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Neutrinos from the Sun

Reaction-
chains

Energy
26.7 MeV

Helium

Solar radia)on: 98 %  light
2 %  neutrinos

At Earth 66 billion neutrinos/cm2 sec

Hans Bethe (1906-2005, Nobel prize 1967)
Thermonuclear reaction chains (1938)



1938: no n in the nuclear reactions … 

1938  -- Thermonuclear reaction chains 
Hans Bethe (Nobel prize 1967)



8.3 light minutes

Several light years of Pb
needed to shield solar n

Bethe & Peierls 1934:
… this evidently means
that one will never be able
to observe a neutrino.



First evidences of anomalies in the neutrino field 
arrived from solar neutrinos (end of ‘60 and ‘70) 

p + e- + p ® 2H + nep + p ® 2H + e+ + ne

pp chain 

2H + p ® 3He +  g

3He + 3He ® 4He + 2p 3He + p ® 4He + e+ + ne

3He + 4He ® 7Be + g

7Be + e- ® 7Li + ne 7Be + p ® 8B + g 

8B ® 8Be* + e+ + ne  

8Be* ® 24He

7Li + p ® 24He

12C + p ® 13N + g 13N ® 13C + e+ + ne

15N + p ® 12C + 2He 13C + p ® 14N + g

15O ® 15N + e+ + ne 14N + p ® 15O + g

15N + p ® 16O + g 17O + p ® 14N + 4He

16O + p ® 17F + g 17F ® 17O + e+ + ne

CNO cycle 

(pp) (pep)

(hep)

(8B)

(7Be)

(15O)

(13N)

(17F)

0.13%99.87%

15%

85% 2 ´ 10-5%

99.6% 0.4%

99.9%

0.1%

The solar n are produced in the nuclear reactions in the solar core:
4p ® a + 2e+ + 2ne + 26.7 MeV



Standard Solar Model (SSM)

• Stellar evolution models:
– Hydrodynamic equilibrium 

between pressure and gravity
– Energy transport by radiation 

and convection
– Energy production by nuclear 

reactions
• Can produce n’s here

• Many experimental and theoretical 
inputs:
– Age, luminosity, opacity, 

abundances, radius, surface 
temp, core temp, core density, 
diffusion parameters.

• Output:
– Temp(r), density(r) 
– Neutrino Flux

7Be

8B

hep

pep
pp

A solar model is a solu)on of evolu)on equa)ons sa)sfying some contour 
condi)ons ( MÅ ,LÅ ,RÅ )



Self-Regulated Nuclear Burning

Main-Sequence
Star

Virial Theorem:   𝐸!"# = − $
%
〈𝐸&'()〉

Small Contraction
® Heating
® Increased nuclear burning
® Increased pressure
® Expansion

Additional energy loss (“cooling”)
® Loss of pressure
® Contraction
® Heating
® Increased nuclear burning

Hydrogen burning at nearly fixed T
® Gravitational potential nearly fixed:

⁄𝐺*𝑀 𝑅 ∼ constant
® 𝑅 ∝ 𝑀 (More massive stars bigger)



Equations of Stellar Structure
Assume spherical symmetry and static 
structure (neglect kinetic energy)
Excludes: Rotation, convection, magnetic fields,
supernova-dynamics, …

Georg&Raffelt,&MPI&Physics,&Munich& ISAPP&2011,&2/8/11,&Varenna,&Italy&

Equations&of&Stellar&Structure&
Assume&spherical&symmetry&and&static&structure&(neglect&kinetic&energy)&
Excludes:&Rotation,&convection,&magnetic&fields,&supernova>�	������
��&
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• By integrating the Fick’s first law over the surface of  some 
radius r, one gets the total outgoing energy flux,  L(r), which 
is equal to the luminosity by the energy conservation:

• where D is the photons diffusion coefficient. In the elementary theory of  diffusion coefficient 
in gases: 𝐷 ≈ #

