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NEUTRINOS 

Neutrino oscillations Neutrinos have a tiny but finite mass 

•  Chargeless 

•  Spin ½ 

•  Weakly interacting  

•  Almost massless 

No bending in magnetic fields  è Point back to the source 
 

Minimal obstruction / scattering  è Arrive directly from regions opaque 
to light. 



NEUTRINO SOURCES 



NEUTRINO SOURCE SPECTRA 



NEUTRINOS FROM SUN 

Thermonuclear Reaction Chain 1938 

Solar Radiation:  
98% light, 2% neutrinos 

66 billion neutrinos/cm2 sec 
1-10 MeV 



NEUTRINOS DETECTION 

Neutrino Detection (1954-1956)                          
Reactor Anti-Electron Neutrinos were 

detected                                           
Clyde Cowan and Fred Reines               

Fred Reines (1918-1998), Nobel Prize 1995 



NEUTRINOS FROM SUN 

Solar Neutrino Detection 
Homestake Solar neutrino Observatory 

(1967-2002)                                  
Inverse Beta Decay on Chlorine 

Ray Davis Jr. (1914–2006)  
Masatoshi Koshiba (*1926)  

Nobel Prize 2002 for Neutrino 
Astronomy 



SOLAR NEUTRINO PUZZLE 

Solar Neutrino Detection 
Homestake Solar neutrino Observatory 

(1967-2002)                                  
Inverse Beta Decay on Chlorine 

Ray Davis Jr. (1914–2006)  
Masatoshi Koshiba (*1926)  

Nobel Prize 2002 for Neutrino 
Astronomy 

Expectation 

Observation 



ATMOSPHERIC NEUTRINO PUZZLE 

Solution :  
Neutrino flavor oscillations 

 



NEUTRINO FLAVOR  OSCILLATIONS 
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ATMOSPHERIC NEUTRINO PUZZLE 

Solution :  
Neutrino flavor oscillations 

νμ and ντ mix 

Measure 



SOLAR NEUTRINO PUZZLE 

Expectation 

Observation 

Solution : Neutrino flavor oscillations in matter 
νe mixes with other flavors.

Resonance mixing inside the Sun 
Measure 



RREACTOR AND GEO NEUTRINO 

Reactor Neutrinos: 

Confirmed oscillations through solar 
neutrino parameters even in vacuum 

Geo Neutrinos: 

Produced by natural radioactivity 
 in Earth’s crust 

KamLAND, Borexino  
Useful for understanding Earth’s radioactivity 

Neutrino Geophysics!! 

Measure  
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              Mass-gap parameters:	   M2 =     -        ,  +          ,  ± Δm2	  δm2	  
2	  

δm2	  
2	  

“solar” " “atmospheric” "

3ν	  FRAMEWORK	  and	  OPEN	  QUESTIONS	  

Mass Ordering: 
Normal vs Inverted 



Sanduleak -69 202        Supernova 1987A    
23 February 1987     

  

Neutrinos from Supernovae 



Kamiokande-II (Japan) 
Water Cherenkov detector 
2140 tons 
Clock uncertainty  ±1 min 

Irvine-Michigan-Brookhaven (US) 
Water Cherenkov detector 
6800 tons 
Clock uncertainty  ±50 ms 

Baksan Scintillator Telescope 
(Soviet Union), 200 tons 
Random event cluster ~ 0.7/day 
Clock uncertainty  +2/-54 s 

…but	  about	  two	  hours	  before:	  

The	  core	  collapse	  and	  ν	  cooling	  mechanism	  confirmed!	  



