
IceCube: the discovery of cosmic neutrinos 
francis halzen 
  
•  cosmogenic neutrinos 

•  cosmic ray accelerators 

•  IceCube a discovery instrument 

•  the discovery of cosmic neutrinos 

•  where do they come from? 
 
•  beyond IceCube 
 

IceCube.wisc.edu 



Cosmic Horizons – Microwave Radiation 

380.000 years after the Big Bang 
 
  

wavelength = 1 mm ⟺ energy = 10-4 eV 
  



Cosmic Horizons –  Optical Sky  

wavelength = 10-6 m ⟺ energy = 1 eV  



Cosmic Horizons – Gamma Radiation 
300.000 years after the Big Bang 

 
  

wavelength = 10-15 m ⟺ energy = 109 eV  



energy = 1015 eV 

Cosmic Horizons – Gamma Radiation 



e+ 

e- 

the gamma rays interact with microwave 
background photons (410 per cubic 
centimeter!) and do not reach Earth 

 
enter: neutrinos 

energy = 1015 eV 

Cosmic Horizons – Gamma Radiation 



? 

optical microwave X-rays gamma-rays  neutrinos       cosmic rays 

terra incognita: 
only revealed by 

neutrinos 
  
  

Gravitational waves - ripples in space-time 

Multi-Messenger Astronomy 

20% of the Universe is opaque to the EM spectrum 



Cosmic Rays? Charged – Do not point  

p 

e+ 

e- 



p 

neutrinos do not interact and image the sky in regions 
from which even X-rays cannot escape 

ν 

Neutrinos?  Perfect Messenger 

e+ 

e- 



γ

p 

neutrinos do not interact and image the sky in regions 
from which even X-rays cannot escape 

ν 

gamma rays accompanying IceCube neutrinos interact 
with interstellar photons and fragment into multiple lower 

energy gamma rays that reach earth 

e+ 

e- 
γ
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neutrino as a cosmic messenger: 
 

•  electrically neutral 
•  essentially massless 
•  essentially unabsorbed 
•  tracks nuclear processes 
        (n à p + e + νe) 
•  … but difficult to detect 



extragalactic  
cosmic rays 
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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! 



 input: 
 cosmic ray 

protons 

output: 
neutrinos produced in 

interactions with 
microwave photons 

0.7 events per year in 
IceCube 
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PeV neutrinos from 
cosmic ray accelerators? 

Eν ≅
1
4

Eπ

Ep

≈ 0.02

π →νµ + e+νe +νµ( )



the extragalactic accelerator: knobs to turn 
 
•  power-law energy dependence with a slope 
•  minimum energy 
•  maximum energy 
•  composition à assume protons 
•  cosmological evolution 









knobs	to	turn:	inject	accelerator	slope,	minimum	and	maximum	energy,	evolu9on	with	z	





1607.05886	
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the sun constructs an accelerator 
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challenges of cosmic ray astrophysics: 
 
•  dimensional analysis, difficult to satisfy 
•  accelerator luminosity is high as well 

•  accelerator must contain the particles 



the sun constructs an accelerator 

coronal mass 
 ejectionà 

 10 GeV protons 



cosmic ray 
accelerators: 

  where, how? 
 
gravitational energy from 

collapsing star 
converted into 

particle acceleration 
 

LHC filling the orbit of 
Mercury 



Cosmic Rays & SNRs  

supernova remnants:  
1050 ergs every 30 years 

 ~10-12 erg/cm3  

for steady state of CR 
with lifetime 106 years 

 SNRs provide the environment and energy 
 to explain the galactic cosmic rays! 

observed energy 
density of galactic CR: 

~ 10-12 erg/cm3 
galactic 
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300 GRB per Gigaparsec3 per year 
for 1010 years (Hubble time) 

2×1051erg× 300
Gpc3 yr

×1010 yr = 3×10−19 erg
cm3

yearstimeHubblecmGpc 103823 10109.21 =×=

•  correct cosmology: same answer 
•  Fermi: photon (electron) energy less than this ? 
•  challenged by IceCube limits 