$
𝑐𝜆 = %

$&'
; where λ is the photon mean free path and is the reciprocal of  the 

opacity 𝜅. ( 𝜅 = #
(/%*"

; 𝜅𝜌 = #
%*

) 

• u is the energy density related to the temperature by Stefan-Boltzmann law by : 𝑢 = +
%
𝜎𝑇+

𝐿 𝑟 =
4𝜋𝑟"𝑐
3𝜅𝜌
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The cumulative mass increases with radius according to the mass continuity equation:
𝑑𝑚
𝑑𝑟 = 4𝜋𝑟"𝜌

Integrating the mass continuity equation from the star center (r=0)
to the radius of  the star (r=R) yields the total mass of  the star. 

Considering the energy leaving the spherical shell yields the energy equation: ,-
,.
= 4𝜋𝑟"𝜌𝜀

Integrating the energy equation from the star center to the radius of the star yields the total 
luminosity of the star. 



Present day interior solar structure

composition
energy 

production

temperature 
and pressure

mass and density
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Virial Theorem Applied to the Sun

Georg&Raffelt,&MPI&Physics,&Munich& ISAPP&2011,&2/8/11,&Varenna,&Italy&

Virial&Theorem&Applied&to&the&Sun&

Central temperature from 
standard solar models:

Tc=1.56 ×107 K = 1.34 keV



Georg&Raffelt,&MPI&Physics,&Munich& ISAPP&2011,&2/8/11,&Varenna,&Italy&

Thermonuclear&Reactions&and&Gamow&Peak&

LUNA%Collaboration,%nucl2ex/9902004%



Georg&Raffelt,&MPI&Physics,&Munich& ISAPP&2011,&2/8/11,&Varenna,&Italy&

Hydrogen&Burning:&ProtonCProton&Chains&

<"0.420"MeV" """"1.442"MeV"

PPCI&

<"18.8"MeV"

hep&

0.862"MeV" 0.384"MeV"
<"15"MeV"

PPCII& PPCIII&

15%"85%"

0.02%"90%" 10%"

0.24%"100%"



Georg&Raffelt,&MPI&Physics,&Munich& ISAPP&2011,&2/8/11,&Varenna,&Italy&

Hydrogen&Burning:&CNO&Cycle&



Solar Neutrino Spectrum
• Many fusion processes in the sun lead to n’s
• Solar model predicts flux

– From solar luminosity, 
main pp neutrino flux 
known to 1%

– 7Be and 8B neutrinos 
10% to 20% 
uncertainties

Solar neutrino flux in SSM 

Source                       Flux 
                            (1010 cm-2 s-1)
    pp                            6.0
   pep                          0.014
   hep                         8 ´ 10-7
   7Be                           0.47
    8B                         5.8 ´ 10-4
   13N                           0.06
   15O                           0.05
   17F                        5.2 ´ 10-4



Proposing the First Solar Neutrino Experiment

John Bahcall
1934 – 2005

Raymond Davis Jr.
1914 – 2006



First Measurement of Solar Neutrinos

600 tons of
Perchloroethylene

Homestake solar neutrino
observatory (1967–2002)

Inverse beta decay
of chlorine



2002 Physics Nobel Prize for Neutrino Astronomy

Ray Davis Jr.
(1914–2006)

Masatoshi Koshiba
(*1926)

“for pioneering contributions to astrophysics, in
particular for the detection of cosmic neutrinos”



Neutrino interactions
• Weak interactions only, high energy 𝜈

𝜈𝜇 + N Þ 𝜇 + hadrons

1. #𝜈! + 𝑝 → 𝑒" + 𝑛 CC (Ethr≃1.8 MeV, reactor and geoch. expts)

2. 𝜈! + (𝐴, 𝑍) → 𝑒# + (𝐴, 𝑍 + 1) CC (Ethr, radiochemical and geoch. expts)

3. 𝜈$ + 𝑒# → 𝜈$ + 𝑒# NC (CC) (real time, e- direction Sun-Earth; n energy 
dist.; n flavour sensitivity)