Helium-burning star 

Helium 
Burning 

Hydrogen 
Burning 

Main-sequence star 

Hydrogen Burning 

Stellar Collapse and Core-Collapse Supernova  

[slides  from G. Raffelt] 



[slides  from G. Raffelt] 

Stellar Collapse and Core-Collapse Supernova  
Onion structure Collapse (implosion) 



Stellar Collapse and Core-Collapse Supernova  
Collapse (implosion) 



Stellar Collapse and Core-Collapse Supernova  
Collapse (implosion) 



Stellar Collapse and Core-Collapse Supernova  
Newborn Neutron Star 

~ 50 km 

Proto-Neutron Star 
ρ ≈ ρnuc = 3 × 1014  g cm-3  

T ≈ 30 MeV 

Collapse (implosion) 

Neutrino 
Cooling 



Stellar Collapse and Core-Collapse Supernova  
Newborn Neutron Star 

~ 50 km 

Proto-Neutron Star 
ρ ≈ ρnuc = 3 × 1014  g cm-3  

T ≈ 30 MeV 

Neutrino 
Cooling 

ENERGY SCALE:  

 99% energy (1053 ergs ) is emitted 
by neutrinos (Energy ~ 10 MeV). 

TIME SCALE:  

The duration of the burst lasts 
~10s. 



Shock Revival by Neutrinos 

Shock receive fresh energy  
from neutrinos!! 

Delayed Mechanism 



Growing Set of 2D Exploding Models  

Hanke et al, 1303.6269 

Realistic neutrino transport,  
convection and turbulence,  

hydrodynamical instabilities (SASI). 



Failed Explosion   

Tamborra	  et	  al.,	  arXiv:1402.5418	   



• Standard paradigm for many years:  Neutrino-driven explosion 
           (delayed explosion, Wilson mechanism)  

• Numerical explosions ok for small-mass progenitors in 1D  
     (spherical symmetry)  

• Numerical explosions ok for broad mass range in 2D  
         (axial symmetry)  

• 3D studies only beginning – no clear picture yet  
    Better spatial resolution needed?  

Status of SN Explosion 



Sky Map of Lepton-Number Flux (11.2 MSUN Model)  

Tamborra	  et	  al.,	  arXiv:1402.5418	   

Lepton-number flux (𝝂𝒆−𝝂𝒆) relative to 4π average  
Deleptonization flux into one hemisphere, roughly dipole distribution  

(LESA — Lepton Emission Self-Sustained Asymmetry)  

— 



LESA Schematic Description 

Accre&on	  flow	   

Tamborra	  et	  al.,	  
	  arXiv:1402.5418	   



[Fischer et al. (Basel Simulations), A&A  517:A80,2010, 10. 8 Msun progenitor mass] 

Accre&on	  

•  powered by infalling                          
matter 

•  Stalled shock 
Accretion: ~ 0.5 s 

Neutrino Average Energy  

𝝂μ,τ 

𝝂𝒆 

𝝂𝒆 
— 

Flavor Oscillation can  
give harder 𝝂𝒆 and 𝝂𝒆  and 𝝂𝒆 

spectra   
 
 
 
  

— 



[Fischer et al. (Basel Simulations), A&A  517:A80,2010, 10. 8 Msun progenitor mass] 

Accre&on	  

•  powered by infalling                          
matter 

•  Stalled shock 
Accretion: ~ 0.5 s 

Neutrino Emission Phases 

𝝂μ,τ 

𝝂𝒆 

𝝂𝒆 
— 

Flavor Oscillation can  
give harder 𝝂𝒆 and 𝝂𝒆  and 𝝂𝒆 

spectra   
 

Instabilities in neutrino 
evolution due to 

Neutrino-Neutrino 
interaction  

 
EXTRA 

Heating??? 
 
 
  

— 



Stability Analysis 

SN density profile crossing the   
instability zone 

may trigger  
flavor conversion  
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LESA Schematic Description 

LESA lepton asymmetry 

S.C, Raffelt, Janka & Mueller, arXiv:1412.0670 

Large lepton asymmetry 
 prohibits instability in  

neutrino evolution 
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Stability Analysis: LESA 

Minimum lepton Asymmetry Maximum lepton Asymmetry 

S.C, Raffelt, Janka & Mueller, arXiv:1412.0670 



Ε " #0.05
Ε " 0.00
Ε " 0.05
Ε " 0.20

100 1000500200 300150 15007000.1

1

10

100

1000

104

Radius !km"

Λ
!km"1 "