Cosmic Rays & GRBs  

Extragalactic

Gamma-Ray Bursts:  
2x1051 ergs x 300/Gpc3 

x 1010 yr  
~ 10-19 erg / cm3 

 

GRBs provide environment and energy 
 to explain the extragalactic cosmic rays! 

observed energy 
density of 

extragalactic CR: 
~ 10-19 erg / cm3 



Cosmic Rays & SNRs  

supernova remnants:  
1050 ergs every 30 years 

 ~10-12 erg/cm3  

for steady state of CR 
with lifetime 106 years 

 SNRs provide the environment and energy 
 to explain the galactic cosmic rays! 

observed energy 
density of galactic CR: 

~ 10-12 erg/cm3 
galactic 



supernova 
remnants      

gamma 
ray 
bursts 



flux	<	1%	of	astrophysical		
neutrino	flux	observed	

Nature	484	(2012)	351-353	





active galaxy 
 
particle flows near 
supermassive 
black hole 



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	gravita9onal	energy	



above 100 TeV 

•  cosmic  
  neutrinos: 
   
•  atmospheric 
  background 
  disappears 

atmospheric      neutrino cosmic 

100 TeV  

dN /dE ~ E−2

10—100 events 
per year for fully 
efficient 1 km3 

detector 



atmospheric neutrinos 
(… and muons!) 





atmospheric neutrino spectrum 

< 1 atmospheric 
neutrino event 

per 
cubic kilometer 

per year 
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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 



 ultra-transparent ice below 1.5 km 



IceCube	

5160 PMs 
in 1 km3	





photomultiplier 
tube -10 inch 



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… 









muon track: color is time; number of photons is energy 





93 TeV muon: light ~ energy 



energy measurement ( > 1 TeV ) 
 

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



1.1 km 
improving angular and energy resolution 



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 



…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

* 3000 per second                ** 1 every 6 minutes
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selection cuts for on-line numu extraction 
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radius ~ number of photons 
time    ~ red à purple 

89 TeV 

9me	



muon 

•  lattice of photomultipliers neutrino 

 
interaction 
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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 

100 TeV  

dN /dE ~ E−2

10—100 events 
per year for fully 
efficient detector 



 muon neutrinos through the Earth à 5.6 sigma 



distribution of the parent neutrino energy corresponding to 
 the energy deposited by the secondary muon inside IceCube 



muon neutrinos through the Earth à 5.6 sigma 



78





80

after 7 years: 3.7 à 6 sigma 

2.16 

0.97+.27-.25 

0.11 
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highest energy muon energy observed: 560 TeV 
à PeV νµ

 









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



highest	energy	νµ:	astronomy	with	best	resolu9on	!	
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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 neutrino search: two neutrinos with > 1,000 TeV  



tracks and showers 

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

•  isotropic after 25~ 50m 





size = energy                       color = time = direction 





reconstruction limited by computing, not ice ! 



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



p

K+

µ+

µ�

⌫µ

p

K+
e+

⇡0

⌫e
µ+

Glacier surface

Veto layer

Fiducial volume

Veto by correlated muon Veto by uncorrelated muon

no accompanying 
muon(s) 



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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doubled the data 
since 2013 

2004 TeV event in year 3 



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: 3.7à 6.0 sigma 



neutrinos	of	all	flavors	
interac9ng	inside	

IceCube	

confirma9on!	
flux	of	muon	neutrinos	

through	the	Earth	

3 year 
> 5σ
4 year 

7 sigma 



 430 TeV 
 

1 event: 
~ 5 sigma  
discovery 

 
> PeV νµ
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4 year HESE 

where do they come from? 



3 year HESE 



2 year HESE 



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 



neutron
decay
(1:0:0)

neutrino decay

pion & muon
decay
(1:2:0)

muon-suppressed
pion decay

(0:1:0)
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new physics ? 
 

if not… 
  

every model 
ends up in 
the triangle 







Glashow resonance dictates νe- ντ mixture 
events per year: 

ν e + e
− →W



•  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? 



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	gravita9onal	energy	



hadronic 
gamma rays

⌫

�

p

hadronic gamma rays ? 
π+ = π- = π0 



⌫

p

e�

e+

�

�

electromagnetic
cascades in CMB

hadronic 
gamma rays



cosmic 
neutrinos 

Fermi 
gammas 

E-2.15 

π + = π − = π 0



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? 

