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Messengers
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Why Neutrino Astronomy 
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Eν > 1 TeV

Photon horizon



IceCube
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Neutrino Signatures
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Track 
[pic from data]

Cascade 
[pic from data]

Double Cascade 
[pic from simulation]

angular resolution ~ 0.5°

energy resolution ~ 25% 

angular resolution ~ 10°

energy resolution ~ 15% 

~ 2 expected events 
in 6 years



2 ντ events
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~100 TeV ~2 TeV 



From where?

HESE veto



Diffuse Analysis
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Hard Spectrum
Different angular 

distribution 

study excess of high energy events over atmospheric expectation 



Atmospheric neutrinos
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Diffuse Results
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Contained Cascades 
recent study on 4 years of data 

astrophysical νe + ντ down to ~10 TeV 

no evidence for departures 
from single power law 

� / E�2.48
<latexit sha1_base64="iZz2w7wK6bluaaZVZCdVA4g8mcM="></latexit>
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ANTARES
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ANTARES: diffuse (UL)



Diffuse in Multimessenger
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diffuse neutrino flux fits well into global diffuse multi-messenger picture

above ~100 TeV the same ν-flux appears in multiple channels  

some differences at lower energies could be indicative of additional contribution(s) to the 
diffuse, e.g. dark neutrino sources (more data needed!) 

[Ahlers & Halzen, 2018]



…And charged particles and neutrinos

Francis Halzen

NOTE: Gamma Rays flux
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Point Source Analysis
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Directional Clustering Hard Spectrum

Clustering Time

neutrino emission from one point in the sky 

→ bivariate gaussian (spatial pdf) 

powerlaw spectrum

gaussian or box time profile

(can include possible time dependence )
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IceCube: point sources
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no significant clustering observed

in 8 years of data 


(497 072 track events, 95% Eν > 1 TeV)

“hottest spot”: p=0.3

(after look-elsewhere correction) 

[Eur. Phys. J. C (2019) 79]

× shower like

+ with tracks

Source clustering



18

ANTARES: point sources



Neutrino Candidates
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Point sources



TXS 0506+056
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TXS 0506+056 is a blazar 
located at z=0.34 
(~4 billion ly away)


 

(Blazars are AGNs with jets that can 

flare, producing gamma-rays)



TXS 0506+056 with IceCube
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found 13 ± 5 muon-neutrino tracks on clustered in 
space and time consistent with the direction of TXS


in a ~110 day window (December 2014)

 


rejection of bg-only (Atmospheric ν) hypothesis

events consistent with hard injection spectrum (E-2.1)

Direction of IceCube-170922A consistent with TXS 0506+056 (0.1 deg) 

Significant excess seen by Fermi-LAT and MAGIC shortly after IC alert (3σ) 


Historical IceCube data indicates independent neutrino flare in 2014-15 (3.5σ) 

[Science 361, 147-151 (2018)]



NOTE: Gammas Astronomy
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NOTE: Gammas Astronomy
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In this region there are  produced also by CR interactions:


 (those constitute the isotropic  background)


 production is correlated also to  production via 

γ
π0 γ

π ν π±

Synchrotron

IC + 
Bremss.

Synchrotron

IC + 
Bremss.



Gamma Rays point sources
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Very High Energetic  – 10 GeV-100 TeVγ



Neutrino oscillation
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Pα→β,α≠β = sin2(2θ)sin2 ( Δm2L
4E )

U = ( cos θ sin θ
−sin θ cos θ)

⇒



Neutrino oscillation
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Pα→β,α≠β = sin2(2θ)sin2 ( Δm2L
4E )

U = ( cos θ sin θ
−sin θ cos θ)

⇒

U =
Ue1 Ue2 Ue3
Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

⇒



Neutrino oscillation
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U =
1 0 0
0 c23 s23
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U =
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⇒

(cij = cos θij; sij = sin θij)



Neutrino oscillation

28

U =
1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13

c13 s13 0
−s13 c13 0

0 0 1

eiϕ1/2 0
0 eiϕ2/2 0
0 0 1

U =
Ue1 Ue2 Ue3
Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

⇒

(cij = cos θij; sij = sin θij) In case of Majorana particle
In case of CP-violation in neutrino oscillation

(If , a fourth neutrino is required  sterile neutrino!)|U | ≠ 1 ⇒



Neutrino oscillation
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U =
c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
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0 eiϕ2/2 0
0 0 1

U =
Ue1 Ue2 Ue3
Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

⇒

(cij = cos θij; sij = sin θij)



