
Neutrino Astrophysics 
part one

Francesco Vissani 
INFN, Laboratori Nazionali del Gran Sasso

Francesco Vissani                                                                    - Neutrino Frontiers, Training Week -                                                               GGI, Florence, June 26, 2024



This lecture replaces the one of my 
colleague and friend Cecilia Lunardini, 

who unfortunately could not join.  

It is based on a series of lectures I gave at 
GGI one year ago



neutrinos: lecture plan

We introduce the features of neutrinos, of foundational relevance for the standard model but also for 
revealing its limits; moreover we discuss the main observations, concerning these intriguing particles. We 
examine some technical aspects of particular importance and propose a few exercises to trigger discussion. 

1) Main properties of neutrinos, Majorana formalism 

2) Neutrino transformations (oscillations) 

3) Natural neutrino sources and their observations 

4) Artificial sources, introduction to data analysis 

5) Theoretical aspects 



main references  
I used



also  
https://arxiv.org/pdf/1802.05781.pdf
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Neutrinos - 2
ultra-relativistic neutrino “oscillations”



Firenze, Jan 24, 2023

EXERCISES

• check that the matter term has dimensions of  energy (as it should be)  
• reinsert the factors ħ and c and check the following numerical formulae 

• compare the size of  the matter term with the vacuum term and discuss 
when the two are similar

F. Vissani, LNGS 8



neutrino transformation (oscillations)

the neutrinos produced in weak interactions are superposition of mass eigenstates 

 

this is not a stationary state,  , due to the phases of propagation  with 

   ; thus, the probability  deviates from unity  

furthermore, the state  receives another special phase (=Mikheyev-Smirnov-Wolfenstein effect) when it propagates in 
matter rich of electrons, due to weak interactions. The effect on oscillations depends upon the ratio 

|νe⟩ = Ue1 |ν1⟩ + Ue2 |ν2⟩ + Ue3 |ν3⟩

|νe, t⟩ ≠ |νe⟩ |νi⟩ → exp (−i
Eit
ℏ ) |νi⟩

Ei = (pc)2 + (mic2)2 Pνe→νe
= ⟨νe, t |νe⟩

2

|νe⟩

an essential reminder of the relevant theoretical ingredients



survival probability
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of the electron neutrinos in the Sun

the probabilities differ from 1 

something around 5 MeV 

this is a success of MSW theory 

these two graphs are based on SNO and 
Borexino measurements. Recently SK 
revised day/night and slope now better
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atmospheric neutrinos
and neutrino oscillations

two predictions concerning 
atmospheric neutrinos show evidence 
of oscillations at GeV energies, 
as a function of  

1. the muon-to-electron ratio, 
which goes from 2 to 1  

2. the up-down symmetry which is 
not obeyed for muon neutrinos 

MSW effect expected at  GeV 

Eν ∼
θzenith

Eν ∼ 5





oscillations of high energy neutrinos is simple
Gribov-Pontecorvo = classical regime  does apply



EXERCISES

• Convince yourself  that oscillations are unavoidable for 
high energy cosmic neutrinos - assume Eν >1 TeV 

• How a tau neutrino could be possibly seen?  
     (This would be a “space OPERA” experiment). 

• Is it possible that very high energy cosmic neutrinos 
produce a real W boson decaying into two jets?

F Vissani, LNGS 14





Firenze, Jan 24, 2023

the picture inclusive of  wavepackets

F. Vissani, LNGS 16



Firenze, Jan 24, 2023

wavepacket of  a flavor state

F. Vissani, LNGS 17



Firenze, Jan 24, 2023

for a wavepacket with δE δt ~ ħ

time for `un-packeting’

  ➔ v1 t − v2 t ∼ c δt

time for `de-phasing’

  ➔ E2 t′￼− E1 t′￼ ∼ ℏ

F. Vissani, LNGS

EXERCISE:  prove it using c=1, vi =p/Ei  and Ei2 =p2 + mi2

18
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Neutrinos - 3
main natural sources, detectors, characteristics and 

properties, a few open issues



this lecture
selected topics in astroparticle neutrinos physics

solar neutrinos 
geoneutrinos 
((supernova neutrinos))  
atmospheric neutrinos 
HE astroph. neutrinos 



