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  The TeV messengers

Dark Matter

  The future of Neutrino Telescopes

Neutrino properties



3h#p://icecube.wisc.edu/gallery

Most of the presented results are obtained by a great team of people 
capable of leaving forever a sign of their explorations in the South Pole ice!

The `eyes’ of IceCube



M. Rameez - Université de GenèveElba, 2014
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10 countries, 40 institutions, ~260 collaborators

http://icecube.wisc.edu



…neutrinos from the cosmos
photon arrival!
timings:!
red - early!
yellow!
orange!
green!
blue  - late
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γ
ϒ

Main Physics Themes

Theme 2: Fundamental Physics
!
‣what is the nature of dark matter and where it is located? 	


‣Neutrino oscillations and hadronic interactions (kaons, charm)	


‣Is the speed of light a constant for high energy neutrinos (VLI)	


!

!
‣what are the sources of the huge luminosity we observe 

in photons and cosmic rays?	


‣how do the accelerators work? gamma-ray bursts, black 

holes, SNRs	


‣magnetic fields in the local environment and in sources	



Theme 1: Cosmic Particle Acceleration  



Juan A. Aguilar - Université de Genève

South Pole Station

Skiway

IceCube outline Geographic South Pole

The IceCube observatory
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The IceCube Observatory

‣ 5160 PMTs 

‣ 1 km3 volume 

‣ 86 strings 

‣ 17 m PMT-PMT 
spacing per 
string 

‣ 125 m string 
spacing 

‣ Completed 2010

50 m

1450 m

2450 m 

2820 m

IceCube Array
 86 strings including 8 DeepCore strings 
5160 optical sensors

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

Eiffel Tower
324 m 

IceCube Lab
IceTop
81 Stations
324 optical sensors

Bedrock

Amanda II Array
(precursor to IceCube)

IceCube Array
 86 strings including 8 DeepCore strings 
5160 optical sensors

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

81 Stations
324 optical sensors

Bedrock



muon β∼1

3D matrix of ‘eyes’

Deep ice is a dark transparent medium

neutrino

!
interaction

1 every million events interacts producing a 
detectable muon 

41deg



Northern 
Sky

atmospheric µ 

  ν induced µ 

Neutrino Signal and Background

atmos ν

cosmic ray

atmospheric μ

signal ν

cosmic ray

atmospheric background

Southern Sky
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108 muon events/day*

* IceCube trigger rate 
**IceCube analysis level/day

200 neutrino events/day**



… each Digital Optical Module independently collects light 
signals like this, digitizes them, 

!
!
!
!
!
!
!
!
!
!
!
!
!
…time stamps them with 2 nanoseconds precision, and 

sends them to a computer that sorts them events…













17

Indirect Searches for Dark Matter
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Dark Matter Searches in IceCube





Various analyses looking at different source distributions
Various Potential Dark Matter Signals

‣ Galactic Halo: 
• IC22 PRD 8 (2011) 

022004 

‣ Galactic Center: 
• IC79 in preparation 

‣ Dwarf spheroids: 
• IC59 PRD 88 (2013) 

122001 
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Neutrinos from WIMP annihilations in the Sun
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• Sun is a down-going source 
during austral summer	



• Sun is an up-going source 
during austral winter

χ

ν ν ν ν

Earth

317 days of livetime, down to neutrino energies of ~10GeV!
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• Assume : Capture and annihilation have reached equilibrium in the Sun -> 
Set limits on WIMP-nucleon scattering cross section	



• Translation into Direct detection parameter almost model indepdent	


• Most stringent SD cross-section limit for most models 

90% CL χ-p cross-section (spin-independent)
90% CL χ-p cross-section (spin-dependent)

Neutrinos from WIMP annihilations in the Sun

IceCube, PRL 110 (2013) 131302



Neutrino Oscillations with IceCube

23Neutrino 2014 conference



The FUTURE
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PINGU
Further in-fill of deep core.	


Lower the energy threshold few GeV	


Oscillations and Neutrino Mass Hierarchy 
Dark Matter 



The Future (contd)
An extended surface array 

would increase veto coverage 
of IceCube  

For HESE-3 flux

~75% increase in rate >100TeV

Surface array   to 5 km
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• cosmic  
  neutrinos: 
  energy  
       > 100 TeV 
!

• atmospheric 
  background: 
  1~2 events 
  per year

atmospheric      neutrino cosmic

Diffuse Fluxes of Neutrinos



Evidence : Upgoing Muons in IceCube 79 and 86-1 
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Standard through going-muon diffuse analysis

‣The best-fit astrophysical flux:!

‣The bkg-only hypothesis is disfavored: 

1.01 ⨉ 10-8 E-2 GeV cm-2 s-1 sr-1

3.9σ , 659 d



Some Hints : 1. Cascades in IceCube 40
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IceCube 40 Cascades!