4. 𝜈$ + 𝐴, 𝑍 → 𝜈$ + 𝐴, 𝑍 ∗ NC (Recoil energy + Eg; n flavour)

5. 𝜈! + 𝑑 → 𝑒# + 𝑝 + 𝑝 CC (real time, anti-correlation with Sun direction)

6. 𝜈$ + 𝑑 → 𝜈$ + 𝑝 + 𝑛 NC (n flavour sensitivity)

7. 𝜈$ + 𝑁 → 𝜇, 𝑒, 𝜏 + ℎ𝑎𝑑𝑟𝑜𝑛𝑠 CC (HE n)

8. 𝜈$ + 𝑁 → 𝜈$ + ℎ𝑎𝑑𝑟𝑜𝑛𝑠 NC (HE n)

• Nuclear reactions used in experiments:



Solar Neutrino Experiments
• Solar neutrino cross sections on matter

… very small Þ very radio-pure detectors of large mass in underground laboratories

• At these energies sn ~ 10-45 cm2 

• With flux of 1010/cm2/s and 1030 atoms ® 1 event / day

à New unit:   “1 SNU” = 10-36 captures / target atom / s

Experimental methods for solar n detection

• Two types of experiments:
– Radiochemical experiments
•Homestake (1): ne + 37Cl ® 37Ar + e-

(Eth = 0.814 MeV)
•GALLEX/GNO, SAGE (1): ne + 71Ga ® 71Ge + e-

(Eth = 0.233 MeV)

1. ne + (A , Z) ® e– +  (A , Z+1) CC (Ethr, radiochemical and geochemival expts)
2. nX + e–® nX + e– NC (+CC) (real time, e– direction Sun-Earth; n energy dist.; n flavour sensitivity)
3. nX + (A , Z) ® nX +  (A , Z)* NC (recoil energy + Eg ; n flavour)

4. ne + d ® p + p + e– CC (real time, anti-correlation with Sun direction, Ethr=1.443 MeV)
5. nX + d ® nX + n + p NC (n flavour sensitivity, Ethr=2.226 MeV) 

• Nuclear reactions used in experiments:

(A , Z) + g’s

– Scattering experiments
• Kamiokande, SuperK (light water)

(2): nx + e–® nx + e–

• SNO (heavy water) (4): ne + d ® p + p + e–

(5): nx + d ® nx + n + p
• BOREXINO (scintillator) (2): nx + e– ® nx + e–



Esperimenti della I generazione:

Radiochimici      :      Cloro, Gallex, Sage

RealTime            :      Kamiokande



• Reaction    : ne + 37Cl  ® e- + 37Ar Ethr = 0.814 MeV

• Exp. site    : gold mine of Homestake (4100 m.w.e.)

• Target        : 615 tons of C2Cl4 ,   2.2 ´ 1030 atoms of 37Cl

• sc : 5 ´ 10-46 cm2 @  1 MeV
10-41 cm2         @  15 MeV

• Procedure  :
- 35-150 days of exposition with 0.1 cm3 of STP 

of either 36Ar or 38Ar;
- Ar removed by flushing He;
- Ar purified by gaschromatography and getters;
- 37Ar inserted into proportional counters for 

measuring (EC decay of  37Ar, T1/2=35.04 
days);

- analysis with mass spectrometers to measure 
the amount of the extracted 36Ar or 38Ar

It is not sensitive to 
npp but to  (8B)n

First Measurement of Solar n: the 37Cl exp.