 







blazars 
 
particle flows near 
supermassive 
black hole 



active galaxy 
 
particle flows near 
supermassive 
black hole 



qpe-τ qπàqνπ

l 

nt 

neutrino-producing beam dump 

π → µ +υµ → {e+υµ +υe}+υµ and π 0 → γ +γ

KpEp=nπ<Eπ>







qπ ≅ncr (
l
λint
) ≅ 1

Kπ

< nπ > n cr nl σ pp

summary: emissivity (units: per GeV per second) in 
pions produced by accelerated cosmic rays 

interacting with a target density n per cm3 per 
second over a distance of target l 

generic beam dump formula



νµ  µ+ ν    µ- 

µ+ 

π+ π- 

e+ νe 

e+    e- 

e+ 

γ

π0 

γ

γ e- 

e+ γ

νµ

neutral pions     

are observed as  

gamma rays 

 

charged pions 

are observed as  

neutrinos 

 
 

γγνν µµ +=+



AGN as plausible cosmic beam dump: 
      beam        target 
 
•  arXiv:1406.0506	[astro-ph.HE]	Tjus	et	al.	
protons normalized    high column density  
to total radio flux    of FR-I near black hole 
 
•  arXiv:1604.08505	[astro-ph.HE] Hooper	
protons normalized    diffusion in the  
to Fermi diffuse      galactic plane of 
extragalactic flux    the galaxy 
 
•  arXiv:1607.06476	[astro-ph.HE]	Loeb	
quasar outflows     interstellar protons 
normalized to Fermi 
extragalactic flux 
 
“I can paint like Titian, only the details are missing”  W. Pauli 



AGN 



QUASARS 



Markarian 421
7.9-14.4

M 82
0.1-0.9

S5 0716+71
0.6-2.9

1ES 1959+650
1-3.3

Markarian 501
7.6-19

NGC 
1275
0-0.2 

3C 66A
0-0.8

1ES 0229+200
0.3-1.2

1ES 2344+514
1.2-3.6

BL Lac
0.1-0.3

MGROJ2043+36
1.1-6.6

MGROJ2032+37
0.8-4.9

MGROJ2019+37
3.2-6.6 

MGROJ1852+01
4.5-47.4

MGR0J1908+06
6.3-13.3

3C 279
0.1-0.7

M 87
0.5-2.7

W Comae
1.6-2.2

Geminga
0.5-0.9MGROJ2031+41

2.5-3.9

STARBURTS PWN FSRQ BLAZARS UNIDENTIFIED

 photon to neutrino conversation implies that we are close to 
detecting neutrinos from known high energy gamma ray emitters 

number of muon neutrino 
events from gamma ray 

sources in 5 years 



Type Origin Flux Seen by Min 
#Events

Max 
#Events

flux ratio Integration bound 
[TeV]

cut off

MGRO J2031+41 UNID Galactic MILAGRO 2.5 3.9 - 1-103 ✓
MGRO J2019+37 PWN Galactic MILAGRO 3.2 6.6 - 1-103 ✓
MGRO J1908+06 UNID Galactic MILAGRO 6.3 13.3 - 1-103 ✓
MGRO J1852+01 UNID Galactic MILAGRO 4.5 47.4 - 1-103 ✓
MGRO J2032+37 UNID Galactic MILAGRO 0.8 4.9 - 1-103 ✓
MGRO J2043+36 UNID Galactic MILAGRO 1.1 6.6 - 1-103 ✓

Markarian 421 Blazar Extragalactic MAGIC 7.9 14.4 2.1 0.25-103 ✓
M 87 Starburst Extragalactic MAGIC 0.5 2.7 0.13 0.1-Infinity -