Stability Analysis: LESA 

Minimum lepton Asymmetry 



High Energy Neutrinos 



km^3 neutrino telescopes

IceCude Detector
!"#$%&#'()#$*#+#&+,-$

South Pole Dome (old station) 

Amundsen-Scott  
South Pole station 

1km 

1km 

1.5km 

5160  
optical  
sensors 

 

Array of 80 sparse and 
6 dense strings 

5 

KM3NeT (proposed)

South Pole (completed in 2011)
Mediterranean Sea

cover different portions of the galactic sky

Saturday, April 27, 2013



 
What do we know?   
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Background and Signals 

Atmospheric neutrino  
& muon production  

in cosmic ray air showers.  
 

Muons are absorbed  
inside the Earth. 

Only events from above. 
 

Atmospheric neutrino 
 background From  
North and South. 

 
Earth becomes opaque  

to high-energy neutrinos!  
 

PeV events are coming  
from above. 



Event classes in IceCube 

Alexander Kappes | WIN 2013, Natal | 17.09.2013 | 5

Event classes in neutrino telescopes

Tracks:

‣ Source: νμ CC interaction

‣Good angular resolution (< 1°)

‣ Factor of 2 resolution in muon energy

‣ Sensitive volume ≫ instrumented volume

Cascades:

‣ Source: νe, νμ, ντ NC + νe CC interaction

‣Good energy resolution (~10% at high energies)

‣ Limited angular resolution ( ≳ 10° in IceCube)

‣ Sensitive volume ≈ instrumented volume

Composites:

‣ Source: νμ CC (ντ CC) inside instrumented volume

muon 
(IceCube data)

cascade 
(IceCube data)

starting muon 
(IceCube data)

Alexander Kappes | WIN 2013, Natal | 17.09.2013 | 5

Event classes in neutrino telescopes

Tracks:

‣ Source: νμ CC interaction

‣Good angular resolution (< 1°)

‣ Factor of 2 resolution in muon energy

‣ Sensitive volume ≫ instrumented volume

Cascades:

‣ Source: νe, νμ, ντ NC + νe CC interaction

‣Good energy resolution (~10% at high energies)

‣ Limited angular resolution ( ≳ 10° in IceCube)

‣ Sensitive volume ≈ instrumented volume

Composites:

‣ Source: νμ CC (ντ CC) inside instrumented volume

muon 
(IceCube data)

cascade 
(IceCube data)

starting muon 
(IceCube data)

Tracks Cascades 

Source: !
νµ CC interaction!

!
Good angular resolution (<1°)!

!
Moderate energy resolution!

!
!

Source: !
νe, νµ, ντ  NC + νe CC interaction!

!
 Limited angular resolution ( ≳10°)!

!
Good energy resolution!

!
!



PeV Events in IceCube 
empty

IceCube Events Aartsen et al. 2013

The IceCube experiment has recently reported the detection of two cascade ⌫

events with PeV energy.

August 9th, 2011

1.04± 0.16 PeV

January 3rd, 2012

1.14± 0.17 PeV

Enrico Borriello Probing Lorentz Invariance Violation

empty

IceCube Events Aartsen et al. 2013

The IceCube experiment has recently reported the detection of two cascade ⌫

events with PeV energy.

August 9th, 2011

1.04± 0.16 PeV

January 3rd, 2012

1.14± 0.17 PeV

Enrico Borriello Probing Lorentz Invariance Violation

•   
Shown at Neutrino’12 

•  Both downgoing cascades 

•  Expected background: 0.082 

IceCube Collaboration, PRL 111, 021103(2013) 



PeV Events in IceCube 
•   

Shown at Neutrino’12 

•  Both downgoing cascades 

•  Expected background: 0.082 

Needed more statistics  
 

Extends sensitivity to 
lower energies 

 
Optimized on events 

starting inside detector  

IceCube Collaboration, PRL 111, 021103(2013) 



Results of the follow-up search 

36 events observed including 
3 PeV events  

 
8 Tracks events 

 
Expected background  

15 
7 atmospheric neutrinos 

8 atmospheric muons  
 
 