Radiochemical Experiment Inverse b decay of  37Cl



Results of Chlorine Experiment 
(Homestake)

Average (1970-1994)   2.56 ± 0.16stat ± 0.16sys SNU

Theoretical Prediction 6-9 SNU

“Solar Neutrino Problem” since 1968

Average rate



Kamiokande
confirms the deficit of high energy solar n 

• Reaction    : n + e- ® n + e-                            exp. Thr.: E = 7.5 MeV
• Exp. site    : Kamioka  mine (2700 m.w.e.)
• Target        : 680 tons of H2O (fiducial volume) ,   2.27 ´ 1032  e-

® charged particles detected by Cerenkov light

Rexpected = 0.3 events/days/680 tons      
( >10 MeV)

Sensitive to (8B)n

Data/SSM  =  

Kam. II and III:

06.006.050.0 ±±

• low energy events
• fiducial volume cut (g,n)
• cosmic rays cut
• correlation Earth-Sun

Identification of 
events due to 
ne:



Georg Raffelt, MPI Physics, Munich ISAPP 2011, 3/8/11, Varenna, Italy 

Cherenkov Effect

Water

Elastic scattering or 
CC reaction

NeutrinoLight

Light

Cherenkov 
Ring

Electron or Muon
(Charged Particle)



Poiché cosϑ ≤ 1 si ricava che deve essere β ≥ 1/n
I contatori Cherenkov producono luce solo per particelle con β ≥ 1/n e funzionano egregiamente per 
esempio per distinguere, a parità di energia cinetica, protoni, pioni ed elettroni. 

meccanismo coerente di 
produzione di luce Cherenkov AB = βc∆t     

AC = c/n ∆t = AB cosϑ 
n = indice di rifrazione del mezzo

Cara$eris(che di alcuni materiali 
usa( come rivelatori Cherenkov

In H2O: 

• ϑmax=41 gradi

•  

T ≥ m
1−βmin

2
−m =m 1

1−βmin
2

−1
⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

T ≥ 0.514m



GALLEX
• Reazione    :            ne + 71Ga ® e- + 71Ge Ethr = 0.233 MeV     ~ 1 catt./d attesa 

• Sito sper.    :             Laboratori sotterranei del Gran Sasso  (3300 m.w.e.)

• Bersaglio   :              30 tons di Gallio in GaCl3 + HCl

• Gallex/Gno (1991/2003) 

LNGS Tank

(verifica sui npp Emax= 420 keV)



T1/2=11.43 days



T1/2=11.43 days







Risultati dell’esperimento GALLEX

Rate di cattura predetta 
dal SSM per il 71Ga *

Sorgente               Rate (SNU)

    pp                            70.8
   pep                            3.0
   hep                           0.06
   7Be                           34.3
    8B                            14.0
   13N                            3.8
   15O                            6.1
   17F                            0.06

TOTAL              132 SNU

Dati/SSM  =  06.059.0 ±

*Bahcall 1990





Few hundred of events in 
several years of running



GNO







GALLEX legacy:
• observation of pp fusion in the solar core

• Construction of the detector: 1986-1990
• GALLEX runs: May 14, 1991 – Jan 23, 1997
• First 51Cr ν source expt: Jun 1994 – Oct 1994
• Second 51Cr ν source expt: Oct 1995 – Feb 1996
• Tests with 71As: Feb 1997 – Apr 1997
• Improvements towards GNO: Apr 1997 – Apr 1998
• GNO runs: May, 20 1998 – Apr, 9 2003 

GALLEX and GNO legacy

• definitive deficit of 7Be (or 
pp) ν not explainable by 
solar physics

• reliability of the 
radiochemical (solar-ν) 
experiments (ν-sources, 
As-test)



How? Exposing the target to ν’s of suitable energy from source of 
known activity in the same condition than in the solar exposures  

51Cr (EC) ® 51V + ne 

51
24Cr

Eg = 320 keV

431 keV
(@ 10%)

751 keV
 (@ 90%)

51
23V

T1/2=27.7 d



Verifica dell’affidabilità del procedimento di misura in Gallex

• Esposizione del rivelatore ad una sorgente di n di energia e di attività nota

• massa @ 35.5 kg, attività @ 2 MCi 51Cr (EC) ® 51V + ne 51
24Cr

Eg = 320 keV

431 keV
(@ 10%)

751 keV
 (@ 90%)

51
23V

Cromo arricchito in 50Cr  è stato 
attivato nel reattore nucleare di 
Grenoble:
           n + 50Cr ® 51Cr + g