Solar neutrinos 
(is not only matter of oscillations)



Davis: first observation of solar neutrinos 
Koshiba: observation of solar and supernova neutrinos

Kajita: experimental proof of oscillation with atmospheric neutrinos 
McDonald: experimental proof of oscillation with solar neutrinos



also Sakata (1911-1970), Pontecorvo 
(1913-1993), Bahcall (1934-2005) 

had much merit for neutrino science 



VOLUME 55, NUMBER 14 PHYSICAL REVIEW LETTERS 30 SEPTEMBER 1985

Direct Approach to Resolve the Solar-Neutrino Problem

Herbert H. Chen
Department ofPhysics, University of California, Irvine, California 9271 7

(Received 27 June 1985)

A direct approach to resolve the solar-neutrino problem would be to observe neutrinos by use of
both neutral-current and charged-current reactions. Then, the total neutrino flux and the
electron-neutrino flux would be separately determined to provide independent tests of the
neutrino-oscillation hypothesis and the standard solar model. A large heavy-water Cherenkov
detector, sensitive to neutrinos from B decay via the neutral-curent reaction v+ d p+ p + p and
the charged-current reaction v, + d e +p +p, is suggested for this purpose.

PACS numbers: 96.60.Kx, 14.60.Gh

The solar-neutrino problem, i.e., fewer neutrinos
are assigned to the sun in the chlorine-argon ra-
diochemical experiment of Davis and co-workers' than
predicted by the standard solar model, has prompted a
variety of possible solutions ranging from neutrino os-
cillations to a very large number of nonstandard solar
models. 4 The neutrino-oscillation hypothesis postu-
lates interesting new properties of the neutrino in or-
der to decrease the electron-neutrino flux, but this hy-
pothesis cannot be fully tested in experiments using
terrestial neutrino sources. The nonstandard solar
models were developed primarily to decrease the cen-
tral temperature of the sun in order to suppress 8 pro-
duction. Then, the smaller number of 8-decay neu-
trinos would reduce the anticipated signal in the
chlorine-argon radiochemical experiment. These pos-
sibilities have been discussed widely over the past de-
cade, and the discussions continue. In the absence of
further experimental information, there will not be a
resolution to this problem.
The new radiochemical experiments —'Ga, sen-

sitive to neutrinos from the pp reaction; 'Br, sensi-
tive to the 78e-decay neutrino —and the geochemical
experiment —Mo, sensitive to the 8-decay neutrino
flux averaged over the past several million
years—have been widely discussed, and they will add
to our knowledge when completed. However, these
experiments address the problem indirectly because
they detect neutrinos via the charged-current (CC)
reaction, and thus have a sensitivity only to electron
neutrinos.
An experiment which directly addresses the solar-

neutrino problem should be sensitive to all neutrino
species equally. Such a measurement could determine
the total solar-neutrino flux even if neutrinos oscillate
At the low energies relevant for solar neutrinos, how-
ever, the only possible reactions are neutral-current
(NC) reactions with nuclei since these NC cross sec-
tions are independent of the neutrino type. Note that

the (v, e ) scattering reactions are not appropriate be-
cause the (v„e ) reaction, in the standard elec-
troweak theory, has both CC and NC contributions
that make its cross section about 6 times larger' than
the other (v, e ) reactions. "' Thus, a measurement
of the CC and NC rates on a nucleus fixes the p, flux
and the total neutrino flux, respectively. Measure-
ment of the total neutrino flux tests the standard solar
model independent of the neutrino-oscillation hy-
pothesis and measurement of the ratio of the
electron-neutrino flux to the total neutrino flux tests
the neutrino-oscillation hypothesis'3 independent of
the standard solar model.
The NC reaction on a nucleus is difficult to detect

