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Figure 27.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [88–99,101–104].

giving a result for the all-particle spectrum between 1015 and 1017 eV that lies toward
the upper range of the data shown in Fig. 27.8. In the energy range above 1017 eV, the
fluorescence technique [100] is particularly useful because it can establish the primary
energy in a model-independent way by observing most of the longitudinal development
of each shower, from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light absorption in the
atmosphere and the calculation of the detector’s aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic origin, the knee could
reflect the fact that most cosmic accelerators in the galaxy have reached their maximum
energy. Some types of expanding supernova remnants, for example, are estimated not to
be able to accelerate protons above energies in the range of 1015 eV. Effects of propagation
and confinement in the galaxy [106] also need to be considered. The Kascade-Grande
experiment [98] has reported observation of a second steepening of the spectrum near
8 × 1016 eV, with evidence that this structure is accompanied a transition to heavy

December 18, 2013 11:57

▸ Over the last century we have been measuring cosmic rays 

▸ We have measured the spectrum and composition over a wide energy  
range  

▸ But we don’t know where they come from or understand the 
production/acceleration mechanisms

PRD 86: 010001 (2013)
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▸ Extreme environments 
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The IceCube Neutrino Observatory
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IceCube @ DESY
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▸ Origin and properties of cosmic neutrinos: M. Ackermann, M. 
Usner, F. Bradascio, J. Stachurska, J. van Santen 

▸ Multi-messenger follow-up: E. Bernardini, A. Franckowiak, T. 
Kintscher, M. Kowalski, K. Satalecka, A. Stasik, N. Strotjohann 

▸ Cosmic rays & IceTop upgrades: T. Karg, S. Kunwar 

▸ Oscillations, sterile neutrinos: S. Blot, A. Terliuk 

▸ Gen2 R&D/Sensitivity: D. Hebecker, T. Karg, S. Kunwar, M. 
Kowalski, J. van Santen

5 permanent scientists, 4 postdocs, 8 PhD students 



Detection of astrophysical neutrinos
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▸ Astrophysical neutrinos detected  

▸ Νo clustering of sources yet observed or correlation with 
any source catalogs so far 

▸ Many other interesting things to do with these neutrinos…

2 PeV “Big Bird”

Phys. Rev. Lett. 113, 101101 (2014)

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.101101


Flavour content of astrophysical neutrinos

13arXiv:1510.05223 

νe

ντ

▸ Test neutrino production mechanisms

Pion decay
Neutron decay

Muon damping νμ



approach and problems
previous analyses more or less sensitive to tau neutrinos: 

๏ cascade to track ratio (HESE) 
๏ double pulse analysis (Donglian) 
๏ explicit reconstruction (this analysis)

5

IceCube event topologies

Typical double bang
(E�� ⇡ 1PeV, �� ⇡ 50m)

Single cascade
(CC �e or NC ��)

Track (CC �� or
atmospheric muon)

Main challenge of �� identification is distinguishing from single-cascade
events (i.e. resolving the two separated cascades)

Patrick Hallen (IIIB) Tau Neutrinos in IceCube November 22, 2013 6 / 32
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(simulated single cascade at ~1 PeV) (simulated double cascade at ~1 PeV)

Marcel Usner | Search for Tau-Neutrino Induced Double Cascades in 5 Years HESE

ντνe

Flavour content of astrophysical neutrinos

14arXiv:1510.05223 

▸ Test neutrino production mechanisms

Pion decay
Neutron decay

Muon damping

νe

ντ

νμ

Reality @ 1 PeV



Detection of Astrophysical Tau Neutrinos
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▸ New reconstruction method developed for ντ detection 

▸ Rejection of “no ντ“ at 2σ with 6 year data set 

▸ Break degeneracy in flavour triangle

DESY: M. Usner, J. Stachurska
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Multi-messenger program
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Ackermann et al. arXiv:0709.2640  
IceCube A&A 539, A60 (2012)  
IceCube arXiv: 1610.01814



Realtime Alerts
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Realtime Systems paper: https://arxiv.org/pdf/1612.06028.pdf

DESY: E. Bernardini, A. Franckowiak, T. Kintscher, M. Kowalski, K. 
Satalecka, A. Stasik, N. Strotjohann