T1/2=27.7 d



Response of GALLEX to 51Cr source expts

(1PBq = 1015Bq = 27.0 kCi)

• First observation of 
low energy ν from 
artificial terrestrial 
source

• Confirmation of 
solar ν deficit

• General check of 
the experiment

• Radiochemical techniques are reliable: it is possible to 
extract few atoms from 30 tons and to count their decays

T1/2=27.7 d



71As tests in GALLEX
• Introduction of about 105 atoms of 

71As inside the tank in the solution

• Repeated tests under variable 
conditions with respect to:

• Method and magnitude of 
carrier addition

• Mixing and extraction conditions

• Standing time

• To exclude withholdings (classical or 
“hot-atom” effects)

71As -------------------> 71Ge
EC(68%), b+(32%)

T1/2 = 2.72 giorni

Recovery factor = (99.9 ± 0.8) %







Risultati degli esperimenti della I generazione:
The solar neutrino problem

Deficit di neutrini

Effetto MSW

Possibili soluzioni

• Nuovi modelli solari

• n (7Be) assente

• n vacuum oscillation          
(Dm2 ~ 10-11eV2, sin22q ~ 0.8)

• momento magnetico del n 
(attività solare vs flusso)

• MSW (Dm2 ~ 10-6 eV2, 
sin22q ~ 0.006)



| νe 〉 = cos θ | ν1〉 + sin θ | ν2 〉

| νµ 〉 = −sin θ | ν1〉 + cos θ | ν2 〉

| νe (t)〉 = cosθe
i E1 t | ν1〉 + e

i E2 tsinθ | ν2 〉

A(νe→ νµ ) = 〈νµ | νe (t)〉

Interac[on eigenstates are linear combina[on of mass eigenstates

An electron neutrino evolves in time into the state

Probability amplitude for e-nu to mu-nu conversion

P(νe→ νµ ) =| A(νe→ νµ ) |
2

(E2 − E1) = (p2 +m2
2) − (p2 +m1

2) = Δm
2

2p

P(νe→ νµ ) = sin
2(2θ) sin2(Δm

2 L
4E

) = sin2(2θ) sin2(1.27Δm
2 L
E

)

Probability of nu-e to convert into nu-mu

When neutrinos are relativistic

Neutrinos can change flavour during propagation with a probability

Vacuum neutrino oscillations

= −sinθ cosθeiE1t + cosθ sinθeiE2t

= sin2θ e
iE2t − eiE1t

2

Dm2 in eV2; L in km; E in GeV
L=1.5 x 1011 m



• “Just-So” or Vacuum Oscillations

– Try to fit the results into the the 
oscillation formula
Posc = sin22q sin2 (1.27 Dm2L/E)
for L » 1011(m)

Oscillation Interpretations
• MSW or Matter Effects in Sun

(Mikheyev-Smirnov-Wolfenstein)

– Mass eigenstates propagate 
– But these are mixtures of flavor 

eigenstates 
• They have different 

interactions with e’s in sun

– If N = electron density then

Resonance Condition:
sin22qeff = 1 if W2 = sin22q



Neutrino oscillations in matter
As typically the interactions we are interested in happen at energies much below the 
electroweak scale, we can start with the four-fermion interaction Lagrangian 

Electron neutrinos have CC and NC interactions, while muon and tau neutrinos only the latter. 

The Dirac equation (neglecting the mass for 
simplicity and for unpolarized electrons) is 

For neutrinos and antineutrinos different sign! 
The new term is called the matter potential. 
Including both CC and NC ones has 



We have neglected common 
terms on the diagonal as they 
amount to an overall phase in 
the evolution. 

The full Hamiltonian in matter can then be obtained by 
adding the potential terms, diagonal in the flavour basis. 
For electron and muon neutrinos 

For antineutrinos the potential has the opposite sign. 