since the outgoing neutrino carries most of the avail-
able energy, especially at the energies relevant here.
But one NC reaction, the neutrino disintegration of
the deuteron, was observed some time ago with use of
reactor v, 's by detecting the product neutron. ' The
neutron was seen by He-gas proportional counters im-
mersed in a tank of heavy water which provided the
target deuterons.
Recently, the possibility of observing 8-decay solar

neutrinos in a large heavy-water Cherenkov detector
(1000 to 1500 metric tons) by use of (v, e ) scattering
and the CC v, -d reaction was raised. ' That this exper-
iment can be seriously considered is a result of the
successful operation of large light-water Cherenkov
detectors built deep underground to search for proton
decay. ' ' The existence of many reactors with heavy
water as a moderator, e.g. , the Canadian deuterium
uranium power reactors, provides encouragement that
a large volume of heavy water could be made available
for this purpose.
The CC reaction on the deuteron is relevant in the

present discussion. The event rate can be calculated
by use of the upper limit for the 8 v, flux allowed by
Davis and co-workers' and the theoretical cross sec-
tion. ' This reaction has been observed, '9 albeit with
large errors. The expected rate is

R (CC) =F(v, )oz&Nd = (2X106 cm . sec ') x (1.2X10 cm ) x (6X10 ') =12/kt-d (kiloton-day),

1534 1985 The American Physical Society



Bahcall 1989
is still an excellent 

source of information 
especially on solar 

neutrinos



Generalities on the Sun

• The sun radiates a prodigious amount 

of energy,  

• Elemental abundances at its surface, 
roughly summarized by X,Y,Z 

• Helioseismology allows to measure 
the velocity of the sound and the 
depth of the convective zone  

L⊙ = 3.828 × 1033 erg
s



Effectiveness of the energy production processes in a star  
alike the Sun, depending upon its central temperature. 

pp- chain

cno- cycle

10 12 14 16 18 20
T

[106 K]

0.5
1

5
10

50
100

log[ϵ]
our Sun  
is here



the sun emits light & neutrinos
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only few experiments can cover all relevant reactions



a basic process of the standard model 

theoretically very clean, radiative                                                                       

corrections are known 

 for boron neutrinos: thus, in water Cherenkov detectors, direction 

can be reconstructed (—> Kamiokande, SK) 

scintillator detectors allow to cover all the other components (—> Borexino)

mec2 ≪ Eν

.                       advantages of detecting neutrinos with elastic scattering on electrons                  .         



Borexino's explored pp and CNO almost entirely

20202014



summary and discussion

Wide recognition of solar neutrino oscillations has changed the field of 

solar neutrinos and impacted on particle physics 

The SSM remains a key tool and can be still improved 

Borexino played a big role and opened new avenues for the more research 

New exp.s will improve and probe several possble unexpected physics

on solar neutrinos



the original idea of "NSI"



Mirror World
and sterile states

Mirror models is a motivated extension of standard model 

Mirror baryons are candidates for dark matter 

Ordinary neutrinos and mirror neutrinos mix at  

Many possible manifestations: solar, supernovae and HE neutrinos 

see NPB 658 (2003) 254

∝
⟨H⟩2

MPlanck





Geoneutrinos 
(is a new geophysical probe)



the Earth

The Earth is (almost) as old as the Sun 

It is formed by various stratified structures. The main ones: crust; mantle; core 

It has been cooling since the beginning and it radiates 47 TW. 

(the innermost part has a temperature of about 7500 oC) 

Kelvin’ early estimations of the heating rate led to an age in  years scale  

They were wrong because of incorrect modeling  

Furthermore, radioactivity, which contributes to Earth’ internal heath, was unknown

∼ 107

and radioactive decays
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the Earth

The Earth is (almost) as old as the Sun 

It is formed by various stratified structures. The main ones: crust; mantle; core 

It has been cooling since the beginning and it radiates 47 TW. 

