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•  why would you want to build a 
    a kilometer scale neutrino detector? 
 
•  IceCube: a cubic kilometer detector 
 
•  the discovery (and confirmation) of 
    cosmic neutrinos 
 
•  from discovery to astronomy 
 

IceCube.wisc.edu 



	
  

…	
  
	
  

IceCube has observed a flux of neutrinos from the cosmos of PeV 
(1,000 TeV) neutrinos that is “at the level” of the astronomical 

gamma ray flux. We thus established that neutrinos play a role 
similar to photons in the high-energy non-thermal universe. 
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particle flux 
in the Universe PeV photons? 
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γ + p→ n+π +

GZKneutrino



cosmic rays interact with the 
microwave background 

0ππγ ++→+ + pandnp

TeV102E 6×≥υ

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

€ 

π →µ +υµ →{e +υµ +υe}+υµ

  1 event per cubic kilometer per year 
        ...but it points at its source! 



 input: 
 cosmic ray 

protons 

output: 
neutrinos produced in 

interactions with 
microwave photons 

~1 event per year in 
 IceCube 
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•  conclusions 
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•  dimensional analysis, difficult to satisfy 

•  accelerator must contain the particles 



the sun constructs an accelerator 

coronal mass 
 ejectionà 

 10 GeV protons 



galactic  
cosmic rays 

10-41 erg/cm3 
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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  



supernova 
remnants      HESS 



…and if the star collapses to 
a black hole… 

gamma ray burst 

ü  happens in seconds 
     not thousands of year 
 
ü  beamed along the spin 
     axis of the black hole 
 
ü  simulation not image 

ü  ? IceCube, Nature 2011  



fireball	
  calcula+ons	
  challenged	
  
Nature	
  484	
  (2012)	
  351-­‐353	
  



++→+ πγ np

decays to a PeV neutrino 

decays to cosmic ray 

GRB: one neutrino per cosmic ray observed 
                  à ruled out by IceCube 

neutrinos and neutrons 
are produced in the 

interactions of fireball 
protons with 

synchrotron photons 

protons are trapped 
in the expanding fire- 
ball and lose energy 





gamma ray burst are not the origin of the 
cosmic neutrinos observed by IceCube 



active galaxy 
 
particle flows near 
supermassive 
black hole 
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radiation 
and dust 

black hole 
neutron star	



                à p + π0	


	

 ~ cosmic ray + gamma	



	



NEUTRINO BEAMS: HEAVEN & EARTH

Neutrino Beams: Heaven & Earth 

	


p + γ à n + π+	



	


~ cosmic ray + neutrino 	



ν and γ beams : heaven and earth 
accelerator	
  is	
  powered	
  by	
  
large	
  gravita+onal	
  energy	
  



Φν ≡
dN
dE

≈
1
E 2



•  cosmic  
  neutrinos: 
  energy  
       > 60 TeV 

•  atmospheric 
  background: 
  1~2 events 
  per year 

atmospheric      neutrino cosmic 
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M. Markov 
1960 

        B. Pontecorvo 

M.Markov : 
we propose to install detectors  
deep in a lake or in the sea and  

to determine the direction of  
charged particles with the help  

of Cherenkov radiation. 



muon 

•  lattice of photomultipliers 

•    shielded and optically 
    transparent medium 
•    muon travels from 50 m 
    to 50 km through the 
    water at the speed of light 
    emitting blue light along 
    its track 
 

neutrino 

 
interaction 





93 TeV muon 



energy measurement ( > 1 TeV ) 
 

convert the amount of light emitted 
to measurement of the muon 
energy (number of optical modules, 
number of photons, dE/dx, …) 



improving angular and energy resolution  



 3 kilometers of ultra-transparent ice 



IceCube:	
  transforms	
  1	
  km3	
  of	
  natural	
  
Antarc+c	
  ice	
  into	
  a	
  Cherenkov	
  detector	
  



2 days per hole 
3.5 cm/second 

drilling and deployment 
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IceCube Site 

      nozzle delivers à 
•  200 gallons per minute 
•  7 Mpa 
•  90 degree C 
à 4.8 megawatt heating plant 





main 
board 

LED 
flasher 
board 

HV board 

architecture of independent DOMs 
 

    10 inch pmt 



… 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… 



cosmic ray 

muons 
and 

neutrinos 

…K, charm 





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

•  atmospheric**   ν à µ          ∼ 105 

•  cosmic              ν à µ         ∼  10	



* 2700 per second                ** 1 every 6 minutes 	

	