Geminga PWN Galactic MILAGRO 0.5 0.9 0.08 17.5-Infinity -

S5 0716+71 Blazar Extragalactic MAGIC 0.6 2.9 0.3 0.2-Infinity -

1ES 1959+650 Blazar Extragalactic MAGIC 1.0 3.3 0.4 0.3-Infinity -

1ES 2344+514 Blazar Extragalactic VERITAS/MAGIC 1.2 3.6 0.8 0.175-Infinity -

3C 66A Blazar Extragalactic MAGIC 0 0.8 0.4 0.1-Infinity -

BL Lac Blazar Extragalactic MAGIC 0.1 0.3 0.2 0.1-Infinity -

W Comae Blazar Extragalactic VERITAS 1.6 2.2 1.9 0.2-Infinity -

Markarian 501 Blazar Extragalactic AGRO 7.6 19 1.7 0.15-Infinity -

3C 279 FSRQ Extragalactic MAGIC 0.1 0.7 1.5 0.25-Infinity -

1ES 0229+200 Blazar Extragalactic HESS 0.3 1.2 0.1 0.58-Infinity -

M 82 Starburst Extragalactic VERITAS 0.1 0.9 0.02 0.35-Infinity -

NGC 1257 Starburst Extragalactic MAGIC 0 0.2 0.18 0.1-Infinity -

The minimum and maximum expected number of events from interesting sources in 5 years of IC86. The neutrino fluxes are estimated 
from Gamma ray flux assuming pp interaction at the source. The flux ratio is Integrated Gamma ray flux above threshold energy divided 
by 90% confidence level neutrino flux limit from 4-year point search of IceCube with a factor 2. The flux used for the W Comae is based 

on the fitted flux of the flares in different years.



•  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	fiVed	





unfolded “atmospheric” neutrino flux 



unfolded “atmospheric” neutrino flux 



up-going νµ

yet lower energies…. 
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not atmospheric charm 



upcoming events: 
“extreme” charm model 
can fit the northern, not 

the southern hemisphere 

not forward charm production analogous to ppà(K+Λ)p 



upcoming events: 
“extreme” charm model 
can fit the northern, not 

the southern hemisphere 

LHC: charm pairs in proton analogous to ppà(K+Λ)p 



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	fiVed	



• Galactic? 



neutrinos 
from 

supernova 
remnants : 

 
molecular 
clouds as 

beam dumps 
à 

pion 
production 



galactic plane in 10 TeV gamma rays : 
                                                      supernova remnants in star forming regions 

Southern  
Hemisphere 
Sky 

S
tandard D

eviations 

30° 

210° 

90° 65° 

milagro 



emissivity (units: (note!) per unit volume per GeV 
per second) in photons produced by a number 

density of cosmic rays Np interacting with a target 
density ngas per cm3 

f
π 0
≡ Kp( ) =< Eπ

Ep

> and qγ Eγ( ) = 2qπ
Eπ

2
⎛

⎝
⎜

⎞

⎠
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dEγ1TeV∫ Eγ
dNγ

dEγ
=

1
4π d 2

Lγ

Lγ =V Qγ =
W
ρcr

Qγ

energy in >TeV photons 
produced by cosmic rays 

per cm3 per sec 

volume of the remnant 

10-12 erg/cm3 



γ, ν  flux of galactic cosmic rays 

E
dNγ

dE
(>1TeV ) =

≥ 10−11cm−2s−1 W
1050erg

n
1cm3 (

d
1kpc

)−2

a SNR at d = 1 kpc transferring W = 1050 erg to cosmic 
rays interacting with interstellar gas (or molecular clouds) 

with density n > 1 cm-3 produces a gamma-ray flux of 

Milagro sources ?  
RX J1713.7-3946?? 
 

should be observed by present 
TeV gamma-ray telescopes 



νµ  µ+ ν    µ- 

µ+ 

π+ π- 

e+ νe 

e+    e- 

e+ 

γ

π0 

γ

γ e- 

e+ γ

νµ

neutral pions     

are observed as  

gamma rays 

 

charged pions 

are observed as  

neutrinos 

 
 

γγνν µµ +=+



 
ν flux accompanying TeV gammas 

dNν

dE
≅

1
2
dNγ

dE

number of events =Area Time dE dNν

dE∫ Pν→µ

=1.5 ln (Emax

Emin

) eventsper km2per year per source!

