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WHY NEUTRINO?

Messenger of cosmic ray origin

" " .
’ - I /
- " "

e Arrive straight to Earth from the
source

Neutral (unlike proton)
No absorption (unlike gamma)

e Produced through hadronic
Interaction

ISMD2016 in Jeju, Seongjin In, SKKU



Atmospheric neutrino Astrophysical neutrino

Gamma-ray  Active Galactic
Burst Nuclei
from the interaction
\ between cosmic ray
and the upper
atmosphere

lceCube Cosmological neutrino

Upper limits from this analysis
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ICECUBE

SO PoLE NEUTTURD DESERVAITORY

50
N

IceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

1 gigaton of instrumented ice 1450 m

Digital Optical
Module (DOM)

5,160 DOMs
deployed in the ice

- 2 nanosecond time resolution

IceCube Lab (ICL) houses data
processing and storage and sends
100 GB of data north by satellite daily

2450 m

86 strings of DOMs,
set 125 meters apart

Antarctic bedrock

AR AL P S AN *

Amundsen-Scott South
Pole Station, Antarctic

A National Science Fou
managed research facili

T

60 DOMs
on each
string

The tallest
~ building in Korea

DOMs '
are 17 _[
meters )

apart A




CONSTRUCTION

2004-2005
1 string deployed

2005-2006
8 strings deployed

. 2006-2007
13 strings deployed

O 2007-2008
18 strings deployed

2008-2009
Q 18 strings deployed
+ @ 1 DeepCore stirngs
2009-2010
Q 15 strings deployed
+ @ 5 DeepCore stirngs

2010-2011
Q 5 strings deployed
+ @ 2 DeepCore stirngs
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“UTRINO DETECTION IN ICECUB
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NEUTRINO DETECTION IN ICECUBE

Nov.12.2010, duration: 3,800 nanosecond, energy: 71.4TeV
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NEUTRINOS IN
Charged Currunt (CC)

Muon Neutrino

Track
vy + N —p+ X

factor of = 2 energy
resolution
<1° angular resolution
at high energy

I CECUBE

Neutral Currunt /
CC Electron Neutrino

Cascade

v. + N e+ X

VZU—_N%VZU—

~15% energy reso

- X

ution

~10° angular reso

ution

(at energy 2 100 TeV)

ISMD2016 in Jeju, Seongjin

In, SKKU

Tau Neutrino

Double-Bang
v+ N —->174+ X
T decay

Not yet observed
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lceCube Events

South-pole Atmospheric muons ~ 10"/ year

Atmospheric neutrinos ~ 10°/ year

Astrophysical neutrinos ~ 100 / year

Up-going event can be used to
obtain “clean” neutrino sample
(Earth is working as muon filter)
v \/

Cosmic ray
North—pole ISMD2016 in Jeju, Seongjin In, SKKU 14



ASTROPHYSICS IN ICECUBE

ISMD2016 in Jeju, Seongjin In, SKKU
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Cosmic ray anisotropy

Southern Hemisphere
3.179*10™ events

— Blue: Underrepresent

-1 -0.8 -0. -0. . . . Q.4

(e meaypa0n) Red: Overrepresent

I . : 1 . L
3 -2.4 -1.8 -1.2 -0.6 0 0.6 1.2 1.8

Relative Intensity [x 10 ]

W .............

. eyl Astrophys. J. 826 (2016) noZ 220

-3 -2.4 -1.8 -1.2 -0.6 0 0.6 1.2 1.8

Relative Intensity [x 10 *] arX|V.1 60301 227
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Point Source Search

neutrinos ~ 10°/ year o-value = 44%

Nothern hemisphere P H )

15°
24h
—15° T
. . e T
—45° - |
1 !
0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 0.4 6.0

—log,o P

/12830 events p-Va|u = 39%
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High Energy Starting Event search

dust layer dust layer

e Quter layers are working as a veto for atmospheric muons

e Sensitive to all flavors, all directions
e Energy threshold ~ 30 TeV

ISMD2016 in Jeju, Seongjin In, SKKU

18



High Energy Starting Event search

- —— - ‘ Southern Sky (downgoing) Northern Sky (upgoing)
B Background Atmospheric Muon Flux L ) L )

| Bkg. Atmospheric Neutrinos (=/K)
Backgrour ncertainties
- Atmospheric Neutrinos (90% CL Charm Limit)
Bkg.+Signal Best-Fit Astrophysical (best-fit slope |

