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Why do we care about high-energy neutrinos?

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

Neutrinos point back to their cosmic sources
(not affected by magnetic fields)
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Why do we care about flavor?

It carries information about the mechanism
of production...

Exotic physics could produce deviations
from the standard expectations

...but also about the way neutrinos
propagate from the sources to the detector
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Neutrino

α j ,⊕{ } = Ujk

2

k ,  i
∑ Uik

2
α i,S{ }

flavor ratios at source: 

    α e,S :αµ ,S :ατ ,S( )

flavor ratios at Earth: 

 α e,⊕ :αµ ,⊕ :ατ ,⊕( )

Credit: DESY
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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 )
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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

 

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( )
           Muon sources

 

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

= 14 :11 :11( )
           

π ± → µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )
✖

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( )
           Muon sources

 

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

= 14 :11 :11( )
           

π ± → µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )
✖

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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Neutrino decay 
J. F. Beacom, N. F. Bell, D. Hooper, S. Pakvasa and T. J. Weiler, Phys, Rev. Lett. 90:181301, 2003

ν i →ν j + X

α j ,⊕{ } = Ujk

2

k , i
∑ Uik

2 α i,S{ }e−Lmk /Eτ k L≫Eτ k /mk⎯ →⎯⎯⎯ Ujk

2

k (stable), i
∑ Uik

2 α i,S{ }

α j ,⊕{ } = Ujk

2

k , i
∑ Uik

2 α i,S{ }e−Lmk /Eτ k L≫Eτ k /mk⎯ →⎯⎯⎯ Ujk

2

k (stable), i
∑ Uik

2 α i,S{ }+ Ujk

2

k (stable), l , i
∑ Uil

2 Brl→k α i,S{ }

Invisible daughters

Daughters with full energy
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Pseudo-Dirac neutrinos 

Mν =
mL mD

mD mR

⎛

⎝
⎜

⎞

⎠
⎟

R. M. Crocker, F. Melia and R. R. Volkas, Astrophys. J. Suppl. 130: 339, 2000; and 141:147, 2002 
J. F. Beacom, N. F. Bell, D. Hooper, J. G. Learned, S. Pakvasa and T. J. Weiler, Phys, Rev. Lett. 92:011101, 2004

Dirac neutrino: mL = mR = 0

 Pseudo-Dirac neutrinos: mL ,mR = mD

α j ,⊕{ } = Ujk

2

k , i
∑ Uik

2 α i,S{ } 1− sin2 δmk
2L

4E
⎛
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⎡
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⎥

J. F. Beacom, N. F. Bell, D. Hooper, J. G. Learned, S. Pakvasa and T. J. Weiler, Phys, Rev. Lett. 92:011101, 2004
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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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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

High Energy Starting Events 
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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

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
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The first PeV neutrinoS 

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

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

Bert 
(or Blas, Becas, Berto, Beto, Bart, Bernt, 
Vlas, Büdü, Hubert, Bentz, Hadi, Badr...)

M. G. Aartsen et al. [IceCube Collaboration], Phys. Rev. Lett. 111:021103, 2013
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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 making the first observations of high-energy cosmic neutrinos
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Atmospheric Background 
p + X→π ± / K ± +Y

µ± + νµ (νµ )

e± + νe(νe ) + νµ (νµ )

Conventional flux

At high energies pions/
kaons do not decay: only 
charm mesons with short 
lifetimes (prompt flux)

M. G. Aartsen et al. [IceCube Collaboration],  
Phys. Rev. Lett. 110:151105, 2013

Neutrinos: ~50%-70% tracks
 Muons: ~90%-100% tracks
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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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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)?
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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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Two-bin (topology) flavor analysis

PRL 113:091103, 2014 (arXiv:1404.0017)
 Proceedings ICHEP14, arXiv:1411.2998

Edep = 30 TeV, 3 PeV[ ]
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Showers in IceCube 
 Neutral Current events : all flavors

Nνi
sh,NC = T ⋅NA dEνM

NC Eν( )Attνi Eν( ) dφ Eν( )
dEν

Emin

∞

∫ dy
dσ NC Eν , y( )

dyymin

ymax∫

time of observation: 
662 days

effective 
detector mass

attenuation/regeneration 
factor in the Earth

neutrino flux
(taken as a power-law) DIS NC 

differential cross section

 

y=1- E'ν / Eν
Eνy= shower energy

 

ymin = Emin / Eν

ymax =min 1,Emax / Eν{ }

deposited energy = hadronic shower energy
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Nνe
sh,CC = T ⋅NA dEνMνe