[IceCube PRL 113 (2014)] 



Energy and Zenith Distribution 

Harder than atmospheric 
background  

 
Excess compatible with  
isotropic flux ( 1 : 1 : 1 )  

 
Potential cutoff at  

2.0 PeV  

[IceCube PRL 113 (2014)] 



Energy and Zenith Distribution 

 
 
 
 
 
 
 
 
 
 

Harder than atmospheric 
background  

 
Excess compatible with  
isotropic flux ( 1 : 1 : 1 )  

 
Potential cutoff at  

2.0 PeV  
 

No clustering of events  
 

No significant correlation  
with Galactic plane (Slight 

Excess) 
 

[IceCube PRL 113 (2014)] 



Energy and Zenith Distribution 

Neutrino Sky Map !! Harder than atmospheric 
background  

 
Excess compatible with  
isotropic flux ( 1 : 1 : 1 )  

 
Potential cutoff at  

2.0 PeV  
 

No clustering of events  
 

No significant correlation  
with Galactic plane (Slight 

Excess) 
 

[IceCube PRL 113 (2014)] 



 Questions Regarding the Origin 

Several Possibilities: 

•  Active galactic Nuclei (AGN) 

•  Low power GRB’s 
 

•  Star burst  Galaxies  
 

•  Fermi bubble 

•  PeV dark matter decay 
•  ......  

especially with some  
post-data tweaks! 



Neutrino Beams:  



Active Galactic Nuclei 

•  Neutrino interactions from pγ interactions in AGN cores [Stecker et al.’91] 

•  Complex spectra from various photon backgrounds 

•   Deficit of sub-PeV and excess of EeV neutrinos 

[Murase, Inoue & Dermer 1403.4089] 



Gamma Ray Bursts 

•  Strong limits of neutrino emission with the fireball model [Abbasi et al. ’12] 

•  IC excess exceeds limit by factor of around 5 

•  What about undetected low-power GRB [Murase et al. arxiv 1306.2274] 

[Abbasi et al. ’12] 



Gamma Ray Bursts 

CRs accelerated in GRB colliding in the  

galactic molecular cloud 

[Dado and Dar. PRL’14] 



Starburst galaxies 
•  Intense CR interactions (and acceleration) in dense starburst galaxies 
•   Cutoff/break feature (0:1-1) PeV at the CR knee (of these galaxies) 
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•  pp efficiency  

l Two escape ways: 1) diffusion  2) advection  

l  Hypernovae occur in star-forming galaxies 
 & starburst galaxies 

ISM 
Proton 

Neutrino spectrum from HN remnants 

Murase et al. arXiv:1306.3417, Liu et al. arXiv:1310.1263,  
Tomborra et al. arXiv:1404.1189    



•  pp efficiency  

l Two escape ways: 1) diffusion  2) advection  

l  Hypernovae occur in star-forming galaxies 
 & starburst galaxies 

ISM 
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Neutrino spectrum from HN remnants 

HNR
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Liu et al. 13 



Neutrino spectrum from HN remnants 
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What  
about  

ordinary SNR? 

•  Local SNR rate 
~100 × HNR rate 

•  However SNR 
Ejecta Energy 

~0.1 × HNR Ejecta  
Energy 



Neutrino spectrum from HN+SN remnants 

SNR
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What  
about  

ordinary SNR? 

•  Local SNR rate 
~100 × HNR rate 

•  However SNR 
Ejecta Energy 

~0.1 × HNR Ejecta  
Energy 

S.C and I. Izzaguire, arXiv:1501.02615 



Neutrino spectrum from HN+SN remnants 

What  
about  

ordinary SNR? 

•  Local SNR rate 
~100 × HNR rate 

•  However SNR 
Ejecta Energy 

~0.1 × HNR Ejecta  
Energy 

SNR+HNR
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The HNR flux normalization should come from  
100 TeV flux dominated by SNR 



Summary and Outlook 

•  Important progress in neutrino astrophysics in the last years. 

•  Neutrinos as extremely important to understand the stellar dynamics. 