Neutrino oscillations 
in matter



2-neutrino case in constant density
If the electron density is constant (a good approximation for oscillations in the Earth crust), 
it is easy to solve. We need to diagonalize the Hamiltonian. 

ϑm à π/2 



2-neutrino oscillations with varying density 
Let’s consider the case in which Ne depends on time. This happens, e.g., if a beam of 
neutrinos is produced and then propagates through a medium of varying density (e.g. Sun, 
supernovae). 

At a given instant of time t, the Hamiltonian can be diagonalized by a unitary transformation 
as before. We find the instantaneous matter basis and the instantaneous values of the energy. 
The expressions are exactly as before but with the angle which depends on time, θm(t). 



In general, it is very difficult to find analytical solution to this problem. 

Solar neutrinos: MSW effect 
• The oscillations in matter were first discussed in L. Wolfenstein, S. P. Mikheyev, A. Yu 

Smirnov. 
• Production in the center of the Sun: matter effects dominate at high energy, negligible at 

low energy. 

The probability of νe to be 
νA is cos2 θm
νB is sin2 θm

If matter effects dominate, sin2 θm≃ 1 

In presence of adiabaticity, 
νe à νB à ν2 à P=sin2 θ



Sensitivity

Borexino

Borexino



Esperimenti della II generazione:

Radiochimici      :      GNO

RealTime            :      Super-Kamiokande, SNO, 
                                    Borexino



Super-K Experiment H2O Cerenkov Detectors



Georg Raffelt, MPI Physics, Munich ISAPP 2011, 3/8/11, Varenna, Italy

Super-Kamiokande: Sun in the Light of Neutrinos
(8B n, highest energy tail)

Measured flux (1117 days)
May ‘96 - April ‘00

F = scmsyststat //10.)(.)(03.040.2 2608.0
07.0 ´± +

-

Data/SSM = .)(.)(005.0465.0 015.0
013.0 syststat +

-±



Risultati dell’esperimento SK

One of the results: arXiv:1312.5176

First Indication of Terrestrial Matter Effects on Solar Neutrino Oscillation

Day/Night Asymmetry (2.7 σ effect):



Risultati degli esperimenti della I generazione + SK

Deficit di neutrini Effetto MSW

Possibili soluzioni
• Nuovi modelli solari
• n (7Be) assente
• n vacuum oscillation
   (Dm2 ~ 10-11eV2, sin22q ~ 0.8)

• momento magnetico del n 
(attività solare vs flusso)
• MSW (Dm2 ~ 10-6 eV2, sin22q ~ 0.006)

SMA

LMA

LOW



Risultati Ga + Cl +SK

Effetto MSW Oscillazione nel vuoto



Nei primi anni 2000 due esperimenti hanno validato l’ipotesi che 
il deficit dei neutrini solari è dovuto ad oscillazioni e non a 
problemi del SSM

1. SNO il flusso di ne emessi dal sole arriva sulla terra non solo 
come ne, rivelati dagli esperimenti precedenti, ma anche 
come nµ nt

1. KAMLAND gli anti-ne emessi da reattori nucleari mostrano 
un deficit corrispondente a quello osservato nei neutrini 
solari (ipotesi CPT)



Sudbury Neutrino Observatory (SNO)

1000 tons D2O
(12m Inner Vessel)

• Advantages of Heavy vs Light Water
– ne + d ® p + p + e- (D2O)
– ne + e-®ne + e- (H2O or D2O)

– Cross section µ (Ecm)2 = s
• s = 2 mtarget En
Þ sN/se- = Mp/Me » 2000

– But x5 more electrons in D2O than D’s

SNO (1kton)  8.1 CC events/day
SuperK (22ktons)  25 events/day



SNO Results

ES = Elastic Scattering
ne = NC + CC
nµ or nt = NC only

30 events/day

3 events/day

Ethr = 2.225 MeV
a) n + d ® t + g(6.26 MeV)
b) n + 35Cl ® 36Cl + g (8.5 MeV)
c)   n + 3He ® t + p 
3-9 events/day (for Eth=5 MeV)



