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muon track: color is time; number of photons is energy 
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IceCube / Deep Core 

Digital Optical Module (DOM) 

• 5160 optical sensors 
    between 1.5 ~ 2.5 km 
 
• 10 GeV to infinity 
 
• < 0.4 degree muon track 
    ~ 10 degree shower 
 
• < 15% energy resolution 

 
 

 
 

completed December 2010 



… you looked at 10msec of data ! 
 
muons detected per year: 
 
• atmospheric*    µ                ~ 1011 
 

• atmospheric**   ν  µ          ∼ 105 
 

• cosmic              ν  µ         ∼  10 
 
 
 

* 3000 per second               ** 1 every 6 minutes  
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cosmic neutrinos in 2 years of data at 3.7 sigma 



above 100 TeV 
 

• cosmic  
  neutrinos: 
   
• atmospheric 
  background 
  disappears 

atmospheric      neutrino cosmic 
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per year for fully 
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muon neutrinos through the Earth  5.6 sigma 
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after 7 years: 3.7  6 sigma 

2.13 

0.9 








astronomy here: through-going muons with resolution 
0.2~0.40 



highest energy νµ: astronomy with best resolution ! 



doubled the data 
since 2013 

2004 TeV event in year 3 



cosmic rays interact with the 
microwave background 

0ππγ ++→+ + pandnp

TeV102E 6×≥υ

cosmic rays disappear, neutrinos with 
EeV (106 TeV) energy appear 

  0.7 events per year in IceCube 
                   ...but it points at its source! 



1607.05886 



GZK neutrino search: two neutrinos with > 1,000 TeV  

Vorführender
Präsentationsnotizen
Ernie-2.mp4






tracks and showers 

PeV νe and ντ showers: 
• 10 m long 
• volume ~ 5 m3 

• isotropic after 25~ 50m 



Vorführender
Präsentationsnotizen
IceCube has allowed scientists to launch a hunt for some of the most elusive particles in our universe, neutrinos. These high-energy neutrinos give us an exclusive way to study powerful cosmic engines like exploding stars and black holes. This illustration shows one of the highest energy neutrino events ever measured super-imposed on the Mendota lakefront to give a sense of the enormous size of the IceCube detector.





• energy 
 

  1,041 TeV 
  1,141 TeV 

(15% resolution) 
 

• not atmospheric: 
 probability of 
no accompanying  
muon is 10-3 per 
event 

 
 flux at present 
     level of diffuse 

     limit 
     



  select events interacting 
      inside the detector only 
 
 no light in the veto region 
 
 veto for atmospheric 
    muons and neutrinos 
    (which are typically accom- 
    panied by muons) 
 
 energy measurement: to- 
     tal absorption calorimetry 
 



E2Φ(E) = 
(3.6±1.2)·10−8 GeVcm−2s−1sr−1 

atmospheric ν 
  and µ 

total charge 
collected 

by PMTs of 
events with 
interaction 
inside the  
detector 

Science 342 (2013)  
1242856 
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after 6 years: 3.7 6.0 sigma 



neutrinos of all flavors 
interacting inside 

IceCube 

confirmation! 
flux of muon neutrinos 

through the Earth 

3 year 
> 5σ 
4 year 

7 sigma 
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flux < 1% of astrophysical  
neutrino flux observed 

Nature 484 (2012) 351-353 







2 year HESE 



3 year HESE 



4 year HESE 

where do they come from? 



Galactic 

correlation with Galactic plane: TS of 2.5% for a width of 7.5 deg 



e τ 

µ 
oscillate over cosmic 

distances to 1:1:1 



• we observe a diffuse flux of neutrinos from 
extragalactic sources 
 

• a subdominant Galactic component cannot be 
excluded 
 

• where are the PeV gamma rays that accompany 
PeV neutrinos? 
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ν and γ beams : heaven and earth 
accelerator is powered by 
large gravitational energy 



hadronic gamma rays ? 
π+ = π- = π0 





cosmic 
neutrinos 

Fermi 
gammas 

E-2.15 



energy in the Universe in gamma rays, neutrinos and cosmic rays 



• we observe a flux of cosmic neutrinos from the 
cosmos whose properties correspond in all 

     respects to the flux anticipated from PeV-energy 
     cosmic accelerators that radiate comparable  
     energies in light and neutrinos 
 
• the energy in cosmic neutrinos is also comparable 

to the energy observed in extragalactic cosmic rays 
(the Waxman-Bahcall bound) 
 

• at some level common Fermi-IceCube sources? 
 
 

 



active galaxy 
 
particle flows near 
supermassive 
black hole 



radiogalaxies 
Tjus et al. 
Hooper 



QUASARS  
Loeb 



• there is more 



towards lower energies: a second component? 

atmospheric C.R. muons cosmic ν 

PeV neutrinos 
absorbed in the Earth 

warning: 
• spectrum may not be a power law 
• slope depends on energy range fitted 





up-going νµ 

yet lower energies…. 
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• a next-generation IceCube with a volume of 10 km3  
    and an angular resolution of < 0.3 degrees will see  
    multiple neutrinos and identify the sources, even  
    from a “diffuse” extragalactic flux in several years 
   
• need 1,000 events versus 100 now in a few years 
 
• discovery instrument  astronomical telescope 



 220m  

 >100m  

most transparent medium 
in nature, and in the lab 

absorption length of Cherenkov light 



DeepCore IceCube NGIceCube (1/2/3) 

Spacing 1  (120m): 
IceCube (1 km3)  
+ 98 strings (1,3 km3)  
= 2,3 km3  

 
Spacing 2 (240m):  

IceCube  (1 km3)   
+ 99 strings (5,3 km3)  
= 6,3 km3  

 
Spacing 3 (360m):  

IceCube  (1 km3)  
+ 95 strings (11,6 km3)  
= 12,6 km3  

(increase in threshold not important: only eliminates energies 
where the atmospheric background dominates) 

measured optical properties  twice the string spacing 



Conclusions 
 
• more to come from IceCube: many analyses have not exploited 

more than one year of data 
 

• analyses are not in the background-dominated regime 
 
• next-generation detector(s): 
 
   1. discovery  astronomy (also KM3NeT, GVD) 
   2. neutrino physics at (relatively) low cost and on short 
            timescales (PINGU/ORCA) 
   3. potential for discovery 
 
• neutrinos are never boring! 
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