Bkg.+Signal Best-Fit Astrophysical (fixed slope / )

IceCube Preliminary
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Events per 1347 Days with deposited E > 60 TeV

10° - 10° . : 0.0
Deposited EM-Equivalent Energy in Detector (TeV) sin(Declination)

e 54 eventsin 1347 days
e Atmospheric neutrinos ~ 97895,

Atmospheric muon ~ 12.6+5.1
e Background only scenario rejected with ~ /@

ISMD2016 in Jeju, Seongjin In, SKKU
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Arrival Direction

ICECUBE PRELIMINARY __— | x: track
| +: shower

Galactic

TS=2log(L/LO)

No significant clustering was found

ISMD2016 in Jeju, Seongjin In, SKKU




Flavor ratio

Likelihood scan of the flavor composition

Muon-damped o _ Best-fit
Acceptable 1 %, 100 COMposition

&

Nucleon decay . ————
rejected at 3.60 A A 0.17

0.00

Previous analysis for

exclusion region lceCube Collaboration, Astrophys. J. 809 (2015) 1, 98
lceCube Collaboration

Phys.Rev.Lett. 114 (2015) 17, 171102
ISMD2016 in Jeju, Seongjin In, SKKU 21
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BEYOND STANDARD MODEL

-MONOPOLE SEARCH EPJ C/76 (2016) 133

BAIKAL 1998-2003 IceCube 40 Sensitivity |

MACRO up-going o—e |ceCube 40 Limit

ANTARES 2008 IceCube 86 Sensitivity
1 |ceCube 22 ~— |ceCube 86 Limit

.
>—- .
. -

B e e T i

0.6 0.7

v/c

Magnetic monopoles would produce bright tracks relative to muon tracks
Separate analysis performed to search for monopoles above and below
Cherenkov threshold

No evidence found -> flux limits set as a function of 8 = v/c
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BEYOND STANDARD MODEL
-DARK MATTER SEARCH

o Solar Dark Matter PoS(ICRC2015) 1099

_Earth
2 |

| wmm IceCube 3 yrs full detector
1| " Super-K 2015
| == Antares 2013

10!

Neutrino bounds are competitive
with Dark Matter direct detection
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BEYOND STANDARD MODEL
-DARK MATTER SEARCH “ DM profiles
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e (Galactic Center / Halo
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IC59 dSphs —— ANTARES 2007-2012 H

22 Halo Ferm! dSphs95% C.L
e e 1CT Halo - = MAGIC Segl 35%C.L. 0
- {C79 GC VERITAS Segl 95%c1_
ICA6 Halo Casc, o FarmI+MAGIC 95% C.L. l

lceCube collaboration, arXiv: 1606.00209
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« ICECUBE

I CECUBE EXTENSION

ISMD2016 in Jeju, Seongjin In, SKKU
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lceCube - GenZ
High Energy Array

e More events

[ ]
. | | I g h e r e n e rgy Dark Sector Clean Air Sector Dark Sector Clean Air Sector
3000

2000 - ! T 2000

1000

Physics Goal
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e Point source
e /K neutrino
e flavor

position offset w.r.t. IceCube center (r

position offset w.r.t

-2000

Downwind Sector Quiet Sector Downwind Sector Quiet Sector

[ ] [ ]
CO I I I p OS It I O n -2000 <1000 0 1000 /'(J-U'.J 2000 1000 0 1000 2000

position offset w.r.t. IceCube center (m) position offset w.r.t. IceCube center (m)

(a) 240 m string spacing ( “benchmark”) (b) 300 m string spacing
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PINGU

-PRECISION ICECUBE
NEXT GENERATION UPGRADE

volume ~ S5MT
with 20-26 strings

* |low energy
neutrino (~ GeV)

* Neutrino
oscillation physics
- atmospheric mixing parameters
- Ve appearance and unitarity
- maximal mixing
- neutrino mass ordering

e Test low mass dark matter model

ISMD2016 in Jeju, Seongjin In, SKKU 28



Photo by WinterOvers

SUMMARY

lceCube has opened a new window on the Universe /
discovery ot astrophysical neutrinos marks a new era in

astroparticle physics

Where are the astrophysical neutrinos coming from?

The IceCube Observatory is a multi-purpose experiment
with a very broad science spectrum

4

Great prospects for tfuture search at lceCube and beyond
PINGU: low energy side, Gen2-HEA: high energy side
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