▸ Public alert system for follow-up program running for ~1 year now 

▸ Last alert just under 2 weeks ago 

▸ Event selection/filters managed by DESY

Multiplet paper: https://arxiv.org/pdf/1702.06131.pdf

https://arxiv.org/pdf/1612.06028.pdf
https://arxiv.org/pdf/1702.06131.pdf


Realtime Alerts
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Realtime Systems paper: https://arxiv.org/pdf/1612.06028.pdf

DESY: E. Bernardini, A. Franckowiak, T. Kintscher, M. Kowalski, K. Satalecka, A. 
Stasik, N. Strotjohann

▸ Automatic alert system for follow-up program running for 
~1 year now

Date: 2017-03-12  
Time: 13:49:39.8 UTC  
RA: 305.15 deg (<+/- 0.5  ra uncertainty> deg  90% PSF containment) J2000  
Dec: -26.61 deg (<+/- 0.5 dec uncertainty> deg 90% PSF containment) J2000   

Additionally, after closer inspection of the event details, it shows signs of being consistent with rare 
atmospheric muon background events that are expected from the event selection

https://arxiv.org/pdf/1612.06028.pdf


Multi-messenger program
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High-energy neutrino follow-up search of gravitational wave event GW150914 with 
ANTARES and IceCube
S. Adrián-Martínez et al. (Antares Collaboration, IceCube Collaboration, LIGO Scientific Collaboration, and Virgo Collaboration)
Phys. Rev. D 93, 122010 – Published 23 June 2016

▸ Also works vice versa 

▸ Take alerts from other experiments and look for neutrinos 



Recent highlights: Neutrino oscillations
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▸ Use atmospheric neutrinos to measure neutrino oscillation 

▸ Flavour eigenstate ≠ mass eigenstates & m1≠m2≠m3:

Pνα ->να = sin2θ23sin2(Δm232L / 4E)

X +  νe ,μ

π,K…
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Recent highlights: Neutrino oscillations
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▸ Improvements to reconstruction and event selection lead 
to significant gains in oscillation measurements



Recent highlights: Neutrino oscillations
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▸ Search for sterile neutrinos using 3 y of DeepCore data 

▸  “Golden selection” with direct photons 

▸ Results independent of the sterile neutrino mass splitting

Submitted to PRD, https://arxiv.org/abs/1702.05160
DESY: S. Blot, A. Terliuk

https://arxiv.org/abs/1702.05160


IceTop Upgrade

▸ Snow build-up on IceTop 
reduces sensitivity for 
cosmic ray studies 

▸ Deploy scintillator panels 
next season at south pole 
to calibrate out snow 
effects and improve 
energy reconstruction 

▸ DESY developing DAQ

DESY: T. Karg, S. Kunwar 24



Upgrade to IceCube Gen2
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▸ Goal: 

▸ 5x better sensitivity to 
detect point sources 

▸ 10x more statistics

MeV - EeV energies

▸ Larger instrumented volume 

▸ Surface array for veto/air shower physics 

▸ Denser center (PINGU) for precision 
neutrino physics 

▸ Radio array



IceCube Gen2 - Phase 1

▸ First step towards IceCube 
Gen2 construction 

▸ Three primary purposes 

▸ High impact neutrino  
physics 

▸ In-situ R&D of new photon 
sensor technologies 

▸ Deployment of new calibration 
devices 

DESY: 
(High energy) M. Kowalski, M. Ackermann, J. van Santen 
(Low energy) A. Terliuk, S. Blot 
(Hardware) D. Hebecker, T. Karg, S. Kunwar 26
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▸ First step towards IceCube 
Gen2 construction 

▸ Three primary purposes 

▸ High impact neutrino  
physics 

▸ In-situ R&D of new photon 
sensor technologies 

▸ Deployment of new calibration 
devices 



• more sensitive area per $  
• Small diameter 
• Lower noise rate

Timo Karg  |  mDOM & WOM Prototype Development  |  27 July 2015  |  Page  

WOM Concept

>Basic concept 
! Wavelength shifters (WLS) 

! Light concentration 

> Features 
! Better UV sensitivity 

! Large collection area 

! Low noise rate (few Hz) 

! Cost effective

3

see also PoS(ICRC2015)1134

substrate

matrix

wavelength-
shifter

small PMT

adiabatic
light guide

wavelength shifter
coated cylinder

pressure housing

11 cm

WOM

IceCube Gen2 - Phase 1

DESY: 
(High energy) M. Kowalski, M. Ackermann, J. van Santen 
(Low energy) A. Terliuk, S. Blot 
(Hardware) D. Hebecker, T. Karg, S. Kunwar 28

• Directional information  
• More sensitive area per 

module

mDOM

Timo Karg  |  mDOM & WOM Prototype Development  |  27 July 2015  |  Page  

Data Acquisition Concept – mDOM
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sensor technologies 
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• UV calibration device 
• Development at DESY/

Humboldt U.

