % s.. ..-...av_. AR e ™ ;\...A
-l Ll T YNNG Goo .....,.1...%..!&4;.. %, .ﬁ‘/ T Ve AN
eie SO g ¢ 00 666 666 6 o e Tly BB 3 e .% N
.y l..A...n. A.“..... R R it .34.“:)3 o o ,a% A \ ,
y ..v.. A-A. ...... L ‘;..“ Y TE R .-4....‘.-..0-" l’. g -e ,f. f .....l 1 A J.
A.o..n-..-n.w..n..-, ” OO ano O P.*!.Nn: pl e TN e 44 ...%w,.
i S0 ......_....-. » A s E W T \ v Ak A% . .. o
‘..Ja...,.... ‘.. | “a.....“... .....4 Y &8 4 ..L*.-l.umu.llv."-b ‘.ﬁ.l"f ..ﬁ/... .1.,*& \ .. & 5 i
p ......". .J..¢.- 3 E b 0..4....‘.{..0’.,’ ’ Y e L i . "
Boe DO ¢ e ety et Bl ey g :
CeE o € 00 o e S SR
e S Eeen aon oonimt Ly BT A
l...f..o...o. i L S RN o....,.a....,l.w SN K.\ "L i .
.:..v.c.-.v R R I N .o.:.’....a.alnﬂaj..’i ’.........f;.\ x dl .a
..0.0.0.0 0.0.0.0.......-:.3«.‘.. e i % e Sl ¥ X
.. e e s ik \ Y-, ; Ny,




Outer Detector

Nothing in
Inner Detector ' Outer Detector
> neutrino

| MUON
Electron Neutrino

Neutrino Event
Fvent |

® [lectron scatters in water and produces fuzzy
Cherenkov ring

® Muon travels straight and produces sharp ring

ISAPP Summer School 2018 18 6 Carsten Rott



arXiv:astro-ph/0609743

to shore .

DAQ . .
Center

o
~

detection volume, m®
o
()]

00

~Long Outer String

l '-?roiowm String

/
Vo

e L _
?-.-"w.- »o-\\v ~l»¢3;<_—~ -3
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http://arxiv.org/abs/astro-ph/0609743

- 3
Storey with 30OMs @B

©Montanet
ISAPP Summer School 2018

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

NIM A 656 (2011) 11-38

Carsten Rott



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

oz |

® Consists 885 |0”PMTs on 12
lines with 25 storeys each.

'S
S

f\

ION

L

Cable to shore )‘ ]

Junction Box 3

° Detector was competed in May o< ol s
2008 o
Depth: 850 hg/cm?

\P\
\\ » \B‘\?

° Baksan Underground Scintillator

counters

17x17x11 m3 . .
Tank size: years of continuous operation
70x70x30 cm?

To Shore

Telescope with muon energy threshold
about | GeV using 3,150 liquid scintillation

Operating since Dec 1978 ; More than 34

' - calibeation laser

Lake Baikal, Siberia, at a depth I.1 km&
NT36 in 1993

.

NT200 (since Apr 1998) consists of
one central and seven peripheral strings | |
of 70m length ARVR

L]
LR SR BUIOR SRR

8ol Bel Sel Bl ol 8ot ™ J

248 848

< ~—
S18.6 m

® = array electronics
7N module

suing
clectronics
module

OMs

- svjaska

electronics
module

625 m

: 525 m

i
~200m

Detectons
IceCube at the Geographic South Pole

5160 |0”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

Super-Kamiokande at Kamioka uses | K
20” PMTs

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

Operating since 1996

ISAPP Summer School 2018
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The IlceCube Neutrino Telescope
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AUSTRALIA
University of Adelaide

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

[EX] cANADA
SNOLAB
University of Alberta~Edmonton

DENMARK
University of Copenhagen

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

FUNDING AGENCIES

Sungkyunkwan University
-~ since 2013

N2
ZS

Clark Atlanta University

Drexel University

Georgia Institute of Technology

‘ Lawrence Berkeley National Lab
A = Marquette University

SWEDEN
Stockholms Universitet
Uppsala Universitet

Michigan State University

Ohio State University

Pennsylvania State University

South Dakota School of Mines and
Technology

[# ] SWITZERLAND
Université de Geneve

Massachusetts Institute of Technology

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

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

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) Knut and Alice Wallenberg Foundation
Deutsches Elektronen-Synchrotron (DESY) Swedish Polar Research Secretariat