TeVE
backgroundreject
40≥→



Cygnus region at ~ 1kpc : Milagro   
 

translation of 
TeV gamma rays 

into 
TeV neutrinos 

yields: 
 

3 ± 1 ν per year in IceCube per source 



MGRO J1908+06: the first Pevatron? 





5σ in 5 years of IceCube … 
IceCube image of our Galaxy > 10 TeV 



Simulated sky map of IceCube in Galactic coordinates after five 
years of operation of the completed detector. Two Milagro 

sources are visible with four events for MGRO J1852+01 and three 
events for MGRO J1908+06 with energy in excess of 40 TeV.  

supernova 
remnant 

unidentified 
PWN? 





•  dark matter? 



expect	surprises:	produced	by	Galac9c	dark	maVer	halo?	

decay	of	PeV-
mass	

dark	maVer	
par9cle	



•  we observe a diffuse extragalactic flux 
 
•  active galaxies, most likely some form of AGN? 
    
•  correlation to catalogues should confirm this 

•  correlation in time with a AGN flare can be a 
smoking gun 

•  …. but correlation of cosmic neutrinos to < 30% of 
all Fermi blazars (different subsets produce highest 
energy neutrinos and gamma rays) 





IceCube: the discovery of cosmic neutrinos 
francis halzen 
  
•  cosmogenic neutrinos 

•  cosmic ray accelerators 

•  IceCube a discovery instrument 

•  the discovery of cosmic neutrinos 

•  where do they come from? 
 
•  beyond IceCube 

IceCube.wisc.edu 



 
•  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 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
"

#$
%

&'
×

ρ0
10−5
"

#$
%

&'
1
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Is the nearest source of the extragalactic 
IceCube flux Fν observable? 

Fν ≡ E
2 dN
dEdΩdt

= d3∫ r Lν
4πr2 ρ =

Lνρ
4π

dΩd∫ r = Lνρ
4π

ζRH

                           ≈ 3×10−8 GeV
cm2secsr

,  therefore

Lνρ =
4×1043

ζ
erg

Mpc3yr
should be ~1% of the sources. This

is the minumum power density to produce the neutrinos.



Flux of the nearest source (Fns )<  the IceCube ps limit:

Fns =
Lν

4πd 2 ≤ 2×10−9 GeV
cm2sec

with d = 4πρ( )
1
3 ←V1 ∝

1
ρ

and

Fns =
Lνd

4πd3 = ρLνd. Combined with the result for ρLν :

d ≤100Mpc and ρ ≥ 10−7

Mpc3 for ζ=3.



# of events from the nearest source: Lν
4πd 2 ⊗ Area

# of events from the whole sky      :  ζLνρRH ⊗ Area

ratio = d
ζRH

=
1

ζRH (4πρ)1/3 =10−2  for ρ=10−7. Soon!









ß 220m à 

ß >100m à 

most transparent medium 
in nature, and in the lab 

absorption length of Cherenkov light 



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 the atmospheric background dominates) 

measured optical properties à twice the string spacing 







instrumented	volume:	x	10	
same	budget	as	IceCube	

PINGU	infill	
40	strings	

GeV	threshold	



185 A. Kouchner, Neutrino 2016



High energies ARCA 

186 



187 

KM3NeT LoI http://arxiv.org/pdf/1601.07459v2.pdf



   did not talk about: 

•  measurement of atmospheric oscillation 
parameters 

•  supernova detection 
•  searches for dark matter, monopoles,… 
•  search for eV-mass sterile neutrinos 
•  cosmic ray physics, muon maps,… 
•  PINGU/ORCA 
•  …. 



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 à 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! 
 
 
 



one half million 
atmospheric 
neutrinos… 



oscillations at 20 GeV 

IceCube 
 
DeepCore 
 
PINGU 



eV sterile neutrino à Earth MSW resonance for TeV neutrinos  



no telltale structure 
in the zenith angle 

distribution 



!



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 à astronomy (also KM3NeT, GVD, ASHRA) 
   2. neutrino physics at (relatively) low cost and on short 

            timescales (PINGU/ORCA) 
   3. potential for discovery 

 
•  neutrinos are never boring! 
 
 
 