▸ First step towards IceCube 
Gen2 construction 

▸ Three primary purposes 

▸ High impact neutrino  
physics 

▸ In-situ R&D of new photon 
sensor technologies 

▸ Deployment of new calibration 
devices 
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IceCube Neutrino Observatory is a great tool for  
Neutrino AstroParticle Physics 

With GeV - PeV neutrinos, making significant impact and 
discoveries in various sub-fields 

DESY scientists play a leading role in IceCube 
operation/analysis and development of IceCube Gen2 



BACKUPS
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Astrophysical neutrino flux
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Jakob van Santen - Neutrino Astrophysics at DESY

6-year steady point source search 33
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event signatures

34Marcel Usner | Search for Tau-Neutrino Induced Double Cascades in the IceCube Detector

double bang

⌫⌧ + N ! ⌧+ X

⌧ ! X + ⌫⌧

cascade

⌫e + N ! e + X

⌫f + N ! ⌫f + X

track

⌫µ + N ! µ+ X

atmospheric µ



why is the flavor ratio interesting?

35Marcel Usner | Search for Tau-Neutrino Induced Double Cascades in the IceCube Detector

pion decay: 1:2:0

muon damping: 0:1:0

charm decay: 1:1:0

⇡ ! µ+ ⌫µ

µ ! e + ⌫e + ⌫µ

⇡ ! µ+ ⌫µ

Xc ! X + µ+ ⌫µ

νe:νµ:ντ at source

neutron decay: 1:0:0
n ! p + e + ⌫e

Xc ! X + e + ⌫e
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Lukas Lechner |  Constraints on New Physics from Measurements of the Neutrino Flavor Composition in IceCube |  Jan 26th 2017 |  Page 6

> Neutrino sources

� Pion decay (1 : 2 : 0)

� Neutron decay (1 : 0 : 0)

Neutrino Vacuum Oscillations

� Muon damping (0 : 1 : 0)

� Charmonium decay (1 : 1 : 0)

0° < 𝛿𝐶𝑃 < 360° 𝛿𝐶𝑃 = 0°

L. Lechner (TU Wien/DESY)

νe:νµ:ντ at Earth



Jakob van Santen - Neutrino Astrophysics at DESY

Cascade reconstruction: energy 36

J. Inst 9 (2014) P03009



Jakob van Santen - Neutrino Astrophysics at DESY

Deposited-energy resolution for showers in IceCube37

J. Inst 9 (2014) P03009



Detector paper
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▸ Summary of detector systems and operations is on the 
arXiv in December 2016, accepted by JINST 



Realtime Alerts
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Updated numu disappearance
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Updated numu disappearance
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Multiplet 
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▸ Feb 17, 2016 observed 
3 muon neutrino 
candidates within 100 s 

▸ Expected from 
background (random 
coincidence) once 
every ~14 years 

▸ Given lifetime of rollup-
program, p=35%



Realtime Alerts
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Jakob van Santen - Neutrino Astrophysics at DESY
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New optical module designs
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D-Egg

• Directional information 
• More sensitive area per 

module 
• Smaller geometry  

Dual optical sensor in an Ellipsoid 
Glass for Gen2 

3 

Φ = 300 mm 

 30 cm 

• Directional information  
• More sensitive area per 

module

mDOM
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WOM Concept

>Basic concept 
! Wavelength shifters (WLS) 

! Light concentration 

> Features 
! Better UV sensitivity 

! Large collection area 

! Low noise rate (few Hz) 

! Cost effective

3

see also PoS(ICRC2015)1134

substrate

matrix

wavelength-
shifter

small PMT

adiabatic
light guide

wavelength shifter
coated cylinder

pressure housing

11 cm

LOM

• Small diameter 
• Directional info. 
• More area per 

module

DESY: D. Hebecker, T. Karg, S. Kunwar, J. von Santen



IceCube Gen2-Phase1
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IceCube Gen2-Phase1
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x2 photons  



PINGU
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PINGU
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PINGU
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Preliminary timeline
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2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 … 2032

Today
Surface air shower

PINGU

ConstructionR&DR&D Design & Approval