CC Eν( )Attνe Eν( ) dφ Eν( )
Eν

Emin

∞

∫ dy
dσνe

CC Eν , y( )
dy0

1

∫ ×θ Emax − Eν( )

Showers in IceCube 

 Charged Current events : νe
deposited energy = hadronic shower energy + 

electromagnetic shower energy = 
neutrino energy
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 Charged Current events : ντ

Showers in IceCube 

Nντ
sh,CC−had = T ⋅NA dEνMντ

CC Eν( )Attντ Eν( ) dφ Eν( )
Eν

Emin

∞

∫ dy
dσντ

CC Eν , y( )
dy0

1

∫ ×

    
dn τ → had( )

dz0

1

∫ ×θ Eν (y + (1− y)(1− z))− Emin( )θ Emax − Eν (y + (1− y)(1− z))( )
spectrum of the daughter neutrino in hadronic tau decays

deposited energy = hadronic shower energy + hadronic 
shower (from tau decay) energy

Nντ
sh,CC−em = T ⋅NA dEνMντ

CC Eν( )Attντ Eν( ) dφ Eν( )
Eν

Emin

∞

∫ dy
dσντ

CC Eν , y( )
dy0

1

∫ ×

             
dn τ → e( )

dz0

1

∫ ×θ Eν (y + (1− y)z)− Emin( )θ Emax − Eν (y + (1− y)z)( )
spectrum of the electron in tau decays

deposited energy = hadronic shower energy + 
electromagnetic shower (from tau decay) energy
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Nνµ

tr = T ⋅NA dEνMνµ

CC Eν( )Attνµ
Eν( ) dφ Eν( )

Eν
Emin

∞

∫ dy
dσνµ

CC Eν , y( )
dyymin

ymax∫

Contained Tracks in IceCube 

Nντ
tr = T ⋅NA dEνMντ

CC Eν( )Attντ Eν( ) dφ Eν( )
Eν

Emin

∞

∫ dy
dσντ

CC Eν , y( )
dyymin

ymax∫ × Br τ → µ( )

 Contained Charged Current events : νµ

 Contained Charged Current events : ντ

deposited energy* = hadronic shower energy

deposited energy* = hadronic shower energy

* the deposited energy by the muon in the detector is neglected 
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Attenuation/Regeneration factors 

ντ

τ →ντ

ντ

attenuation, redistribution due to NC 
and regeneration due to tau decays

V. A. Naumov and L. Perrone, Astropart. Phys. 10:239, 1999 
S. Iyer, M. H. Reno and I. Sarcevic, Phys. Rev. D61:053003, 2000 
S. Rakshit and E. Reya, Phys. Rev. D74:103006, 2006
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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 

M. G. Aartsen et al. [IceCube Collaboration], Science 342: 1242856, 2013

Good fit for an        spectrumE-2

Reject a purely 
atmospheric origin at 4.1σ
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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 an        spectrumE-2

Reject a purely 
atmospheric origin at 4.1σ
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Statistical Analysis 
L α i,⊕{ },Na Ntr ,Nsh( ) = e− pa

trNa+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        resultχ 2

M. G. Aartsen et al. [IceCube Collaboration],  
Phys. Rev. Lett. 113:101101, 2014
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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
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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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Adapted from:  
O. Mena, SPR and A. C. Vincent, Phys. Rev. Lett. 113:091103, 2014

For E−2

Flavor ratios with 
averaged oscillations

(1:1:1) disfavored at 81% CL 
Best-fit: (1:0:0)
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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], Phys. Rev. Lett. 113:101101, 2014
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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], Phys. Rev. Lett. 113:101101, 2014
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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], Phys. Rev. Lett. 113:101101, 2014
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The 2 PeV neutrino 

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

Montoya, Bibo, Garibaldo, Neef Jan, 
Minik Kuş, Da Niao, Velika Ptica, Store 
Pip, Wielki Ptak, Kippi ben Kippod...)

