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Neutrino Energy (eV) 

Cosmological	neutrinos	

Solar	ν	

Supernova	neutrinos	
Geo-neutrinos	
Reactor	neutrinos	

Athmospheric	neutrinos	

UHΕ ν	

Neutrinos in Nature 

Two diffuse neutrino backgrounds never observed : 
from the Early Universe and from supernovae  
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In 1939 H. Bethe predicts that  
nuclear reactions are responsible  
for the energy production in stars.		

no neutrinos… 

 Energy production in stars 



 Neutrinos from the pp reaction chain 
The proton-proton (pp) fusion reaction chain produces 99% of solar  
energy transforming H into 4He. 

p + p  →  2H + e+ + νe

3He + 3He →  4He + 2p 3He + p → 4He + e+ + νe  

3He + 4He →  7Be + γ	

7Be + e- →  7Li + νe

7Li + p → 4He + 4He

7Be + p →   8B + γ	

8B →  8Be + e+ + νe

8Be →  4He + 4He

2H + p  → 3He + γ 
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ν	

1970  
the detector 

Homestake mine (South Dakota) 
600 tons of C2Cl4 

νe + 37Cl       37Ar + e- 

« We observe much less
neutrinos than expected. »
Davis, Harmer, Hoffman, PRL20, 1968

 First observation of solar neutrinos 

Composi)on	:		73%	H,	25%	He,	2%	other	
Central	temperature	:	15	106	degrees	K		

2002 Nobel Prize
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 Neutrinos from the pp reaction chain 

THE SOLAR NEUTRINO 
DEFICIT PROBLEM 
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 Solar ν deficit : the solution 

SNO,
PRL89, 2002

2015 Nobel Prize

1 kton, heavy
water (Canada)

Super-Kamiokande 
PRL81 (1998)

50 kton, water 
Cherenkov (Japan)

1) The ν oscillation  
discovery with 
atmospheric ν. 

3) Kamland 
identifies the MSW 
large-mixing-angle 
(MSW) solution. 

2) The total solar 
flux consistent with 
SSM. Non-zero  
νµ,ντ flux (5.3 σ). 

1 kton, scintillator 
(Japan), reactor νe 

KamLAND, PRL90, 2003

νe  + D → p + p + e-  (CC)
νx  + D → νx + p + n(NC)
νx  + e- → νx + e-        (ES)



In the Sun, MSW resonance condition 
met and evolution adiabatic. It gives 
the sign of Δm2. 

 Mikheev-Smirnov-Wolfenstein (MSW) effect 

Mikheev, Smirnov(1985) 

Resonant flavour conversion due to ν-matter interactions 

ρe  
MEAN-FIELD 

It occurs  in the Sun, in Supernovae, in AD, in Earth and Early Universe (BBN). 
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7Be ν	

Borexino coll, PRL 108 (2012) 

pp 
MSW solution 

8B ν	

pep 

7Be	

8B ν	

MSW solution 

Borexino,	Nature	512	(2014)

  Current status of solar νe  
The low energy pp neutrinos, from the keystone 
fusion reaction, pep, 7Be measured.  

pp 

Vacuum averaged oscillations   

Borexino	(Gran	Sasso)

280	tons,	liquid	scinRllator)
     νx  + e- → νx + e-  (ES)

Transition from vacuum 
oscillation to MSW solution 
 can reveal new physics  
such as non-standard Interactions. 



Carbon-Nitrogen-Oxygen (CNO) ν	
The CNO cycle : responsible for 1% of the energy production in the Sun.  
The dominant mode for hydrogen burning in massive main sequence stars.  

Current limit best limit from Borexino. 
 It will be observed in SNO+ (780 ton)  
and Borexino (phase II) by achieving  
Challenging reduced backgrounds. 

Key CONFIRMATION of evolutionary models. 

Neutrino	Energy	(MeV)	



The metallicity problem 

CNO ν with 12 % precision will  
solve the metallicity problem.  

Older Standard Solar Model (SSM) : GS98, Z/X = 0.0229, 1D 
New Standard Solar Model : AGSS09, Z/X = 0.0178, 3D, agreement  

       with helioseismology spoiled. 

Z/X = surface metals – to –hydrogen ratio 

Serenelli, et al. ApJ 743 (2011)
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Why geo-neutrinos ? 
Geoneutrinos are νe  produced by long-lived 
radioactive elements within our planet.  

Their measurement of the geoneutrino flux 
gives information on the amount of U, Th, K 
in the crust and the mantle, the associated  
radiogenic heat and furnishes tests of Earth  
models (BSE). 

Fiorentini et al. PRD72 (2005)Global terrestrial power 
output : 47 pm 2 TW.   
     
           Davies and Davies,
       Solid Earth 1 (2010).



Geo-neutrino observations 
First observed by KamLAND.       
Araki et al., Nature 436 (2005).

ν	
e/

M
eV

/p
ar

en
t 

νe  + p → n + e+    

Geoneutrino events measured : 
116 +28

-27    
    KamLAND, PRD 88 (2013). 
23.7 +6.5

-5.7 (stat) +0.9
-0.6 (sys)  

Null hypothesis excluded at 5.9 σ. 

threshold	

Detected via inverse beta-decay :      

1	MeV	 7	MeV	

238U series 
40K 

232Th series prompt signal by γ from e-e+ 
annihilation and delayed signal 
(2.2 MeV γ) from n capture on p. 