The Swedish Research Council (VR)
University of Wisconsin Alumni Research Foundation (WARF)
US National Science Foundation (NSF)
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South-Pole, Annual Temperature
A1) ole -~
D LaDoratory at the
|2 |lE|2|F|ISEIZE|Z|E|5|2|8
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<
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[ ) _E
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50 - /;/ -58 &
\\ .. L— m | g
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Month
—e— Average daily temperature °C
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Geographic South Pole

Amundsen Scott
South Pole




® Gigaton Neutrino Detector at the
Geographic South Pole

® 5|60 Digital optical modules
distributed over 86 strings

® Detector completed in December
2010 after 7 years construction

® Neutrinos are identified through
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)

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

IceCube Lab

1450m|

2450 m
2820 m |

50m — L o
- 2 optical sensors per tank
. 324 optical sensors

T he IceCube Neutrino lelescope

I IceTop
81 Stations, each with
2 IceTop Cherenkov detector tanks

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

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

Ethr~ 10 GeV

ISAPP Summer School 2018
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~60cm
~2.5km
Im

- Hole size
- Depth

- Straight to

Depth By Corrected Pressure

0 r

500
1000
1500
2000
2500

T4

c

[\
]
o

N
]
=)

600

800

1000

depth of bottom DOM [meters]

1400

1600

1800

2000

2200

2400

String 29 deployment

- - . -

- \ ~ 6 min/DOM !

il Dec 25 | Dec 26 4

[ o E

B o

: <

_ o A

i drop speed: E= .
- w2

~ 15 m/min ]

C . . final dlepth: 245|2.5 \al_ o

0 2 4 6 3 10 12

time [hours]

Drilling to 2500 m < 40h
String deployment ~ 12h
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' South

| Pole p + A = 11 (K%) + other hadrons .. TT* = H*V,—e*VeVuVy
|

»_ lceCube Depth:

AN A ~Lspheﬁc
putrinos

 North Pole

— =

Atmospheric muons ~ ﬂIO' |/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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ice surrounding the lIceCube
3 T°l?)"e‘,'! : j detector

- of Fan

® Calibration Sources:

® |2 LED flashers on
each DOM

baffles
(nylon b"USheS) | ® In-lce Calibration Laser

® Cosmic Rays

® One pair of Camera

'dlgltal 7 DOM:s
receiver -
absorption length ~ 210m

scattering length ~20-40m

224 Major calibration efforts resulted in
' a very precise understanding of the

300

200 |

Dust logs in IceCube

'_c\'l Hole 21 1005—

) Hole 66 ;

n Hole 50 of g

% Hole 52 [ ° disposable DL /

U ‘ et} . reusable DL

0 [

- 200 - flow 10 m/iyear

o [

3 :

Q I '300'|....1....1....|....1....1....1....1....1....1....1....1

O 500 -400 -300 -200 -100 O 100 200 300 400 500 600
1 400 1 600 1 800 2000 2200 2400 X

Meters [m]
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e - . Camera system to
e . ) mait measure anisotropy

(1) light - -
fiiioht source in the ice

I
. -
-

7

e T | Use drill hole near
2 = the lceCube
detector site

pressure vessel from NAUTILUS
(A brush will be attached to the middle-flange)

® Camera system to be
deployed at the end of this
year

® Platform to test camera
systems for integration into
next-generation optical
sensor modules

ISAPP Summer School 2018 32 é:S Carsten Rott



tion and Perto

® Calibration Sources:

e |2 LED flashers on each DOM

® |n-lce Calibration Laser

® Cosmic Rays

® Moon Shadow

® Atmospheric Neutrinos

® Minimum-ionizing Muons

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

st
et
R
Wt
R
R
'
)
o
.
.
o
.
o
.
.
.
.
.
.
.
-~
~
-~
-

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

-—
-~
-
By
-.
-~
-

=

106 107 108

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 &
& C 8000
= 3
¢ L 6000
@ —
s 25 — 4000
<A 2000
o o
A 12000
B ~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




Selected Results and Science Program
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IceECUBE

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

ISAPP Summer School 2018
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® How to overcome the
large atmospheric neutrino
background

® Ve need to rely on
statistical methods to pick
out neutrinos from this
mess

® Do neutrinos cluster
anywhere in space, time,
or arriving in
coincidence with
astronomical events or
objects ?

® Do we see any spectral
features ?