•  Novel flavor conversion phenomena uncovered in supernovae but 
key questions remain open. 

 
•  IceCube TeV-PeV background has opened yet another area of 

neutrino astrophysics. 
 



Extra Slides 



Solar Neutrino Detection 
Homestake Solar neutrino Observatory 

(1967-2002)                                  
Inverse Beta Decay on Chlorine 

Ray Davis Jr. (1914–2006)  
Masatoshi Koshiba (*1926)  

Nobel Prize 2002 for Neutrino 
Astronomy 

NEUTRINOS FROM SUN 



Neutrinos from Sun 

Solar Neutrino Detection 
Homestake Solar neutrino Observatory 

(1967-2002)                                  
Inverse Beta Decay on Chlorine 

Ray Davis Jr. (1914–2006)  
Masatoshi Koshiba (*1926)  

Nobel Prize 2002 for Neutrino 
Astronomy 



Neutrinos from Sun 

Solar Neutrino Detection 
Homestake Solar neutrino Observatory 

(1967-2002)                                  
Inverse Beta Decay on Chlorine 

Ray Davis Jr. (1914–2006)  
Masatoshi Koshiba (*1926)  

Nobel Prize 2002 for Neutrino 
Astronomy 



Neutrino Emission Phases 

[Fischer et al. (Basel Simulations), A&A  517:A80,2010, 10. 8 Msun progenitor mass] 

Neutroniza&on	  burst	  	   Accre&on	   Cooling	  

•  Shock breakout 
•  De-leptonization of  

outer core layers 
•  Duration ~ 25 ms  

•  powered by infalling                          
matter 

•  Stalled shock 

•  Cooling by ν 
diffusion  

Accretion: ~ 0.5 s ; Cooling: ~ 10 s 



Large-Scale Convection in 3D (11.2 MSUN)  

Tamborra	  et	  al.,	  arXiv:1402.5418	   



•  Heating by neutrino driven wind coming from neutrino-sphere 
                             νe + n ⇌ e− + p;  νe + p ⇌ e+ + n 
 
•  Important quantity whose evolution should be studied is 
               Electron fraction (Ye) = No of electrons/No of Baryons 

•  For Neutron rich conditions Ye < 0.5 (Preferably < 0.45). 

r-Process Nucleosynthesis 

Duan, et al, JPG (2010) 

— 

S C, Choubey, Goswami and Kar, JCAP 2010 



PeV Events in IceCube 
•   

Shown at Neutrino’12 

•  Both downgoing cascades 

•  Expected background: 0.082 
GZK ?  

cosmic rays interact 
with the microwave 

background 
 
 
 

Too low energy, more 
events should be seen 

in higher energies  

IceCube Collaboration, PRL 111, 021103(2013) 

0ππγ ++→+ + pandnp



Glashow-Cohen Radiation 

Superluminal propagation allows kinematically forbidden processes :  
 LIV Processes (neutrino) Cohen & Glashow 2011 

empty

Bremsstrahlung of Electron-Positron Pairs

Superluminal propagation allows for processes otherwise kinematically forbidden:

LIV processes (neutrino sector) Cohen & Glashow 2011

neutrino Cherenkov radiation (⌫ ! ⌫ �)

neutrino splitting (⌫ ! ⌫ ⌫ ⌫̄)

bremsstrahlung of electron-positron pairs (⌫ ! ⌫ e

+

e

�)

All these processes would produce a depletion of the high-energy neutrino fluxes
during their propagation

Decay Law

observed flux = e

��L initial flux

⌫ ! ⌫ ⌫ ⌫̄ is neglected (it brings only minor modifications).

Neutrino pair production (⌫ ! ⌫ e

+

e

�) has been recognized as the fastest
energy-loss process for LIV neutrinos.

If ⌫ ! ⌫ e

+

e

� is forbidden (threshold e↵ects) ⌫ ! ⌫� is anyway operational and a
channel for energy losses, although two orders of magnitude less e�cient (W -loop
diagram. . . ) than ⌫ ! ⌫ e

+

e

�.

