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Why do we care about high-energy neutrinos?

Neutrinos point back to their cosmic sources

Neutrinos are little affected by ambient matter 

Neutrinos carry a quantum number that 
cosmic rays and photons do not have: flavor

Neutrinos travel over cosmic distances without 
absorption, which allows to study 
their stability, mass patterns, etc.

Extreme energies allow studies of neutrino cross 
sections beyond the reach of terrestrial accelerators
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The IceCube Telescope

At the South Pole

86 strings with 60 DOM/string 
125 m apart on triangular grid

17 m vertical spacing between 
PMTs

8 DeepCore strings 75 m apart

81 IceTop stations: two tanks/
station, two DOMs/tank

completed in 2010

Secondary particles detected via Cherencov radiation
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Type Of Events
Muon tracks Showers

CC νµ +18% CC ντ NC + CC νe + 82% CC ντ
Good angular resolution Poor angular resolution

Backgrounds: atmospheric muons and neutrinos
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M. G. Aartsen et al. [IceCube Collaboration], Science 342: 1242856, 2013

Effective masses

~400 Mton effective target mass
Rejection of 

atmospheric muons

High dust concentration
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The first PeV neutrinoS

January 3, 2012: 1.14 PeV August 9, 2011: 1.04 PeV
Ernie/Еник

(or Epi, Egas, Ernesto, Ênio, Ernest, Enrique, 
Erling, Edi, Emil, Arik, Shadi, Anis...)

Bert/Влас 
(or Blas, Becas, Berto, Beto, Bart, Bernt, 

Büdü, Hubert, Bentz, Hadi, Badr...)

M. G. Aartsen et al. [IceCube Collaboration], Phys. Rev. Lett. 111:021103, 2013

http://www.youtube.com/watch?v=MNmHDYaXn5Q
http://www.youtube.com/watch?v=MNmHDYaXn5Q
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M. G. Aartsen et al. [IceCube Collaboration], Science 342: 1242856, 2013

+26 events above 30 TeV

From May 2010 to May 2012:

7 tracks + 21 showers 
between 30 TeV and 2 PeV (deposited energy)
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M. G. Aartsen et al. [IceCube Collaboration], Science 342: 1242856, 2013

+26 events above 30 TeV

From May 2010 to May 2012:

7 tracks + 21 showers 
between 30 TeV and 2 PeV (deposited energy)

For for making the first observations of high-energy cosmic neutrinos
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7 tracks : 21 showers 
atmospheric neutrinos (<100 TeV)?

U. F. Katz and C. Spiering, Prog. Part. Nucl. Phys. 67:651, 2012

astrophysical neutrinos (> 100 TeV)?

cosmogenic neutrinos (>1 EeV)?

prompt neutrinos (~100 TeV)?
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What is the compatibility of that event ratio 
with different neutrino flavor ratios 

(assuming isotropy of the sources)? 

7 tracks : 21 showers 
atmospheric neutrinos (<100 TeV)?

U. F. Katz and C. Spiering, Prog. Part. Nucl. Phys. 67:651, 2012

astrophysical neutrinos (> 100 TeV)?

cosmogenic neutrinos (>1 EeV)?

prompt neutrinos (~100 TeV)?

astrophysical neutrinos (> 100 TeV)?
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Na= α e,⊕ Nνe
sh,CC + Nνe

sh,NC( ) +αµ ,⊕ Nνµ

tr + Nνµ

sh,NC( ) +  ατ ,⊕ Nντ
tr + Nντ

sh,CC + Nντ
sh,NC( )

pa
tr α i,⊕{ }( ) ≡ fraction of astrophysical signal tracks = 

αµ ,⊕Nνµ

tr +ατ ,⊕Nντ
tr

Na

α j ,⊕{ } = Ujk

2

k ,  i
∑ Uki

2 α i,S{ }

flavor ratios at source: 

    α e,S :αµ ,S :ατ ,S( )

flavor ratios at Earth: 

 α e,⊕ :αµ ,⊕ :ατ ,⊕( )
Neutrino

Credit: DESY
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Pion sources

 

νe :νµ :ντ( )S = 1 : 2 : 0( )⇒ νe :νµ :ντ( )⊕ = 1 :1 :1( )
           

π ± → µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )
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Flavor ratios at source and Earth

Pion sources

 

νe :νµ :ντ( )S = 1 : 2 : 0( )⇒ νe :νµ :ντ( )⊕ = 1 :1 :1( )
           

π ± → µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )

Muon damped 
sources

 

νe :νµ :ντ( )S = 0 :1 : 0( )⇒ νe :νµ :ντ( )⊕ = 4 : 7 : 7( )
           

π ± → µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )
✖
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Flavor ratios at source and Earth

Pion sources
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Flavor ratios at source and Earth

Pion sources
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νe :νµ :ντ( )S = 0 :1 : 0( )⇒ νe :νµ :ντ( )⊕ = 4 : 7 : 7( )
           

Muon sources

 

νe :νµ :ντ( )S = 1 :1 : 0( )⇒ νe :νµ :ντ( )⊕ = 14 :11 :11( )
           

π ± → µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )
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π ± → µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )

✖

Neutron sources

 

νe :νµ :ντ( )S = 1 : 0 : 0( )⇒ νe :νµ :ντ( )⊕ = 5 : 2 : 2( )
           n→ p + e− + νe
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Statistical Analysis

 

L α i,⊕{ },Na Ntr ,Nsh( ) = e− pa
tr Na + pµ

trbµ + pν
trbν( ) pa

trNa + pµ
trbµ + pν

trbν( )Ntr
Ntr !