A ~MN\ P

1. Point Source

Northern Hemisphere

5T

single dominant source

~

24h

Southern Hemisphere

2. Time clustering

Events

transient source
‘ Time
: >

-
3. Spectral feature _ .
2T N, g J
(- n 20 o
H A N\
v ’\) v

eneray
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reported

& Extragalactic

0.0

4.2

3.0
—log,op

06 12 18 24 3.6

No significant PS

No correlation with list
of 74 sources in both
hemispheres. Galactic

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

ettt sarom S AP

4 N ( ™
lceCube Searched for - No point/extended

- point sources source found yet.

- extended sources

- catalog of sources - No correlation with
o diffuse Galactic emission I source catalogs found.J
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il st s

the full-sky search (1.90 s :;f»:-"—'- A S |
post-trial sugnlflcance)/'?ﬁ’ /f :(
o o
a=343.8°86=23.5 6_0,2,,, R ;é
\a,."o' ' \*r A~
N NN s
b= N SR N
Sensitivities and upper limits at a 90% C.L. e ; o e PN
on the signal flux from the Full-sky and the S=-600 Ll e

Candidate list searches (Neyman method)

1 0-3 T “m
ALTARES 290718 nie s b ! Phys. Rev. D96 (2017), 082001
ANTARES 200715 limite (1 docsnationbands)
10° lcaCube sensitnd . e
— loaubn 3 yoars WESE semssinity (£ <100 Tovi apsaszosztae | ANTARES is the most sensitive
™ loaCube T years limits [ApJ 835201 7)2 151) . )
B instrument for a large fraction of the
-7
> southern sky below 100 TeV
()
R st IceCube is the most sensitive
W instrument in the northern sky and a

10° fraction of the southern sky

-1¢
03 08 06 04 02 0 02 04 06 08 1 toffech 16

sind
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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 hishest 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))

® TJopology of the events -
cascades

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

® Energy resolution is about
5% on the deposited
energy
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~ollow up analysis to trace high-eneks

® Probe the energy region of about 30TeV to |PeV, all flavors and all directions,
by vetoing down-going high-energy muons with the outer layer of lceCube

u\ Background

1 90m

veto

1000m

dust layer 1 80m dust layer

\4 $ 10m
>

edge strings
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IceCube Collaboration Phys.Rev. D91 (2015)
no.2, 022001 (arxiv:1410.1749)
Veto and Self-vete

Atm . Nhe Utri no Down-gomg high-energy neutrinos

' . can be nearly background free |
|dent|f‘ ed as astro-physical neutrinos

~up-going  down-going

- Northern Hemisphere

Southern Hemisphere E

”

.

1000m

E3®, [GeV2cm_2sr_1s_1]

PF= = = = o

Conventional v,

—1.0 —0.5 0.0 0.5 1.0

edge strings
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world

e e o Observation of high-energy astrophysical neutrinos

IceCe “ollabora
IceCube Collaboration

® Search for High-Energy | Science
Starting Events (HESE) b

® Efficient reject i §3§§Ezfg§;gijq;ﬁ::;zza.,;;
atmospheric i
backgrounds

AYAAAS
X T —

® Discovery of
astrophysical neutrinos

Energy Threshold - -
: : Southern Sky (downgomg)] [Northern Sky (upgomg)]
[ Background Atmospheric Muon Flux %
‘- 2kg"<Atm°ZpBe”C:§u:,"n°s (w/K) | [ Background Atmospheric Muon Flux
ackgroun ncertainties . "
= Atmospheric Neutrinos (90% CL Charm Limit) 8 == Bkg' AtmOSphenc Ne.utrlnos (=/K)
. : —— Bkg.+Signal Best-Fit 1-Component Astrophysical (E->) A BaCkgmun‘.’ Uncert.amt'es o
o o ¢ ®° * ® 102 Lo eee...i....] =+ Bkg.+Signal Best-Fit 2-Component Astrophysical w 102 ISR s Atmospheric Neutrinos (90% CL Charm Limit) i
® ¢ o : ‘ e®e Data o —— Bkg,+Signal Best-Fit 1-Component Astrophysical (E2%)
N : } % 2 3 g : 8 = = Bkg.+Signal Best-Fit 2-Component Astrophysical
RSB % B 2 = IceCube Preliminary = **e Data
o . ) ® . - (o] : D
. s a: % Best fit spectral index (E¥): o . ; lceCube Preliminary
‘ o g 8= o 10 F T 105 feogemeee g P
B > & ~N L 3
+ 4 . 3 e = 5 [
= » N = =
® o - !': ) ; o Q
e O I» .5 Q n
. W OE W & wn >
2 EIEB B ] ©
A B B B T . o o |
- s ¢ & * ey 0 ot R G S T DR S R . (o) U N— S
® ) Ll>J 10 ~ 10 F :
o = . o A
o
| .
Q
o
2
-1 -1
10 S 10
>
w
102 10* -1.0 -0.5 0.0 0.5 1.0
sin(Declination)

