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The Cosmic Ray Mystery
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Victor Hess

 4



Carsten Rott GW astrophysics mini-workshop @Ewha Jan 14, 2019

Cosmic rays
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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 ?

Cosmic rays have been observed with energies up 
to 1020eV (100EeV) or 107 LHC beam energies

AUGER Collaboration ICRC2017

AUGER Malargüe, Mendoza

1600 Water Cherenkov Detectors (WCDs)

3000 km^2
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Victor Francis Hess 

Discovery of 
cosmic-rays

1936
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Bartos and Kowalski 2017
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Sources of High Energy Neutrinos
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Astrophysical Atmospheric Neutrinos
Cosmic rays interact 
in the upper 
atmosphere:

p + A → π± (K±) + 
other hadrons  ... 
π+→μ+νμ→e+νeνμν
μ

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

Array of optical 
sensors capture the 

light

Principle of an optical Neutrino Telescope
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Charged particles (from a nuclear reactor in the  
picture) produce blue light in water 
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Principle of an optical Neutrino Telescope
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Neutrino Telescopes
and IceCube
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Large Water/Ice Cherenkov Neutrino 
Detectors

KM3NeT

Super-K

ANTARES

Active
Prototype

 IceCube

Lake Baikal

Gen2/PINGU

Hyper-K / KNO

GVD

Planned   
Construction
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Sungkyunkwan University 
since 2013
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IceCube

1 km

Laboratory at the 
South Pole
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The IceCube Neutrino Telescope
• Gigaton Neutrino Detector at the 

Geographic South Pole

• 5160 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
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νμ

μ

EThr ~ 100 GeV

EThr ~ 10 GeV
Sensor module in my lab
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Event topologies in IceCube
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Astro-physical Neutrino Search
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Finding astrophysical neutrinos
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How to find astrophysical 
neutrinos ?
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Finding astrophysical neutrinos

 19

ν
Point source search
• search for clustering 

of neutrinos from point 
in the sky
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Finding astrophysical neutrinos

 20

ν
Transient source search
• search for spacial and 

temporal clustering of 
neutrinos
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Finding astrophysical neutrinos

 21

νγ
Multi-messenger search
• search for a 

coincidence between 
neutrino and other 
messenger particles 
spacial at particular 
time and location
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Finding astrophysical neutrinos

 22

ν

Diffuse search
• search for spectral 

feature, inconsistent 
with atmospheric 
background 
predictions
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Finding astrophysical neutrinos
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(1) Point source search
• search for clustering of neutrinos from point in the sky

(2) Transient source search
• search for spacial and temporal clustering of neutrinos

(3) Multi-messenger search
• search for a coincidence between neutrino and other 

messenger particles spacial at particular time and location
(4) Diffuse search

• search for spectral feature, inconsistent  with atmospheric  
background predictions

#e
ve

nt
s

energy

background

signal

(1) (2) (3) 

(4) 

…. + various combinations and 
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Point Source Search

 24



Carsten RottCarsten Rott GW astrophysics mini-workshop @Ewha Jan 14, 2019

Search for highest energy neutrinos

• Ernie ~1.15 PeV (~1.9·10-4J)

• Bert ~ 1.05 PeV (~1.7·10-4J)

• Topology of the events - 
cascades

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

• Energy resolution is about 
15% on the deposited 
energy

 25

IceCube Coll. Phys.Rev.Lett. 111 (2013) 021103 / arXiv 1304.5356

In two years of data expect 
0.08 events at high energies, 
but observed 2 events !!
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High-energy neutrino search 6years 
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HESE 6yrs 80 events (track-like & showers) 
observed
Expected from the Earth atmosphere ~41events
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HESE7.5yrs results
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 IceCube Collaboration, Science 342, 1242856 (2013)

~2.0 PeV

~1.1 PeV

~1.0 PeV

No. 14

No. 20

No. 35

High-Energy Starting Events (HESE) – 7.5 yr

up-going
dow

n-going

• Recently unblinded 1.5 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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HESE 7.5yrs Zenith angle and Energy distribution
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• Compatible with benchmark single power-law model.

• Best fit spectral index (E-ɣ): ɣ=2.91+0.33-0.22

• E2ɸ = 2.19+1.10-0.55 x 10-8 x (E / 100TeV)-0.91 GeV cm-2 s-1 sr-1
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Neutrino energy spectrum

 29



Carsten Rott GW astrophysics mini-workshop @Ewha Jan 14, 2019

Arrival directions (highest energy events)
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 IceCube Collaboration, Science 342, 1242856 (2013)

~2.0 PeV

~1.1 PeV

~1.0 PeV

No. 14

No. 20

No. 35

Isotropic distributed

No. 27*

High-Energy Starting Events (HESE) – 7.5 yr

No evidence for point 
sources, nor a correlation 
with the galactic plane
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Galactic Neutrino Searches

 31

IceCube tested HAWC sources … 
no significant excess observed 

Diffuse astrophysical neutrino flux 
cannot be attributed to Galactic 
sources / Galactic plane
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Heavy Dark Matter Decay
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Two flux contributions:   
Galactic and Extra galactic 