… for science and for the experimental accomplishment of building IceCube … 



IceCube / Deep Core	



Digital Optical Module (DOM)


•  5160 optical sensors 
    between 1.5 ~ 2.5 km 
•  10 GeV to infinity 
•  < 0.5 degree on-line 
    < 0.3 degree off line 
    for muons 
    (10~15 degrees for 
      showers) 
•  < 15% energy resolution 

 
 

completed December 2010 
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cosmic rays interact with the 
microwave background 

0ππγ ++→+ + pandnp

TeV102E 6×≥υ

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

€ 

π →µ +υµ →{e +υµ +υe}+υµ

  1 event per cubic kilometer per year 
        ...but it points at its source! 



GZK neutrinos:     > 41,000 photons near the horizon 
        > 300 channels 

unblinding: 2 events in the signal region 





tracks and showers 

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

•  isotropic after 25~ 50m 





size = energy                       color = time = direction 





digital optical module 44 on string 20 only 



•  energy 
 

  1,041 TeV 
  1,141 TeV 

(15% resolution) 
 

•  not atmospheric: 
 probability of 

no accompanying  
muon is 10-3 per 

event 

à flux at present 
     level of diffuse 

     limit 
     



•  find more contained 
  events (420 Mton) 
 
•  total calorimetry 

•  complete sky coverage 
 
•  flavor determined 

•  some will be muon 
  neutrinos with good 
  angular resolution 
 
loss in statistics is compensated by event definition 
 
 
 



atmospheric neutrinos are 
accompanied by muons from 

the shower that produced them: 
none seen 

 
(also, no signals in IceTop) 





data: 86 strings one year 

…and then there  
were 26 more… 
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data: 86 strings one year 

…and then there  
were 26 more… 
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high energy 



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 



•  cosmic  
  neutrinos: 
  energy  
       > 60 TeV 

•  atmospheric 
  background: 
  1~2 events 
  per year 

atmospheric      neutrino cosmic 



3 years 
astro-ph 
1405.5303 



1965 
 

cosmic ray 
muons 

and  
atmospheric 

neutrinos 

CWI 

KGF 

2013	
  atmospheric	
  and	
  	
  
	
   	
   	
   	
  	
  	
  	
  	
  	
  cosmic	
  neutrinos	
  



3	
  years	
  

ßEarth absorptionà 



diamonds: muon tracks (0.4 degree resolution) 
circles     : electromagnetic showers 
                : energy 

       : angular resolution 



agrees with 
signal, not 

background 

absorption in 
the Earth 

after shower 
veto 
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same plot animated: 
 
•  events versus background as a 

function of energy 
 
•  cuts from > 30 TeV (all events) to until 

only PeV events remain 
 
•  background disappears ~ 60 TeV 
 





•  confirmation ? 
  

IceCube.wisc.edu 

icebound neutrinos 



µ	



•  lattice of photomultipliers 

•    shielded and optically 
    transparent medium 

ν	



µν
ν

µ
νµ σ

λ

λ
RnP ==→



neutrinos	
  of	
  all	
  flavors	
  
interac+ng	
  inside	
  

IceCube	
  

confirma+on!	
  
flux	
  of	
  muon	
  neutrinos	
  

through	
  the	
  Earth	
  



highest energy muon energy observed: 560 TeV 
à PeV energy neutrino 



the high energy neutrino flux: atmospheric and cosmic 
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the spectrum	
 Γ=2.3±0.3 	


inc. prompt	


IceCube 
1405.5303	


E2�(E) = 1.5� 10�8(E/100 TeV)�0.3 GeV cm�2 s�1 sr�1
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pγ vs pp	


p + p� N� + Xp + � � N� + X

E2Φ	


E	


p	


ν	


tracks photon target spectrum	


E2Φ	


E	


p	


ν	


tracks cosmic ray spectrum	
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p+γ→ n+π 0

pγ	





external shocks versus cosmic ray reservoirs	


2014.7.12	
 77	


Gamma-Ray 
Burst	


Starburst 
Galaxy	


Cluster of 
Galaxies	


pp	


pγ	


target 
density 
too low 



nearest star forming region in Cygnus 

also, 8-year AMANDA data: 2.3 sigma 



Γ=2.15	


the non-thermal Universe is hadronic ! 