Enrico Borriello Probing Lorentz Invariance Violation

Depletion of the high-energy neutrino fluxes during their propagation  

empty

PeV Neutrinos: Heuristic Argument

observed flux = e

��L initial flux

Decay Rate Cohen & Glashow 2011

�e± =
1

14

G

2

FE

5

�

3

192⇡3

= 2.55⇥ 1053�3E5

PeV

Mpc�1

Treshold

� & 10�18

E

�2

PeV

In order for this process to be e↵ective (�L & 1) for PeV extragalactic ⌫s
(L ⇠Mpc), it must be

� & 10�18

What if � is slightly bigger? e.g. � ! 2 �
� scales like �

3, then

�� ⇠ O(1) ) �(initial flux) ⇠ O(103)

(the observed flux is kept constant)

Enrico Borriello Probing Lorentz Invariance Violation

ν → ν e+ e-   

δ = (v2 − 1) < 10-18  

•  The two PeV cascade neutrino events detected by IceCube –if attributed to 
extragalactic diffuse events– can place the strongest bound on LIV in the 
neutrino sector. 



Extra-Galactic Diffuseγ-ray Emission  

•  e± propagate only few kpc before scattering off the CMB populating a  
    γ-ray flux between 1 ∼ 100 GeV. 

ν → ν e+ e-   

empty

A Novel Bound

Diffuse Flux from IceCube Pev ⌫s Whitehorn et al. @ IPA 2013

Up to 1 PeV the excess is compatible with an E

�2 spectrum:

E

2

⌫
d'E

dE

= (1.2± 0.4)⇥ 10�8 GeV cm�2s�1sr�1

Observed Integrated Energy Density:

!

obs

⌫ =
4⇡

c

1.1PeVZ

1PeV

E

d'E

dE

dE ⇠ 10�9 eV/cm3

,

The initial ⌫ energy density is depleted at the expense of ICS photons (Cohen &
Glashow e

± propagate only few kpc before scattering o↵ the CMB) that populate
a �-ray flux between E

1

⇠ O(1) GeV and E

2

O(100) GeV.
This flux is constrained by Fermi data:

(Integrated) Extra-Galactic Diffuse �-ray Emission Abdo et al. 2010
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c

Z E
2

E
1

E

d'�

dE

dE . 5.7⇥ 10�7 eV/cm3

.

Enrico Borriello Probing Lorentz Invariance Violation

Abdo et al. 2010 

γ Energy Density  

Extra-Galactic Diffuse γ-ray Emission  
 flux is constrained by Fermi data :  



Extra-Galactic Diffuseγ-ray Emission  

ν → ν e+ e-   

Extra-Galactic Diffuse γ-ray Emission  
 flux is constrained by Fermi data :  

Abdo et al. 2010 

Observed
ν Energy Density  
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that. Now, the two events detected in IceCube in two
years of data taking would imply a diffuse energy flux
E2

ν dϕE/dE ! 3.6× 10−8 GeV cm−2 s−1 sr−1 [17], actu-
ally quite close to the so-called Waxman-Bahcall bench-
mark [28]. These numbers imply that one cannot tolerate
an energy density ωin

ν in the initial neutrino flux larger
by about two orders of magnitude than the observed one

ωobs
ν =

4π

c

1.2PeV
∫

1 PeV

E
dϕE

dE
dE ! 2.7× 10−9 eV/cm3 , (7)

otherwise the electromagnetic energy injected via the
process would basically saturate the bound. Note that
we did not extrapolate the observed flux beyond the en-
ergy window at which the two events have been mea-
sured. Once accounting for the fact that the process in
question transfers a large fraction of the initial neutrino
energy into the e± pair [11], a simple back-of-the enve-
lope calculation leads to an approximate constraint of the
type:

e−Γ d >∼
ωobs
ν

ωγ
∼ 10−2 , (8)

where d is the characteristic distance of the sources. Pro-
vided that the channel ν → ν e+e− is open, we get

δ3e± dMpc < 1.8× 10−53 . (9)