Measuring the Oscillation
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up

down

E⌫(GeV)
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νμ disappearance
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νμ disappearance
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νμ disappearance
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[Phys. Rev. Lett. 120, 071801 (2018)]



Analysis A: ν all-flavor high acceptance νatm simulation-driven 

Analysis B: non-ν optimised high rejection + νatm data-driven

[Phys. Rev. Lett. D 99, 032007 (2019)]

ντ appearance & hierarchy
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Consistent with Super-K and OPERA

(they have different energy/distance range and 

definition of ντ normalisation; 
normalisation = measured/expected)


Preference for NO at (CLs = 53.3%).This result 
is in line with recently reported preferences for 

the NO by Super-Kamiokande, T2K, NOνA, 
MINOS, and recent global best fits.


[Phys. Rev. Lett. 120, 071801 (2018)]



ν oscillation analysis
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Analysis A 
ν all-flavor high acceptance

νatm simulation-driven 

Analysis B 
non-ν optimised high rejection

νatm data-driven



Flavour of cosmic neutrinos
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expected from oscillations over 
cosmic baselines 

e.g. pion-muon decay

νe : νμ : ντ = 1:2:0 injected at source 
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Flavour of cosmic neutrinos
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expected from oscillations over 
cosmic baselines 

e.g. pion-muon decay

νe : νμ : ντ = 1:2:0 injected at source 
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Expected ratio on Earth, 
given the current values of 
the oscillation parameters



Flavour of cosmic neutrinos
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expected from oscillations over 
cosmic baselines 

e.g. pion-muon decay

νe : νμ : ντ = 1:2:0 injected at source 
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Flavour of cosmic neutrinos
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expected from oscillations over 
cosmic baselines 

e.g. pion-muon decay

νe : νμ : ντ = 1:2:0 injected at source 

0.0 0.2 0.4 0.6 0.8 1.0

1.0

0.8

0.6

0.4

0.2

0.0

0.0

0.2

0.4

0.6

0.8

1.0

n t
fra

ct
io

n
( f

t,
©
) n

µ fraction
( fµ,© )

ne fraction ( fe,©)

(0 : 1 : 0)S

(1 : 2 : 0)S

(1 : 0 : 0)S

Unitarity
bounds

95% C.L.

68% C.L.

IceCube 2015

data 
best fit

APJ 806, 98 (2015)



Flavour of cosmic neutrinos
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expected from oscillations over 
cosmic baselines 

e.g. pion-muon decay

νe : νμ : ντ = 1:2:0 injected at source 

IceCube data is well consistent with 1:1:1 flavour ratio at earth 

~100 TeV

Event ID through dedicated double cascade 
reconstruction:

analysed all HESE (7.5y) events above 60 TeV 

 
2 candidates found!

(expected to pass cuts: ~1.4 ντ, ~0.7) 

[EPJ Web Conf. 207

02005 (2019)]

Smoking gun astrophysical events: ντ



Neutrino cross section
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νμ → νμ disappearance probes high energy (TeV scale) neutrino cross section

earth absorbs neutrinos at high energies (Eν > 30 
TeV) 

earth opaque to neutrinos above 1 PeV (vertical 
directions) 

absorption depends on neutrino nucleon cross-
section (DIS) 

IceCube can measure it!

[Nature 551 596 (2017)]

[CSMS from Cooper-Sarkar et al, JHEP 08 (2011) 042]



Neutrino cross section
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νμ → νμ disappearance probes high energy (TeV scale) neutrino cross section

consistent with SM prediction 

earth absorbs neutrinos at high energies (Eν > 30 
TeV) 

earth opaque to neutrinos above 1 PeV (vertical 
directions) 

absorption depends on neutrino nucleon cross-
section (DIS) 

IceCube can measure it!

[CSMS from Cooper-Sarkar et al, JHEP 08 (2011) 042]

[Nature 551 596 (2017)]



Glashow resonance

43

[PoS(ICRC2017)1002]

Identified in new search for cascades near the

detector boundary (partially contained cascade)


detailed analysis of the event ongoing.  
 


deposited energy ~6 PeV (~10% sys. uncertainty) 

evidence for presence of an early muon (~few 10 GeV) 

consistent with μ-production in hadronic shower


implications for diffuse electron (anti-)neutrino flux under study. 



Glashow resonance
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Cosmogenic neutrinos?

45
[Phys. Rev. Lett. D 102, 043021 (2020)]