(the innermost part has a temperature of about 7500 oC) 

Kelvin’ early estimations of the heating rate led to an age in  years scale  

They were wrong because of incorrect modeling  

Furthermore, radioactivity, which contributes to Earth’ internal heath, was unknown then

∼ 107

and radioactive decays



beta decay of neutron-rich  

    elements leading to antineutrinos 

(to be contrasted with solar  

     neutrinos where proton rich elements transform and produce neutrinos) 

in that, this more closely resembles the physical situation realised in artificial fission 
reactors, which actually act as a background for geo-neutrinos

nature of geoneutrinos
anti-neutrino

    electron

neutron
proton



“inverse beta decay” (Bethe & Peierls)

proton targets are available in water or hydrocarbon 
(this reaction used to detect for the 1st time a signal)

anti-electron

proton

anti-neutrino
neutron



an updated calculation
arXiv:2206.05567v1



an updated calculation
arXiv:2206.05567v1



antineutrino spectra
expectations

There are three components: 

The first 2 can be seen with IBD.  

Note that uranium-238 extends at higher energies 
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interesting questions

• discovering geo-neutrinos (seeing something) 

• observe site dependencies 

• testing geophysical models 

• quantify the mantle component 

• distinguish uranium and thorium contributions



measurements
In the spectra of Borexino 2020 
and KamLAND 2022, geoneutrino 
signal is visible and not only.   

There is also an indication of 
both its components, i.e.:  

• thorium-232 and  

• uranium-238, the latter 
extending at higher energies 
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summary and discussion

The discovery of geoneutrinos (KamLAND + Borexino) is fairly recent  

Geoneutrinos will allow interesting questions to be addressed, and no 
major problems should be an obstruction to proceed further 

Significant scope for progress, especially with larger detectors (JUNO)

on geoneutrinos



Supernova neutrinos 
(will be covered by Cristina Volpe tomorrow)



a race of neutrinos and photons



Atmospheric neutrinos 
(just few urgent remarks)



atmospheric neutrinos
as secondary particles 

• the collisions of primary particles 
produce secondary mesons, in part.  

• when  decay, it produces  and   

• when the  decay, it produces and 
 or  

• at higher energies, muon reach the 
ground before decaying and pions are 
damped by interactions 

π±

π± μ± νμ/ν̄μ

μ± e±

νe, ν̄μ ν̄e, νμ



atmospheric neutrinos
and the induced muons

• the muons are very penetrating 
particles and a big annoyance for 
underground neutrino detectors 

• when the direction of the particles 
are observed, one can search for up-
going muons 

• these are unmistakably to be 
attributed to muon (anti)neutrinos 
interacting around the detector  

• seen already in sixties (CWI & KGF)!  



CPT and its tests with neutrinos 
N

PB 20
0

5, Strum
ia et al



summary and discussion

For neutrino physics, atmospheric neutrinos have played an 
enormous historical role. 

Interestingly, in current oscillation studies and in the few GeV 
region, they still play a prominent role. 

Their distribution above 10-100 TeV is not well known. Note that we 
expect them to include a component of prompt neutrinos - from 
charm decay - that has not yet been observed. 

on atmospheric neutrinos



H.E. astrophysical neutrinos
(an introduction)



cascataAdronica.gif

High energy γ and ν 
are both potentially 

observable! 



cascataAdronica.gif

useful thumb rules: ,  and  Eπ = Ep/5 Eγ = Eπ /2 Eν = Eπ /4

High energy γ and ν 
are both potentially 

observable! 



Napoli, Apr 7, 2022



Gamma rays in 1-100 GeV energy region: 
3rd catalogue of  Fermi-LAT



what is the target for CR collisions?
If  the target is due to hadrons  
PP-mechanism: 
The spectrum of neutrino reflects 
the spectrum of the CR, and it is 
plausibly power-law like, E−α

If  the target is due to photons                    
Pγ-mechanism: 
There is threshold for the CR and 
thus for neutrinos. The spectrum 
changes with photon distribution
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Napoli, Apr 7, 2022

1-100 TeV

one can search a new component of the high energy neutrino spectrum, 
possibly reflecting the production spectrum of cosmic rays at their sources   



summary of the main goals of  
high-energy neutrino science

• astronomical goals: see some bright point source, steady or possibly sporadic, over 
the atmospheric neutrino background; gamma rays studies offer us hints and guidance  

• other observational approach: search for a new components of high-energy spectrum  

• astrophysical goals: the hopes is that this help identify the sources of cosmic rays  

• particle physics goals: assess the chances of exotic origin / propagation 



IceCube

IceCube is a detector installed in the ice of the South Pole. 