Final SNO Measurement of Boron-8 Flux
SNO Collaboration, arXiv:0910.2984

LETA = Low Energy Threshold Analysis
a) n + d ® t + g(6.26 MeV)
b) n + 35Cl ® 36Cl + g (8.5 MeV)
c)  n + 3He ® t + p 



SNO Physics

Ahmad et al. (SNO Collabora[on), PRL 89:011301,2002
(nucl-ex/0204008) 

Three equations with two 
unknows:
𝜙55 = Φ6
𝜙!5 = Φ6 +Φ7,9
𝜙:; = Φ6 + 0.154	Φ7,9



2015 Physics Nobel Prize for Neutrino Astronomy

“for the discovery of neutrino oscillations, 
which shows that neutrinos have mass”



Sensitivity

Borexino

Borexino





BOREXINO
• Reaction    : ne + e-® ne + e-
• Exp. site    : Laboratori del Gran Sasso (3300 m.w.e.)
• Target        : 300 tons (fid.:100 tons) liquid scintillator

Pseudocumene + PPO, sphere radius 18 m
• Goals        : 7Be neutrinos and neutrino spectroscopy. 

time behaviour; geo-neutrinos n
++®+ enpu )2.2( MeVdpn g+®+

� Borexino
Go after 7Be n’s
� 300 ton liquid scintillator
� 2200 8-inch phototubes
� Ee > 250 keV

� Detect ne +	e- ®ne +	e-

� 55 events/day for SSM



• No event-by-event signature

• Any process which produces an electron is a 
source of background

üNatural radioactivity from intrinsic impurities (238U, 
232Th, 210Pb, 40K …)

The reduction of background events is    
a key issue 



Data reduction
No muons +
no 2ms correlated 
events

FV (<3m)

FV(|z|<1.7m)

Pulse shape

Detector threshold
is 25 p.e.

Total detector 
counting
rate above threshold
is 30 Hz

TFC



7-Be line measured
by Borexino (2007)



A Compton-like interaction

For example, for the 7Be 
line Eν=0.862 MeV

0 ≤ E 'e ≤ 0.665MeV

But, don’t forget the 
energy resolution!!
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210

/NDF = 99/952χFit: 

 1.9±Be: 47.0 
.7

 3.2±Kr: 24.6 
.85

 2.6±Bi: 40.6 
.210

 0.4±C: 28.0 
.11

pp, pep, CNO (Fixed)

PRL 107, 141302 (2011)

Exposure: 740.7 livedays; 153.6 ton×yr

46±1.5(stat)+1.5
-1.6(syst) cpd/100t

fBe = (3.10±0.15)×109 cm-2s-1

No oscillation hy. disfavoured at 5s

fpp = 6.06+0.02
-0.06 × 1010 cm-2s-1 indirect meas.

7Be solar ne measurement

a subtracted spectrum



• Predicted rate: 2.8 cpd/100tons

• Visible energy range of interest: 0.8 – 1.2 MeV

• Main background: cosmogenic 11C e+ emitter
• ~ 28 cpd/100tons

• 11C produced by cosmogenics:

• Strategy: apply the so-called Three-Fold-Coincidence (TFC) and a pulse 
shape discrimination between e+ and e-

T1/2(11C)	=	20.3	minutes

µ + 12C→ µ + 11C + n



Three-Fold-Coincidence 

Cylindrical cut 
Around muon-track

Spherical cut 
around neutron 
Capture to reject 11C event

Neutron 
production

Muon track

Borexino coll: CNO and pep neutrino spectroscopy in Borexino:
measurement of the deep-underground production of  cosmogenic 11C in 
an organic liquid scintillator,  Phys. Rev. C 74, 045805 (2006).