For the simplest scenario of cosmologically distant
sources, a reasonable value is d ∼ O(103)Mpc. In fact
the emissivity of a diffuse neutrino flux from cosmologi-
cally distributed sources (such as GRBs) is peaked at red-
shift z ∼ 1 [29], that corresponds to a comoving distance
of more than 3 Gpc. Equation (9) nominally implies
δ <∼ O(10−19), which means that the pair-production
mechanism is not operational and that the actual bound
is thus δ < O(10−18) (see the condition of Eq. (4)). A
priori, the ν → νγ is kinematically accessible to PeV neu-
trinos even for δ < O(10−18) and depending on its rate
it could put a more stringent bound, but it is easy to
check that it is not the case: it leads instead to a slightly
weaker (albeit of comparable order of magnitude) bound.
However, the latter channel allows to infer that the de-
rived bound probably holds under more general hypothe-
ses than the ones we assumed: for example it should not
depend crucially on the Ansatz that the LIV in the elec-
tron sector is much smaller than in the neutrino one.

III. DISCUSSION AND CONCLUSION

We have derived a very stringent bound on LIV in the
neutrino sector, δ < O(10−18), from the observations of
two PeV scale IceCube events and remarkably few as-
sumptions on the underlying astrophysical sources.
It is important to emphasize that our argument is nei-

ther based on a study of the neutrino flux shape distor-
tion, like in [15] nor on the assumption of any putative

Galactic source, like in [13], as none is currently plausible
to explain the observed flux we refer to. What we pro-
pose here is instead a novel “calorimetric” bound, based
on the observed extragalactic gamma ray diffuse flux.
Let us now discuss the model dependence in more de-

tail. We just assumed that the events are due to an
extragalactic flux, hence with characteristic distance of
source(s) of the order of a Gpc. Of course, once addi-
tional information will be available (e.g. on the number
density and redshift distribution of the sources contribut-
ing to the flux) an improved calculation will be possible.
We do not expect however that the ignorance of these
details affects the bound very much. In fact, within our
approximations the bound on δ scales as

δ <∼ 10−18 ×Max

[

1.6

(

ln(ωγ/ωobs
ν )

E5
PeV dMpc

)

1

3

, E−2
PeV

]

, (10)

with a very weak dependence on the initial assumption
on the fluxes, as well as a dependence only on the cubic
root of the typical distance. For example, it is worth
noting that even in the extreme (and unlikely) case where
the observed neutrino flux were dominated by the closest
extragalactic source candidates, at distances of the order
of several Mpc—Centaurus A, which is the closest one,
at about 4 Mpc from us—one would still deduce δ <∼
O(10−18). Again, this is basically suggesting that the
energy loss channel via pair emission must be a closed
channel. On the other hand, detecting higher energy
events would improve and make the bounds more robust.
The extragalactic nature is essential in making the

electromagnetic “cascade” argument operational, but ac-
tually it is also the most likely explanation, given that the
flux level required to match observations appear close to
predicted diffuse fluxes (see e.g. [30]). Not only that: an
indirect argument against a closer astrophysical origin is
that the Galactic diffuse flux at PeV energy can be com-
puted quite reliably and is expected to be much smaller,
see e.g. [31]. This is true provided that the source is rela-
tively “thin” to cosmic rays, so that the flux is dominated
by cosmic ray production in interstellar medium. This
appears almost unavoidable, especially since we would
need accelerators capable of maximal energies up to 1016

eV/nucleon at least, which would be hard to impossi-
ble to achieve with large energy losses within the accel-
erator. Anyway, some bound should exist also if one
or more hypothetical Galactic sources contribute to this
flux. Lacking promising candidates of this type in the lit-
erature, we do not consider this further. In general, the
bound should be then obtained by estimating an input
flux upper bound by some other sort of multi-messenger
constraint: Typically, other by-products (or tertiaries of
their energy degradation) of the neutrino production pro-
cesses at the source.
Finally, what if the events should be eventually at-

tributed to atmospheric background? We briefly men-
tioned that this appears unlikely at present. Yet, it
is worth noting that even in that case, the current
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