Deposited EM-Equivalent Energy in Detector (TeV)
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M HESE7.5yrs results

Showers —e-
Tracks +—X
IceCube Preliminary

Bulob-dn

0.5

sin(Declination)
o

®
]
Bulob-umop

New events

-1 .%.....lw N .%.....'l_f-"_ﬁ
10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)

Prior result 6 years ICRC 2017 arXiv:1710.01191
Updates to calibration and ice optical properties
103 events, with 60 events >60 TeV

—Changes to RA, Dec, energy
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42856 (2013)

Arrival directions (highest energy events)

High-Energy Starting Events (HESE) — 7.5 yr
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—75°  —

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
High-Energy Starting Events (HESE) — 7.5 yr

) Astrophysical Flux .
work in progress (on top of atmospheric)
e Differential

mn Best-fit (E7287%03) -
e v, Best Fit (E~21901)

-
9
~

-
<
(o0}

-
9
O

E2-®,.; [GeVecm~2s™1sr1]

s T
Neutrino Energy [GeV]
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Event topologies

Charged-current v, Neutral-current / ve Charged-current v

(simulation)

dm's

Up-going track Isolated energy “Double-bang”
deposition (cascade)
with no track

Factor of ~2 energy resolution 15% deposited energy resolution (none observed yet: t
< 1 degree angular resolution 10 degree angular resolution (above 100 TeV) decay length is 50 m/PeV)

Early I T T Late
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68% 90% gg%é Background

O {_:i--— event #1 O (_;-— event #1

103

o
o
w

(-
o
N
[
o
N

O <——event #2 |

0 WORK IN PROGRESS

10 20 50 100 10 20 50 100
Double Cascade Length [m] Double Cascade Length [m]

O <—— event #2 |

Total Deposited Energy [TeV]

0 WORK IN PROGRESS

10

[
o

Two double cascades have been identified

Double cascades can arise from v_or mis-identified bckg (astro v/ atm).
Separate study of tauness of the double cascade events ongoing

Probability Density
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carch

| — singe cascade — couble cascade + 4@ dia || = reco with bight DOMs ==+ reco without bright DOMs | | — sngk cascade  — doutie cascade + +exp. data | [ —— reco with boght DOMs == reco without bright DOMS |
g = bright DOM" .. brghtbowr| | @ ' bright DOM"® bright DOM"
T § ':"‘-‘
7 bright DOM®
o ~ ° "
o ° Q2 @ 5 ° 1
°0 n ® . o ° 9
o . B . :
° o ) 2
° ® ° 5 2
g ; B °
L
G .
J
: 9
03. 4 ¢ Q
3 4 o
B 2 +++ < 9
WORK IN PROGRESS * Bright DOMs are excluded from this analysis Time WORK IN PROGRESS .' Bright DOMs are excluded from this analysis
Double cascade Event #1 Double cascade Event #2

“Bright” DOMs not used in reconstruction
Direction and two reconstructed cascades shown in dark gray
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Carsten Rott % 6 54 International Workshop - Neutrino Research and Thermal

Evolution of the Earth - Tohoku University Oct 2016
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Neutrino Oscillations

. . D
Neutrinos come in three Source —teCtor |

different flavors: Ve,V ,V+ w+ M )’

A neutrino created as one - memmmom ==
e

long journey

flavor can change into a . y
erene Tover h E - ———

0.9 bbb
0.8 :
I 21 TR S P SN S S S———
0.6 Fdi b
0.5

This phenomenon (neutrino
oscillations) depends on the ¢ *f{ "/
energy of the neutrino and  °f

"Vertical Muon Neutrino Survival Probability
vuS val Pr beIty ----- -

Survival Prob. P(v,— V)

20 40 60 80 100 120 140 160 180 200
Muon Neutrino Energy E | (GeV) (L=12715km)