C. Kopper, talk at Moriond 2014

Still good fit for an        spectrumE-2

Reject a purely 
atmospheric origin at 5.7σ

M. G. Aartsen et al. [IceCube Collaboration],  
Phys. Rev. Lett. 113:101101, 2014

December 4, 2012: 2.004 PeV
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Flavor ratios with 
averaged oscillations

 Pure ντ  Pu
re ν e

 
Pure νµ

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

Edep = 30 TeV, 3 PeV[ ]
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Flavor ratios with 
averaged oscillations

 Pure ντ  Pu
re ν e

 
Pure νµ

(1:1:1) disfavored at 92% CL 
Best-fit: (1:0:0)

Edep = 30 TeV, 3 PeV[ ]

Adapted from:  
SPR, O. Mena and A. C. Vincent, arXiv:1411.2998
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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 

Although not statistically significant yet, the best-fit lies 
outside the  “standard” triangle 

➙ Non-standard physics (neutrino decay, pseudo-Dirac 
neutrinos, CPT violation, shortcuts in extradimensions, non-
standard cross sections)? 

➙ Has the atmospheric background been overestimated? 

➙ Have some tracks been misidentified as showers? 
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Spectral analysis
(unbinned extended maximum likelihood)

arXiv:1502.02649 (accepted in PRD)
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Full energy spectral information using 
EM-equivalent deposited energies
(and energy resolution)

Improved calculation 

Effective mass as a function of the deposited energy 
(in contrast to the neutrino energy)

Computation of the average energy deposition 
along a muon track taking into account the 
detector’s geometry

All interactions with electrons
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FIG. 3. E↵ective masses as a function of the neutrino energy. Solid lines are the e↵ective masses provided by the
IceCube collaboration, whereas dashed lines represent the e↵ective masses computed with Eqs. (29)-(32) using the best-fit
values for {p, q, c} for the e↵ective mass as a function of the deposited energy, Eq. (33). Red, green, blue and gray histograms
represent CC ⌫e, ⌫µ, ⌫⌧ and NC (all flavors) interactions. The black histogram depicts the e↵ective mass function M

e↵

(E
true

),
Eq. (33), as a function of the true deposited energy, E

true

.

where i indicates the neutrino energy bin (we use all bins where the e↵ective mass is di↵erent from zero) and
j = {NC, ⌫e � CC, ⌫µ � CC, ⌫⌧ � CC} indicates the type of interaction. The actual e↵ective masses M̃j(E⌫,i) are
taken from Ref. [2] and M̃

fit

j (E⌫,i; a, b, c) are obtained from Eqs. (29) - (32). Up to two significant digits the best-fit
parameters are found to be: c = 0.50, d = 1.1 and q = 4.6.

The accuracy of the fit can be seen in Fig. 3, where we show the IceCube e↵ective masses with solid lines and our
reconstructed results, computed with Eqs. (29)-(32) using the best-fit values for {c, d, q} for M

e↵

(E
true

), Eq. (33), are
shown with dashed lines. The result for ⌫e CC (⌫µ CC, ⌫⌧ , NC) interactions is depicted in red (green, blue, gray).
We also illustrate the e↵ective mass as a function of the deposited energy. As can be seen, the accuracy of the fit is
very good over the whole energy range, and, in particular, below the 10% level for the relevant energy range. We note
that the resulting mass as a function of the deposited energy is very similar to the e↵ective mass for ⌫e (plus ⌫̄e) CC
interactions as a function of the neutrino energy. This is expected, as the energy deposited after ⌫e CC interactions is
very close to the actual neutrino energy (one electromagnetic shower which fully deposits its energy and one hadronic
shower which deposits most of its energy). We also point out that the e↵ective mass for ⌫⌧ CC interactions is larger
than for ⌫µ CC below a few hundred TeV, due to the fact that the produced tau lepton in the former case, after
decaying, deposits more energy than the produced muon in the latter case. There is also an interesting feature when
comparing these two histograms. At energies close to a PeV, they cross each other. This has to do with the fact that
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FIG. 13. Event spectra in IceCube, as a function of the EM-equivalent deposited energy, of tracks and showers

for each flavor after 988 days (summing neutrinos and antineutrinos), for an isotropic power-law spectrum, per flavor,
E2

⌫ d�
a/dE⌫ = 1.5⇥ 10�8 (E⌫/100TeV)�0.3 GeVcm�2 s�1 sr�1 [3]. Showers (tracks) are depicted as solid (dashed) histograms.