• Characteristics of the signal components:

• (1) Dark Matter decay in the Galactic 
Halo (Anisotropic flux + decay 
spectrum)

• Dark Matter decay at cosmological 
distances (Isotropic flux + red-shifted 
spectrum)

J. Stettner & H. Dujmovic [IceCube] PoS(ICRC2017) 923

‘Heavy-loop’

Garny, Ibarra, Tran, 
Weniger 1011.3786

Gravitino DM

Rott, Kohri, Park
1408.4575

example: B. Feldstein, A. Kusenko, S. Matsumoto, 
and T. Yanagida arXiv:1303.7320v1 / Phys.Rev. D88 
(2013) 1, 015004

Decay process might produce mono-
energetic neutrinos

equatorial



Carsten RottCarsten Rott GW astrophysics mini-workshop @Ewha Jan 14, 2019

Dark Matter Decay with IceCube

• Two IceCube analyses have been 
performed on independent data samples

• Track-like with six years of data

• Cascade-like with two years of data

 33

Bound on DM lifetime at ~1027s 
obtained with IceCube data for 

mDM>10TeV

J. Stettner & H. Dujmovic [IceCube] PoS(ICRC2017) 923
IceCube Collaboration arXiv:1804.03848v1

• Dark matter alone cannot explain the observed astrophysical neutrino flux in 
IceCube

• Scenarios with a PeV neutrino line became less attractive with IceCube’s 
observation of neutrino events well above this energy

Fermi-LAT

HAWC

Ice
Cube
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Search DM Decay with IceCube’s 
7years HESE Sample 
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• 7 years of IceCube’s HESE (High Energy Starting 
Events) Sample

• Events with energies above >60TeV

• Binned likelihood analysis

• Most competitive limits above 100TeV for a large 
number of channel

IceCube @ Neutrino 2018 / ICHEP 2018
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Multi-messenger Neutrino Astronomy and
IceCube-170922A

 35
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Transient Searches

 36

no coincidence found 

IceCube Collaboration - Nature Vol 484, 351 (2012)

• upgoing νμ track search – 
506 bursts in 4yrs
• all-flavor cascade search – 
257 bursts in 1yr

Burst data from Fermi-BAT and Swift 
provide precise time stamp and location

• Follow up on LIGO Gravitational Wave GW 150914

• No neutrino association observed

ANTARES Collaboration, IceCube Collaboration, LIGO Scientific
Collaboration, Virgo Collaboration [arXiv:1602.05411]
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GW170817
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LIGO/Virgo; Fermi; INTEGRAL; NASA/DOE; NSF; EGO; ESA.
NASA/STScI

We have a connection between gamma rays and gravitational 
waves…  
 GW170817/GRB170817A
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Gravitational Waves
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Imre Bartos Neutrino 2018

GW170817 
- binary neutron star inspiral
- followed by short GRB (observed 

by Fermi-GBM)
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Cosmic-ray - Neutrino Correlations
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ICRC 2017, https://pos.sissa.it/
301/961/

• No significant excess 
observed

• Interesting p-values seen 
in first analyses, but 
significance decreased 
(2015-2017)

• New more sensitive 
analyses coming up
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IceCube-170922A & TXS 0506+056

• 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

 40

Astropart. Phys. 92 (2017) 30

A&A 607 (2017) A115



Carsten RottCarsten Rott GW astrophysics mini-workshop @Ewha Jan 14, 2019

IceCube-170922A & TXS 0506+056
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Astropart. Phys. 92 (2017) 30

A&A 607 (2017) A115

First public ν Alert: IceCube-160427

• 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
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IC-170922A
 42
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IceCube-170922A & TXS 0506+056
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Astropart. Phys. 92 (2017) 30

A&A 607 (2017) A115

• September 22, 2017: a neutrino alert issued by 
IceCube

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

• Very active multi-messenger follow-up from 
radio to γ-rays
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IceCube-170922A
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(Science 361, eaat1378 (2018)

• Chance probability of a Fermi-IceCube 
coincident observation: ~3σ (determined 
based on the historical IceCube sample 
and known Fermi-LAT blazars)

• Time-integrated neutrino spectrum is 
approximately E-2.1

• TXS 0506+056 redshift 
determined to be z=0.3365 (S. 
Paiano et al. ApJL 854.L32(2018))

• Time-average luminosity about an order 
of magnitude higher than Mkn 421, Mkn 
501, or 1ES 1959+605
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IceCube-170922A
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Science 361 (6398), 147-151.

Time-independent weight of individual events during the IC86b period.

• 9.5 years of archival data was evaluated in 
direction of TXS 0506+056

• An excess o f 13±5 events above 
background was observed during Sep 2014 
- March 2016 

• Inconsistent with background only 
hypothesis at 3.5σ level (independently of 
the 3σ associated with IceCube-170922A 
alert)  
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Active Galactic Nuclei: Cosmic Accelerators?