It further depends on the
“potential” the neutrino
travels through

Carsten Rott % 6 55 Internqtional Workshop - Neutrino Reseqrch and Thermal

Evolution of the Earth - Tohoku University Oct 2016
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M. Aartsen et al. (lceCubs), Phys. Rev. Lett. 120, 071801 (2018)

Cascade-like ' Track-like ! ___ Cascade-like ___ Track-like
2000F _. 1o ose. f.--;.! Br, CC Bpgy, o By, CC Hugm
W
p | B! Av, CC WMoyl Av, CC ld.‘,‘f,',”“
ol P
g 1500 , Sv, CC | data By, CC § data
2 - avNe s | Lol B8 | menc -
§
- :
L :
500+
SR |
g 1.2}
P 1.0
g 0.8

o 1 2 3 0 1 2 3
10Z16( Lracs Eaco [km /GeV])

* Analysis histograms projected to 1D for visualization

* Down-going and cascade events useful for disentangling systematic effects

» Particle ID (v, CC event tagging) poor at low energies — important to
correct for disappearance of untagged v, CC events in cascade sample!

qs Carsten Rott
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M. Aartsen et al. (lceCubs), Phys. Rev. Lett. 120, 071801 (2018)
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» 1,022 days live time 2012-14

» 41,599 events (full-sky)
» 15,138 track, 26,461 cascade events

* E, reconstructed from muon range
plus cascade energy

* Est. 5.2% atm. u BG

e Best fit sin2 8>3 = 0.511007 5.
Am?Z3 = 2311011513 x 103 eV2

* Most precise atmospheric
measurement, highest energy

range (constraints primarily from

15-50 GeV neutrinos)
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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
8
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(|fi—fsun(ti)|,Ei,mx,Cann) e o (ata
:%(lfi_fsun(ti)laxi)xgm . (Ez) — bkg expectation — |limit: 50 GeV xyx — 77"
“ 2700 . o i ]
3 ) | °
Monovariate Fisher Bingham 56558 * . o -
distribution from directional statistics — 10l ' ' :
o 40 1 |
330 paenc : : |
Background pdf: %i(txi,E;) = B(8) x P(Ei|gum) £ 29| e:e;o"re o 3o @
B 1 1
. . nS n > = . —
Likelihood: £(ns) :H(ﬁSi‘F( — NS)%) = 070992 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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® 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-
e Gauss (free space) 0 —
| A “Best” from LE 2004 = SK |-V, bb | DAMA/LIBRA (2008) _
10, '/ .\ e Unbound 10 — SKLIV. ot — ANTARES, 2007-2012, bb
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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
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' A C[;tus;s ir'cf: f ? ffctoa = = SKIIV,bb ] DAMA/LIBRA (2008)
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® Neutrino Telescopes are multipurpose
experiments with a very diverse science program

® Detection of high-energy astrophysical neutrinos
have opened up a new window to the Universe

® The origin of the highest energy neutrinos (and
cosmic rays) remains a mystery
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Astropart. Phys. 92 (2017) 30

A&A 607 (2017) A115 H C@CM"@@W h”—\XS @g U é e /j : 5

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

® Latency ~2 min.

® |mproved selection summer
2018

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

® 50% astrophysical fraction
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First public v Alert: IceCube-160427

TITLE: GCN CIRCULAR

NUMBER: 21916

SUBJECT: IceCube-170922A - IceCube observation of a high-
energy neutrino candidate event

DATE:

1

FROM: E

Claudio Kd

report on

On 22

probability

Sep

Extremely
narmal nn

Fermi-LAT detection of increased gamma-re
TXS 0506+056, located inside the IceCubs

error region. > =

ATel #10791; Y4
K1

Crede.
Subjects: Gamma

Referred to by Al
10844, 10845, 10

First-time detection of VHE gamma }ays by MAGIC fro\m_
a direction consistent with the recent EHE neutrino
event IceCube-170922A

ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration
end Oct2017; 17:17 UT

12596370, +05 41 35,3279 (J2000), [Lani et al., Astron, I., 139, 1695-1712 (2010)]), located 6

Credential Certification: Razmik Mirzoyan (Razmik Mirzeyan@mpp mpg de)
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

arcmin from the EHE 170922A estimated direction (ATel #10791). MAGIC observed this source
under @ood weather conditions and a 5 siema 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)

e Very active multi-messenger follow-up from radio to y-
rays

Wor

K in progress ... more information soon

Carsten Rott 6

66

NCU June 12,2018