Charged particles emit Cherenkov light as they propagate through the 
ice. There are strings of 60 optical modules each.   

From the detected light, the detector reconstructs the direction of arrival 
and the energy of the charged particles.  

Since 2013, the detector has revealed that, in addition to particles 
produced in the Earth's atmosphere, there is a new population of 
neutrinos with energies up to about 10 PeV.



IceCube
highlights

new population seen as 

1. neutrino induced muons from 
surrounding ice/rock 

2. neutrino entering the detector 

3. special events: taus, Glashow 

consist of “hard” quasi-power law spectra 
 with moderate compatibility 

angular distribution almost isotropic, as 
expected from extragalactic population 

E−α



IceCube
highlights

new population seen as 

1. neutrino induced muons from 
surrounding ice/rock 

2. neutrino entering the detector 

3. special events: taus, Glashow 

consist of “quasi-power law spectra  with 
moderate compatibility among datasets 

angular distribution almost isotropic, as 
expected from extragalactic population 

E−α



deviations from isotropy
• Spurio claimed already in 2014 

that IceCube data had hint of a 
galactic component 

• Several arguments in favor of 
this hypothesis collected in the 
course of the years (e.g., 
Palladino et al ApJ 2016, figure 
at the right) 

• In 2023 IceCube claimed a 4.5  
hint with the help of a "template" 

σ



model expectations
Mascaretti & FV, JCAP 2019

• expected electron neutrino flux 
from a model for power law 
"astrophysical" component that 
does not disagree with data 

• and does not exceed the 
electromagnetic bounds (yellow) 

• (conventional + prompt=purple) 

• below, emphasis on the  occasion 
to see the prompt from the data
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summary and discussion

A discovery of a new component (most likely of cosmic origin) 
has been made. Now time to understand what we are seeing. 

Next targets: clear point sources; galactic component.  

Oscillations provide very useful constraints. 

At this point, new measurements are warranted. The results 
will have a big impact on high-energy astrophysics.  

on high-energy astrophysical neutrinos
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spare slides
more on pp neutrinos, an exercise on neutrino propagation, 

sterile neutrinos 2006, highlights from Neutrino 2024



nuclear transformations of the pp-chain 

production of 3H fully tagged by pp + pep neutrinos  

consumption of 3H = (3H3H) + 7Be + 8B + hep neutrinos   

4 × 1H 3He 4He

pp

pep

(3He3He) 

7Be

8B

hep

1H+



exercise
thoughts around a wrong result

A dozen years ago, an experiment measured the velocity of neutrinos over 
a distance of 730 km, finding that neutrinos arrive 60 ns before light. 

• What would be the fractional excess of neutrino speed ? 


• Neutrinos from a 50 kpc supernova (SN1987A) arrived within 3 hours of 
the predicted time. Is this result compatible with the previous one?


• The Hamilton-Jacobi relation links the velocity with (energy-momentum) 
dispersion relation. Can you imagine any consequences of this?

δ =
vν − c

c

[neutrinos] differ from photons through the fact 
that they would not travel at the speed of 
light.     [Pauli, 1930]



sterile neutrinos 2006 - some details



Neutrino 2024

• very strong limit from KATRIN 
 

• an impressive high energy event from 
Km3NET above 10 PeV (see next slide) 

• first hint for diffuse supernova neutrino 
background @ Superkamiokande

mν̄e
< 0.45 eV

some news

I contributed with a talk on history of neutrinos