SKKU Colloquium - Williams

X-ray: NASA/CXC/SAO; 
Optical: NASA/STScI; Radio: 
NSF/NRAO/AUI/VLA

NASA
ESO/WFI (Optical); MPIfR/ESO/APEX/
A.Weiss et al. (Submillimetre); NASA/CXC/
CfA/R.Kraft et al. (X-ray) - 

 46

http://chandra.harvard.edu/index.html
http://www.stsci.edu/portal/
http://www.nrao.edu/
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Distance scales …

 47

Type Distance
(Source) Events MM

Diffuse observation ~ Gpc ~10 / year (E>60TeV)

IC170922A observation
z~0.34 

TXS 0506+056 
(Blazar)

~1 (200TeV) +flare 
13±5 (~TeV) + orphans EM

Galactic plane limit ~10kpc 100GeV -  TeV 
(~hundreds)

gamma-ray - 
pion production

Optical follow up
z~0.02 (triplet) 

z~0.05 (doublet) 
z~1.1 (singlet)

background for triplet 
1/15 year optical follow up

Supernova
Burst sensitivity ~30 kpc
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Observation of Supernovae in Neutrino Follow-up
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IceCube/PTF/Swift/Pan-STARRS Astrophys.J. 811 (2015) no.1, 52

Optical Follow up resulted in the discovery of a Supernova Type IIn (z=0.0684) 
PTF12csy 0.2º  away from the neutrino alert direction. 
Causal connection is unlikely, explosion at least 158 days before neutrino observation
A posteriori significance of the detection is 2.2σ

Detection of a SN IIn in Optical Follow-up Observations of IceCube Neutrino Events
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Neutrino Triplet
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IceCube arXiv:1702.06131v1 IceCube arXiv:1702.06131v1

IceCube arXiv:1702.06131v1 (Astronomy & Astrophysics) 

Observation of a neutrino triplet event, optical follow up was triggered, no likely 
counterparts observed.
(Random neutrino triplet events occur every 13.6yrs)

Time since trigger ~22h
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Search for transient optical counterparts to high-energy IceCube
neutrinos with Pan-STARRS1

 50

High-energy neutrino production in 
Type Ic SNe has been postulated to 
be possible, as a result of diffusive 
shock acceleration of protons in 
relativistic jets powered by a central 
engine
PS16cgx - spectroscopic follow up 
indicates it is Type Ia
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Future Plans

 51



Carsten RottCarsten Rott GW astrophysics mini-workshop @Ewha Jan 14, 2019

Next generation 

 52

• IceCube has provided an amazing sample 
of events, but is still statistics limited

• Observed astrophysical flux is consistent 
with a isotropic flux of equal amounts of 
all neutrino flavors

• So far non of the analyses has shown 
any evidence for point sources

• Where are the point sources?

• What is the flavor composition?

• What is the spectrum? Cutoff?

• Transients ?

• Multi-messenger physics?

• GZK neutrinos?

• New physics or something unexpected  ?

• …

IceCube Gen2 Facility
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Next generation 

 53
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The IceCube Upgrade 
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First step to restart South Pole activities
- Tau neutrino appearance - Test unitarity 

of the PMNS matrix 
- Calibration devices 
- Platform to test new technologies 

“The IceCube Upgrade”  ~7strings

see also:
- PINGU LOI arXiv:1412.5106 
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Sungkyunkwan Ice Camera System
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- Ice 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

Special device Swedish Camera

Camera system key to comprehensive understanding of the detector medium
—> Retroactively analyze more than 10 years of IceCube data with substantially 
improved angular and energy resolution
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• High-energy astrophysical neutrinos have opened up a new window to the 
Universe

• What’s the origin of the high-energy neutrino

• Very strong bounds on dark matter scattering with nucleons

•  Very diverse science program, IceCube turns out to be a treasure throve 

• Neutrino astronomy is a central part of the multi messenger astroparticle physics 
field

• The IceCube Upgrade has just been approved and we can look forward to many 
exciting discoveries in the near future 
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Thanks

 57
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The IceCube Upgrade 
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IceCube extremely competitive for neutrino oscillation parameter 
measurements using atmospheric neutrinos
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A Tau Neutrino Candidate …

 59
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HESE 7.5yrs Tau Search

 60

Double cascade Event #1 Double cascade Event #2

“Bright” (saturated) DOMs not used in reconstruction
Direction and two reconstructed cascades are shown 
in dark gray

First evidence for high-energy tau neutrinos !!
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The global high-energy picture
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PeV Energy Partially-contained Events: PEPE

Contained cascades
Partially-contained 
Through-going tracks

candidate event

4.6 years (2012-2016) of data. One 
event is at Glashow bin

It is brighter than all IceCube PeV 
events even only partially-contained 
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The global high-energy picture

 62
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IceCube Upgrade

 63
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IceCube Gen2

 64

arXiv:1412.5106

Example 
geometry with 

120 strings
300m spacing

IceCube Coll. Gen2 LOI

Plan to use new sensor modules 

http://arxiv.org/abs/arXiv:1412.5106