× e− pa
shNa + pµ

shbµ + pν
shbν( ) pa

shNa + pµ
shbµ + pν

shbν( )Nsh

Nsh !

bµ ≡  atmospheric muon background = 6  (pµtr = 0.90)

bν ≡  atmospheric neutrino background = 4.6  (pνtr = 0.69)   

⎫
⎬
⎪

⎭⎪
Ntr ≡  number of observed tracks = 7 
Nsh ≡  number of observed showers = 21

 

We maximize L with respect to Na  and define the test statistic:

        λ Ntr ,Nsh α i,⊕{ }( ) = −2 ln
Lp α i,⊕{ } Ntr ,Nsh( )

Lp α i,⊕{ }max
Ntr ,Nsh( )

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

 

p α i,⊕{ }( ) = P
Ntr ,Nsh

∑ Ntr ,Nsh α i,⊕{ }( )     ;  P Ntr ,Nsh α i,⊕{ }( ) ≡ Lp α i,⊕{ } Ntr ,Nsh( )
∀λ Ntr ,Nsh α i,⊕{ }( ) > λ Ntr = 7,Nsh = 21 α i,⊕{ }( )

Exact definition of p-value: 
no need to approximate it 
with the        result χ

2

M. G. Aartsen et al. [IceCube Collaboration], 
arXiv:1405.5303
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What is the compatibility of that event ratio with different 
neutrino flavor ratios (assuming isotropy of the sources)? 

7 tracks : 21 showers 

 For (1 : 1 : 1) and E-2 : ~ 20% tracks and ~ 80% showers
M. G. Aartsen et al. [IceCube Collaboration], Science 342: 1242856, 2013

Good fit for a        spectrum E
−2

Reject a purely 

atmospheric origin at 4.1σ
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No Background?

Color code for E−2
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But there is Background...

observed ➙ 7 tracks : 21 showers 
background ➙ 8.6 tracks : 2 showers
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But there is Background...

observed ➙ 7 tracks : 21 showers 
background ➙ 8.6 tracks : 2 showers

astrophysical = 
observed - background

astrophysical tracks=7-8.6=0

Only showers in the astrophysical signal!
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2-year RESULTS

O. Mena, SPR and A. C. Vincent, arXiv:1404.0017

For E−2
 

  1
   0

 0.1

 0.2

0.9

 0.3

 0.4

0.8

α
µ
,⊕

α
µ
,⊕

α
µ
,⊕

 0.5

 0.6

0.7

 0.7

 0.8

0.6

 0.9

   1

0.5

αe,⊕αe,⊕αe,⊕

  0

0.1

0.4

0.2

0.3

0.3

0.4

α
τ
,⊕

α
τ
,⊕

α
τ
,⊕

0.5

0.2

0.6

0.7

0.1

0.8

0.9

  0
   1

%
C
L

e
x
c
lu
s
io
n

0

10

20

30

40

50

60

70

80

90

100

Flavor ratios with 
averaged oscillations

(1:1:1) disfavored at 81% CL
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3-year data
2-year data: May 2010 - May 2012

Observed: 7 tracks + 21 showers  

 Estimated background : 4.6-1.2
+3.7  atm. ν + 6±3.4 atm. µ

M. G. Aartsen et al. [IceCube Collaboration], arXiv:1405.5303
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3-year data
2-year data: May 2010 - May 2012

Observed: 7 tracks + 21 showers  

3-year data: May 2010 - May 2013

Observed: 9 tracks + 28 showers 

 Estimated background : 4.6-1.2
+3.7  atm. ν + 6±3.4 atm. µ

 Estimated background : 6.6-1.6
+5.9 atm. ν + 8.4± 4.2 atm. µ

2 extra tracks
7 extra showers

M. G. Aartsen et al. [IceCube Collaboration], arXiv:1405.5303
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3-year data
2-year data: May 2010 - May 2012

Observed: 7 tracks + 21 showers  

3-year data: May 2010 - May 2013

Observed: 9 tracks + 28 showers 

 Estimated background : 4.6-1.2
+3.7  atm. ν + 6±3.4 atm. µ

 Estimated background : 6.6-1.6
+5.9 atm. ν + 8.4± 4.2 atm. µ

2 extra tracks
7 extra showers

another record breaker

M. G. Aartsen et al. [IceCube Collaboration], arXiv:1405.5303
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The 2 PeV neutrino

Big Bird 
(or Caponata, Paco Pico, Poupas Amarelo, Montoya, Bibo, 

Garibaldo, Neef Jan, Minik Kuş, Pino, Da Niao, Velika 
Ptica, Store Pip, Wielki Ptak, Kippi ben Kippod...)C. Kopper, talk at Moriond 2014

Still good fit for a        spectrum E
−2

M. G. Aartsen et al. [IceCube Collaboration], arXiv:1405.5303

Reject a purely 

atmospheric origin at 5.7σ

or its Russian cousin  

Зелибоба 
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2-year RESULTS

(1:1:1) disfavored at 81% CL
Best-fit: (1:0:0)

Flavor ratios with 
averaged oscillations

O. Mena, SPR and A. C. Vincent, arXiv:1404.0017
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(1:1:1) disfavored at 92% CL
Best-fit: (1:0:0)

Flavor ratios with 
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O. Mena, SPR and A. C. Vincent, arXiv:1404.0017
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TimE Extrapolation for (1:1:1)
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Adding atmospheric neutrinos from 
charm decays changes little the result
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No flavor combination at sources assuming averaged 
oscillations provides the best-fit:        

the 3-year data follow the same trend of the 2-year data

Best-fit  is (1:0:0) at Earth 

➙ Non-standard physics (neutrino decay, CPT violation, 
pseudo-Dirac neutrinos)?

➙ Has the atmospheric background been overestimated?

➙ Have some tracks been misidentified as showers?

Otherwise, where are the missing tracks? 

conclusions