Bkg only hyp disfavored at: 2.4σ

Other Measurements :!

Atmospheric νe and νμ fluxes	


Phys. Rev. Lett. 110,151105 (2013) and 
Phys. Rev. D 83, 012001 (2011) 



Some Hints: 3. PeV Neutrinos
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1.1 +/- 0.2 PeV

Ernie

Spans over  
~ 600m 

1.0 +/- 0.2 PeV
time

Bert
• Two very interesting 

cascade events found in 
IceCube (IC79/IC86)	



• Analysis targeting much 
higher energy all flavor 
neutrinos (related to 
GZK cutoff)	



• Expected background: 
0.08 ± 0.05	



• Significance:

Too low in energy for GZK	


Too high in energy for 

atmospheric

2.8σ

IceCUbe PRL111 (2013)



Milestone 3: veto background

!

"

μ Veto

✘

μ

νμ

✓✘
arXiv:0812.4308

Vetoes

Muon Veto efficiency tagged on data 6 ± 3.4 muons per 2 years
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Estimated background:	


‣ 6.6+5.9-1.6 atm. neutrinos	


‣ 8.4±4.2   atm. muons

up-going
dow

n-going

28 cascade-like events	


10o – 45o ang. resolution	


15% visible energy resolution

Ernie
Bert

Big	


Bird

High Energy Starting Events (HESE): 3 YEARS

9 track-like events	


1o ang. resolution	


Muon takes some energy away

37 EVENTS

5.7σ full likelihood fit of all components

IceCube arXiv:1405.5303
0.95 ± 0.3 ⨉ 10-8 E-2 GeV cm-2 s-1 sr-1



Or: “zenith Distribution” because we are at the South Pole

Declination Distribution

‣ Compatible with 
isotropic flux 

‣ upgoing events 
absorbed in Earth 
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IceCube Preliminary
ßEarth absorptionà



Multi-Messenger approach
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๏ GAMMA-RAYS	


They point to the sources but they get absorbed 
and have multiple emission mechanisms.	


Also produced by leptonic acceleration, inverse 
Compton and synchrotron emission

Earth

ν
ν

ν
ν

ν
ν

ν

ν

ν

p

γ

γ

γ

p

AGN, SNRs, GRBs,..

black hole

air shower

๏NEUTRINOS	


They are neutral and weak 
particles: point to the source 
carrying information from the 
deepest parts.

๏COSMIC RAYS	


Deflected by magnetic fields 
(E < 1019 eV)



galactic  
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410 photons 
of 2.7 K per cm3 

or  
10-12 erg cm-3  
~ 0.5 eV cm-3  

galactic  
cosmic rays 

10-12 erg cm-3 

extragalactic  
cosmic rays 

3x10-19 erg cm-3 
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TeV domain



Supernova Remnants in the TeV

 Fit of spectra prefer GeV 
pions (Fermi Agile)

Fermi, Science 15 Feb 2013

MAGIC, arXiv:1201.4074v2

SNR

molecular cloud

> 1 TeV

30 kyrs and 5.5 kpc

Indirect evidence of protons: clouds.

? Emax = Z x 100 TeV < Eknee ? 



or p + p

Kelner et al. 2006 and 2008

The gamma-ray liaison



Cygnus region in neutrinos
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•6 TeV associations with supernova 
remnants based on Milagro observations. 	


•p-value of 2% a posteriori in IC40.	


•Evolved from under-fluctuation in IC59 and 

20% in IC59+IC79.	


•p-value in IC86+IC79+IC59: 1.99%

*F. Halzen, A. Kappes and A. O’Murchadha (Phys. Rev. D78:063004, 2008)

STACKING

Source 1 Source 2 Source 3

r.a.

de
cli

na
tio

n

*

p-value: 1.99%

Most Significant Deviation



Neutrinos coincident with GRBs?
IceCube

ν

Gamma-ray	


satellites

GRB timing/localization information	


from correlations among satellites

γ, ν

IC40, IC59,	


IC79, IC86-1	


506 GRBs 
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++→+ πγ np

decays to a PeV neutrino

decays to cosmic ray

GRB: one neutrino 
per cosmic ray 
observed 
disfavored by 
IceCube



Diffuse fluxes



WB	
  upper	
  bound

Diffuse fluxes



Starburst	
  Galaxies?

Diffuse fluxes
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shower events	


p-value: 7%

all events	


p-value: 84%

No significant clustering observed 3 years

(all p-values are post-trial)

Where do the HESE come from?

arXiv:1405.5303



We fit a E-2 - like spectrum at the level of the expected 
upper bound on cosmic neutrinos from measured CRs	


Neutrinos play a relevant role for DM searches

Thank You for your attention