IceCube: the discovery of cosmic neutrinos 
francis halzen 
  
•  cosmic ray accelerators 

•  IceCube a discovery instrument 

•  the discovery of cosmic neutrinos 

•  where do they come from? 
 
•  beyond IceCube 

IceCube.wisc.edu 



where do they come from (3 year data)? 

hottest spot 7.2%: consistent with diffuse flux with fllavor 1:1:1? 



Galactic 

correlation with Galactic plane: TS of 2.8% for a width of 7.5 
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Galactic vs cosmological ?	


~ 10kpc Galactic sources are NOT likely the main origin	


F �
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If sources were Galactic, they should dominate the cosmological	
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20 sources at 
this level add 

up to the 
astrophysical 

flux 

2 sources at 
this level add 

up to the 
astrophysical 

flux 

Southern Sky Northern Sky 
PeV - EeV TeV - PeV 

many caveats! 
- E-2 spectrum 
- no cutoff 
- no source extension 

Astrophysical flux 
(high-energy 

contained events) 

combining the cosmic flux measurement with point 
source upper limits constrains the source population 



one point source in the sky 

100 point sources 



the energy range of cosmic  
accelerators producing PeV 

neutrinos 

Galactic or extragalactic? 





where	
  do	
  they	
  come	
  from?	
  

•  not all Galactic 
•  where are the PeV photons? 
•  we may be surprised, it happened before 
•  need more events: no SCO-X1, more like Martin 

Ryle’s radio stars  



expect	
  surprises:	
  produced	
  by	
  Galac+c	
  dark	
  maRer	
  halo?	
  

decay	
  of	
  PeV-­‐
mass	
  

dark	
  maRer	
  
par+cle	
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what if ??? 

 
a next-generation IceCube with a volume of 10 km3  

and an angular resolution of 0.3 degrees will  
identify the sources of a “diffuse” flux in several years 

and guarantee astronomy 
 

discovery instrument à astronomical telescope 



auto correlation: multiple neutrinos from the same source 

total number of events required to observe 
n-events multiplets from the closest sources is 

 
 
 
 

for a observed diffuse cosmic flux and 0.4 degrees 
angular resolution  

 
examples of local source densities (per Mpc3):  

740× n
2
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absorption length           ß 220m à 

most transparent solid 
in Nature...or laboratory 



Toba eruption 

we are limited by computing, not the optics of the ice 



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 atmospheric background dominates) 

measured optical properties à twice the string spacing 







instrumented	
  volume:	
  x	
  10	
  
same	
  budget	
  as	
  IceCube	
  



 
•  more cosmogenic neutrinos; coincidences with 

ARA? 
•  more double-bang tau neutrinos 
•  better flavor measurements 
•  better sensitivity to new neutrino physics 
•  …… 



Next-Generation IceCube 
 
•  capitalize on discovery 
•  astronomy guaranteed 
•  ~ 120 strings: more sensors per string with higher 
    quantum efficiency  
•  proven techniques, low risk 
•  flexibility of deployment per seasons: optimization 
•  cost similar to original detector 

from discovery to astronomical telescopes: 
  

parallel development in the Mediterranean 
ANTARES à  KM3NeT 



IceCube has observed a flux of neutrinos from the 
cosmos of PeV (1,000 TeV) neutrinos that is at the 
level of the astronomical gamma ray flux. We thus 
established that neutrinos play a role similar to 
photons in the high-energy non-thermal universe. 

from discovery to astronomical telescopes: 
  

parallel development in the Mediterranean 
ANTARES à  KM3NeT 





oscillations at 20 GeV 

IceCube 
 
DeepCore 
 
PINGU 