The contributions from ⌫e + ⌫̄e, ⌫µ + ⌫̄µ and ⌫⌧ + ⌫̄⌧ are represented by red, green and blue histograms, respectively.

The true EM-equivalent deposited energies for all the neutrino-electron processes are

E

e
e = E⌫ y , (B32)

E

e
⌧,h = Fh(E⌫ y (1� z))E⌫ y (1� z) , (B33)

E

e
⌧,e = E⌫ y z , (B34)

E

e
e,h = Fh(E⌫)E⌫ , (B35)

E

e
⌧,µ = Fµ,⌧ (E⌫ y) (E⌫ y z + a/b) , (B36)

E

e
µ = Fµ (E⌫ y + a/b) . (B37)

In Fig. 13 we show the event spectra of showers and tracks for each flavor (summing neutrinos and antineutrinos) for
the best fit IceCube spectra [3], i.e., E2

⌫ d�
a
/dE⌫ = 1.5⇥ 10�8 (E⌫/100TeV)�0.3 GeVcm�2 s�1 sr�1, per flavor. The

e↵ect of the Glashow resonance on the ⌫̄e-induced event spectra is clearly visible in the red histograms. The shower
spectrum for ⌫e + ⌫̄e (red solid histogram) shows a bump above a few PeV and the resonant interactions of ⌫̄e (but
also the non-resonant interactions of ⌫e, see Eq. (A6)) with electrons also give rise to tracks (red dashed histogram),
via the the leptonic decay of the produced W bosons. We also note the similar shape of all the event distributions
(except from the red dashed histogram), as a function of the EM-equivalent deposited energy, below a few PeV.

8

r

z 0

FIG. 2. Approximate geometry of the IceCube detector , which we use to compute the average distance traveled by a muon
generated inside the detector volume in Eqs. (22-23) and thus the expected energy deposition of a muon track, Eq. (25). From
an interaction vertex located at (r, z), the distance ` represents the distance traveled by a muon propagating in the direction
(✓,�). When ✓ < ✓

0

, ` = `z and the muon exits via the detector floor; when ✓ > ✓
0

, ` = `r and the muon exits via the “wall”.
We ignore events generated in the dust zone (gray band), but we do include the energy lost in that zone.

where the volume V
tot

covers each point in the cylinders, outside the 80 m dust zone. Numerically integrating Eq. (23)
yields an average distance of hLi = 406 m.

From Eq. (23) it is easy to compute the average muon energy loss per track, h�Eµi, but substituting the lengths
`r (or `z) by

`{r,z} ! 1� e

�b `{r,z}
, (24)

where b is defined in Eq. (21). Evaluating this integral yields the total averaged deposited energy along an average
muon track, in terms of the initial muon energy Eµ,

h�Eµi = h1� e

�b `i (Eµ + a/b) ⌘ Fµ (Eµ + a/b) , (25)

where the factor for the average fraction of energy lost along a track of a muon produced at the neutrino interaction
vertex is found to be Fµ = 0.119.

Finally, the detector geometry is also important in the case of ⌧ lepton production. When the ⌧ energy exceeds a
few hundreds of TeV, its lifetime is long enough that a significant fraction of tau leptons would escape the detector
volume before decaying. In a similar way as done for muons, the average fraction of taus with energy E⌧ decaying
inside the detector is given by Eq. (23), but with the substitution:

`{r,z} ! 1� e

�(`{r,z}/⌧)(m⌧/E⌧ )
. (26)

Here we are neglecting the tau lepton energy losses, which scale inversely proportional with the mass and thus are an
order of magnitude smaller than for muons [143]. Therefore, we can write the fraction of tau leptons decaying inside
the detector as

D⌧ (E⌧ ) ⌘ h1� e

�(`/⌧)(m⌧/E⌧ )i . (27)

Once the tau decays inside the detector, it has an ⇠ 18% probability of producing a muon. The average energy
loss of such a muon is given by the average energy loss, Eq. (25), weighted by the fraction of taus that decay inside

Veto for the atmospheric neutrino background

Fitting the spectral index, the normalizations of backgrounds and signal, 
and the flavor ratios: unbinned extended maximum likelihood analysis
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FIG. 4. Whole-sky averaged attenuation and regeneration factors for atmospheric neutrinos traversing the Earth ,
Attf⌫`(E⌫), using the HGm+KM model (red lines for ⌫e and ⌫̄e and dark green lines for ⌫µ and ⌫̄µ) for the conventional neutrinos
(f = ⌫) and the ZS+QGSM model (orange lines for ⌫e and ⌫̄e and light green lines for ⌫µ and ⌫̄µ) for prompt neutrinos from
charmed meson decays (f = p), from the calculations of Refs. [156–159]. Neutrinos (solid lines) and antineutrinos (dashed
lines) are shown separately.