Neutrino	Energy	(MeV)	

U 

Th 

Total terrestrial radiogenic  
power: P(U+Th+K) = 33+28

-20 TW . 
Borexino coll., PRD 92 (2015)
	



Geo-ν observations and future 

FUTURE  
q Borexino switches to SOX (sterile searches). 
q SNO+ (Canada), starts 2017.  
    A good knowledge of local crust contribution needed. 
q JUNO, 20 kton (China), starts 2020. 
q Hano-Hano, 10 kton (Hawaii), transportable, mantle contribution  
    at oceanic crust. Not funded yet.        

H(U+Th)	(TW)	

Ra
te
	(U

	+
	T
h)
	(T

N
U
) 

Fiorentini et al. PRD86 (2012)

KL+BX (1 σ) 

Positive signal from the mantle.  
It requires a good knowledge of  
the local crust contribution : 
Sgeo(mantle) = Sgeo – Sgeo(crust)  
 
Comparison with different models 
for the primitive mantle, Th/U 
ratio and distribution.        
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core-collapse supernovae 

The site(s) where nucleosynthesis produces  
heavy elements, by rapid neutron capture  
(r-process), remains unknown. Neutrinos set 
neutron-to-proton ratio, a key parameter, by 

Where are heavy elements made  ? 

accretion disks around black holes 

or around neutron star mergers 

νe  + p → n + e+    νe  + n → p + e-    

effect of ν flavor 
modification 

solar abundances 

lo
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) 

mass	number	A	



 Core-collapse supernova ν	

NS	

νe ντ	

νµ	

NS	

νe ντ	

νµ	

Neutrinos deposit energy behind the shock to trigger  
the explosion - delayed neutrino heating explosion mechanism. 

        Bethe and Wilson, 1985

cooling accretion 

Time	aQer	bounce	(s)	

H
üdepohl et al. PR

L (2010) 

cooling accretion 

from simulations 
neutronization burst 

Massive stars (M > 8 Msun) produce 1058 ν of about 10 MeV in 10 s  
from the gravitational collapse of massive stars. 

        Colgate and White, 1966 

Simulations not yet successful  
(3D, hydrodynamic instabilities, realistic neutrino transport) 



Sanduleak 690202,  
a blue super-giant in 
Large Magellanic Cloud,  
at 50 kpc, 
no remnant found so far. 

SN1987A 
2002 Nobel Prize

Vissani, JPG (2014)

Time and energy signal 
agrees with predictions. 
 
Interesting limits on  
neutrino properties 
and non-standard physics. 



Supernova ν observatories  

MiniBOONE HALO 

Borexino 
LVD Daya-Bay 

JUNO 

Baksan 
SK (104), Hyper-K  

KamLAND (400) 

IceCube (106) 

Different detection channels available :  
scattering of anti-νe with p, νe with nuclei, νx with e, p 

SNEWS – Supernova Early Warning System 

DUNE 

If a supernova explodes in our galaxy (10 kpc), detectors will collect 
up to 106 events. 



shock waves 

ν-e 
 MSW 

νµ	

νe 

neutrinosphere

ν self-interaction 

A lot of theoretical work still needed. 

 Neutrino flavor conversion in media 
Flavour conversion phenomena emerge, due to 
q   neutrino-matter coupling – MSW effect  
q   presence of shock waves or turbulence  
q   neutrino-neutrino interaction. 
 

Ø  impact on nucleosynthesis and supernova dynamics 
Ø  flavor modification phenomena and their effects 
   Connection to condensed matter and  

many-body systems (atomic nuclei, clusters). 
 Volpe et al., PRD 87 (2013).



νe + p      n + e+ 

Dip (bump) at 3.5 (1) σ in 
 Super-Kamiokande.  
JUNO and Hyper-Kamiokande. 

29	MeV	

15	MeV	

Signatures of neutrino mass ordering 

G
ava et al, PR

L 103 (2009) 

If a supernova (1-3/century) at 10 kpc explodes : 

Shock-wave imprint depending  
on the mass ordering. 

SN signals can give  
Information on  
unknown ν properties. 

Time	(s)	

Also in JUNO,  
Hyper-Kamiokande 
and νe detectors. 

JUNO 
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  The Diffuse Supernova ν Background 

ü  Upper limits on DSNB fluxes : 
    1.4-1.9 anti-νe /cm2/s 
    73-154 νe/cm2/s 
 Lunardini and Peres, JCAP (2008)  

Events (10 y)  window    detector      

  90    9-25 MeV   50 kton    scintillator 

300   19-30 MeV  440 kton   Hyper-K 

  30   17-41 MeV   50 kton   liquid argon 
νe 

νe 
νe 

 Galais et al PRD 81(2010)

EGADS (Super-Kamiokande  
with Gd. 

The integrated ν neutrino flux from supernovae at different redshifts : 

Upcoming projects have  
the discovery potential. 

JUNO, 3.2-3.7 σ  
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Conclusions and perspectives 
Solar neutrinos : deficit undestood and MSW effect 
established. We understand how energy is produced in 
the Sun and low mass stars. Future goals : to study 
vacuum to MSW transition and discover CNO ν. 
 
Geo-neutrinos : observed. Mantle contribution 
identified. Future measurements should precisely 
measure the radiogenic contribution to the Earth 
power and determine the Th/U ratio. 

Neutrinos from supernovae and in accretion disks : 
discover the diffuse supernova background. Neutrinos 
from (extra)galactic supernovae will bring key 
Information on the explosion mechanism. 
Steady theoretical progress on neutrino flavor 
conversion. Many crucial questions need to be tackled.  



Merci       Thank you	