Muons	crossing	the	LS
produce	at	least	one	neutron
in	95%	of	cases

Goal:	reduce	11C	background

11C
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Spectrum after TFC veto

C rate = 2711 C rate = 2.511

Bi rate = 55210

 rate = 3.1!pep  limit = 7.9!CNO
(95% C.L.)
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Residual signal energy spectrum

!"e- recoils from pep

Fit of 11C subtracted spectrum

CNO spectrum is at 95% CL upper
bound

210Bi main background strongly  
correlated with CNO

Residual spectrum after subtracting
all contributions at the best-fit rates

Rpep = 3.1±0.6stat±0.3sys cpd/100t

Fpep = (1.6±0.3)×108 cm-2s-1

FCNO < 7.7×108 cm-2s-1 95% C.L.

FCNOBX / FCNOSSM < 1.5



• PRD 82 (2010) 033006

• Exposure: 345 days in 100 tons FV: Jul 2007 – Aug 2009

• fBES = (2.4 ± 0.4stat ± 0.1sys)×106 cm-2s-1

• no oscillation hy. excluded at 4.2s
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• Paper on Phys. Lett. B 

• Adn=2(Rn-Rd)/(Rn+Rd) = 0.001 ± 0.012(stat) ± 0.007(syst)

• Adn measured by fitting 
the day and night spectra

• exposure:
• 360.25 days livetime
• 380.63 night livetime



Sensitivity

Borexino

Borexino



Solar Neutrinos survival probability a=er Borexino

BX	day-night
excluded

All	solar	
neutrino	data

MSW effect 
n oscillation parameters’ space: 

Dm2 vs tanq

vacuum osc.

matter effect osc.

GX



The results of the standard spectral fit

Results of 2014



Conclusions

• II generation of  experiments has:

q larger target masses and more

q more sophisticated techniques where the background due to 
intrinsic radioactivity of  the materials becomes more important

q confirmed the 𝜈 oscillation

q determined with better precision the parameters of  the 𝜈
oscillation 

• I generation of  experiments has:

q shown the reliability of  the experimental techniques

q confirmed the basis of  the stellar theories

q pointed out the solar 𝜈 problem

q pointed out the solution of  the 𝜈 oscillation through the 
MSW effect



Further verification of  the LMA solution by 
terrestrial neutrinos

KAMLAND: the anti-ne emitted by nuclear 
reactors show a deficit as that observed in the 
solar neutrinos

Assuming CPT 



Δm2=10-5 eV2

Eν=3 MeV
L=180 km

à 1.27Δm2L/Eν=0.8

KAMLAND: reactor 
anti-neutrino do 

oscillate!

Terrestrial “Solar Neutrinos”
Can we convincingly verify oscillation 
with man-made neutrinos?     



• Japanese Nuclear Reactors
80 GW (20% world capacity)

• Average distance 180 km
• Flux 6 ´ 105 cm-2 s-1

• Without oscillations
2 captures per day

KamLAND Long-Baseline Reactor-Neutrino Experiment



Oscillation of Reactor Neutrinos at KamLAND (Japan)

Exposure: 766 ton yr
Observed events: 258
No osc expected: 365±24
Background: 7.5±1.3

KamLAND Scintillator
detector (1000 t)

Oscilla[on pabern for an[-electron neutrinos from
Japanese power reactors as a func[on of  L/E

With increased sta[s[cs, KamLAND observed: 
q the distor(on of the 𝜈̅6 spectrum 
q for the first [me the periodic feature of the 
𝜈̅6 	survival probability expected from 𝜈 osc



Best-fit “solar” oscillation parameters



Summary of what we learn from Solar + Reactor 
neutrino observations

üp-p chain supplies the bulk of solar energy

ü Standard Solar Models in good shape: give the right and correct 
neutrino flux and are consistent with helioseismology (to few 
percent)

ü roughly 

üMass difference squared:   Δ𝑚WX
X = 7.5×10YZ𝑒𝑉X for  𝑚X > 𝑚W

üMatter effects very important (Wolfenstein, Mikheyev, Smirnov) 
in interpreting the solar neutrino results. Interaction of neutrinos 
with matter modifies their passage and the oscillations.

νe = 2ν1 +ν2( ) 3