On the other hand, for the nadir (or zenith) angle-dependent (conventional and prompt) atmospheric ⌫e and ⌫̄e fluxes,
the corresponding 4⇡-averaged attenuation and regeneration factor is

Att

f
⌫e
(E⌫) =

R
0

�1

d�f
⌫e

(E⌫ ,✓)

dE⌫d cos ✓ d cos ✓ +
R
1

0

Att

f
⌫e
(E⌫ , ✓)

d�f
⌫e

(E⌫ ,✓)

dE⌫d cos ✓ d cos ✓
R
1

�1

d�f
⌫e (E⌫ ,✓)

dE⌫d cos ✓ d cos ✓
. (45)

In both cases, we have explicitly written the nadir (or zenith) angle dependence, which we use in our calculations.
The results, using the calculations of Refs. [156–159], for the conventional atmospheric neutrinos with the HGm+KM
model (red lines for ⌫e and ⌫̄e and dark green lines for ⌫µ and ⌫̄µ) and for the prompt atmospheric neutrinos with the
ZS+QGSM model (orange lines for ⌫e and ⌫̄e and light green lines for ⌫µ and ⌫̄µ), are shown in Fig. 4. Again, we
depict the suppression factors for neutrinos (solid lines) and antineutrinos (dashed lines) separately and the Glashow
resonance is clearly visible for both types of fluxes. Note that the attenuation and regeneration factors for prompt ⌫e
and ⌫̄e atmospheric neutrinos are similar to the factors for astrophysical ⌫e and ⌫̄e neutrinos shown in Fig. 1, unlike
what happens for conventional neutrinos and for ⌫µ and ⌫̄µ prompt and conventional fluxes. The former is due to the
fact that the conventional flux is non-isotropic, with the maximum around the horizon, where very little absorption
takes place. The latter is due to the extra veto applied to ⌫µ and ⌫̄µ atmospheric neutrino fluxes, as discussed above.
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FIG. 5. Spectra of the best fits of our 6-parameter (6P) analyses, overlaid with the best fits provided by the IceCube
collaboration and the binned high-energy neutrino event data with Feldman-Cousins errors [182]. Left panels: the spectrum of
the 36 events above 28 TeV. Right panels: the spectrum of the 20 events detected above 60 TeV. Top panels show the shower
component only; middle panels show the track component, and bottom panels show the total number of events (showers +
tracks), in addition to explicitly showing the atmospheric event contributions to the 28 TeV – 3 PeV (60 TeV – 3 PeV) case in
the left (right) panels.
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FIG. 5. Spectra of the best fits of our 6-parameter (6P) analyses, overlaid with the best fits provided by the IceCube
collaboration and the binned high-energy neutrino event data with Feldman-Cousins errors [182]. Left panels: the spectrum of
the 36 events above 28 TeV. Right panels: the spectrum of the 20 events detected above 60 TeV. Top panels show the shower
component only; middle panels show the track component, and bottom panels show the total number of events (showers +
tracks), in addition to explicitly showing the atmospheric event contributions to the 28 TeV – 3 PeV (60 TeV – 3 PeV) case in
the left (right) panels.
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FIG. 5. Spectra of the best fits of our 6-parameter (6P) analyses, overlaid with the best fits provided by the IceCube
collaboration and the binned high-energy neutrino event data with Feldman-Cousins errors [182]. Left panels: the spectrum of
the 36 events above 28 TeV. Right panels: the spectrum of the 20 events detected above 60 TeV. Top panels show the shower
component only; middle panels show the track component, and bottom panels show the total number of events (showers +
tracks), in addition to explicitly showing the atmospheric event contributions to the 28 TeV – 3 PeV (60 TeV – 3 PeV) case in
the left (right) panels.
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FIG. 5. Spectra of the best fits of our 6-parameter (6P) analyses, overlaid with the best fits provided by the IceCube
collaboration and the binned high-energy neutrino event data with Feldman-Cousins errors [182]. Left panels: the spectrum of
the 36 events above 28 TeV. Right panels: the spectrum of the 20 events detected above 60 TeV. Top panels show the shower
component only; middle panels show the track component, and bottom panels show the total number of events (showers +
tracks), in addition to explicitly showing the atmospheric event contributions to the 28 TeV – 3 PeV (60 TeV – 3 PeV) case in
the left (right) panels.
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FIG. 5. Spectra of the best fits of our 6-parameter (6P) analyses, overlaid with the best fits provided by the IceCube
collaboration and the binned high-energy neutrino event data with Feldman-Cousins errors [182]. Left panels: the spectrum of
the 36 events above 28 TeV. Right panels: the spectrum of the 20 events detected above 60 TeV. Top panels show the shower
component only; middle panels show the track component, and bottom panels show the total number of events (showers +
tracks), in addition to explicitly showing the atmospheric event contributions to the 28 TeV – 3 PeV (60 TeV – 3 PeV) case in
the left (right) panels.
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20 events 
~3 bkg events

Edep = 60 TeV, 3 PeV[ ]
dφ
dEν BF

∝Eν
−2.34−0.31

+0.39
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Including higher energies 
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Edep = 60 TeV, 10 PeV[ ]
dφ
dEν BF

∝Eν
−2.48−0.34

+0.33
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Including higher energies 
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Not enough tracks 
→ no muon neutrinos

No GR events 
→ no electron neutrinos 

SPR, A. C. Vincent and O. Mena, arXiv:1502.02649

 

 
 

Effect of the Glashow resonance
νe+ e−→ W −

ER = MW
2 / 2me ≈ 6.3 PeV

Edep = 60 TeV, 10 PeV[ ]
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Edep = 60 TeV, 10 PeV[ ]
dφ
dEν BF

∝Eν
−2.50−0.28

+0.36
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Unit break AT 1 PEV
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Edep = 60 TeV, 10 PeV[ ]
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30% track misID and deposited energies up to 10 PeV

M. G. Aartsen et al.[Icecube Collaboration], arXiv:1502.03376

dφ
dEν BF

∝Eν
−2.6±0.15

IceCube analysis
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30% track misID and deposited energies up to 10 PeV
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Edep = 60 TeV, 10 PeV[ ]
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−2.6±0.15

IceCube analysis
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30% track misID and deposited energies up to 10 PeV
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Differences between the IceCube analysis and our 2014 
result are mainly due to extending the deposited energy 
range to cover the Glashow resonance (+ track misID)

Edep = 60 TeV, 10 PeV[ ]
dφ
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+0.35dφ
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IceCube analysis
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30% track misID and deposited energies up to 10 PeV
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Differences between the IceCube analysis and our 2014 
result are mainly due to extending the deposited energy 
range to cover the Glashow resonance (+ track misID)
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IceCube analysis

  45

Joint analysis of diFuse searches

»Flavor ratio (compared to previous result in arXiv)

arXiv:1502.0337

J. P. Yáñez, talk at Moriond 2015

New IceCube analysis!

dφ
dEν BF

∝Eν
−2.5±0.09
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conclusions 
Great discovery by IceCube: the era of neutrino astronomy 

Two potential issues: 

➙ Deficit of muon tracks… important track misID? 

➙ Deficit of electron antineutrinos E>PeV… spectral break? 

Results depend on the energy range considered (not 
statistically conclusive yet)… structure in the spectrum? 
lack of statistics? 

A lot to be done… 17 more events coming up this year… 

We need more data: KM3NeT, Gen2 IceCube 
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Waiting for the first 
PeV Track event

...faster than lightning, stronger than steel, smarter than a speeding bullet.

Oh, look, down in the ice!  
It’s a background event 
It’s a signal event 
It’s...
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Waiting for the first 
PeV Track event

Grover
(or Coco, Gualter, Archibaldo, Grobi, Arquibaldo, Gunnar, 

Açıkgöz, Florek, Antar, Kruvi, Kajkoal, Bohouš...)

...faster than lightning, stronger than steel, smarter than a speeding bullet.

Oh, look, down in the ice!  
It’s a background event 
It’s a signal event 
It’s...


