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1. Sun, our closest star: how does it shine? 

2. What are neutrinos? 

3. Solar neutrinos; 

4. Solar neutrino experiments; 

5. Borexino solar neutrino results; 
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THE SUN 
Our closest star!    
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Visible light!!
• Sun seen with telescope !
• Appears to be simple!
• Sunspots (Galileo, 1613) l’uniformità della superficie!
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Fraunhofer solar spectrum!
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Electromagnetic spectrum!
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The Sun seen in different wavelengths!
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UV emesso da atomi o ioni di He 

λ=50 nm 
250000 K 

Photosphere seen in Hα line  
Balmer series (656.28 nm) 
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The Sun seen in different wavelengths!
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UV emesso da atomi o ioni di He 

λ=50 nm 
250000 K 
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Solar energy in numbers..!
• Sun emits : ~ 3 1026 W !

•  300.000.000.000.000.000.000.000.000 W!

• At the Earth surface (150 milion km from the Sun):  !
•  ~1000W / m2  = power of a microwave!
•  1 milion W (1 GigaW) / km2  = power of a nuclear power plant!
•  Integrated 140 milions GW!
•  From where is coming this enormous energy?!
!
Neither chemical !
nor gravitational !
interactions can do that!

ONLY NUCLEAR REACTIONS CAN ! !
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Nuclear fusion reaction! 
 
                        Binding energy is released! 
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Nuclear fusion reaction! 
 
                        Binding energy is released! 

NEUTRINOS 

GAMMA RAYS 
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Gamma rays -> Visible light!!
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During the propagation through the Sun 
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•  Core: 

ü   small, hot, dense; 
ü   energy is produced here; 

•  Radiative zone: 
ü  photons transport energy; 

•  Convective zone: 
ü  boiling pot: granulation;  
ü mass transports energy; 

•  Photosphere: 
ü   thin film seen by light! 

•  Chromosphere: 
ü   less luminose 

•  Corona: 
ü  Seen during the  solar eclipse! 
ü  source of solar wind 
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ANSWER     
                   =  
                      NEUTRINOS 
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How to detect nuclear fusion?!

• Nuclear fusion reactions do occur in the Sun’s core, at enormous 
pressures and temperatures !!

• Only neutrinos can escape undisturbed  from there and reach the 
Earth in few minutes!!

• Photons take something like 100 000 years to escape from the Sun 
and they undergo many interactions inside the Sun;!

• Only with neutrinos we can “SEE” the nuclear reactions 
powering the Sun, in a smilar way as we can see our bones using X-
rays (this is because X-rays are not absorbed by the soft tissues, but 
visible photons are absorbed)!

!
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Describes: 
 
Electromagnetic 
Weak 
Strong 
Interactions! 

(“bricks” of protons and neutrons) 
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 Clermont Ferrand, October 19th, 2012                                           Livia Ludhova 

e  produced  in the nuclear power-
plants (< 10 MeV) and from the Earth 
radioactivity (geoneutrinos) (< 3 MeV) 
 

Total geoneutrino flux ~106 cm-2 s-1 
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particles        -      antiparticles 
lepton number +1                                  lepton number -1  
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e produced in the nuclear reactions 

in the Sun; 
 

Total flux ~1010 cm-2 s-1 
 

Detected via elastic scattering on e: 
e + e-     e + e-  

 
 
 

3 flavors 

 Elementary particles of the SM 

•  No electric charge  
     = no elmag interactions; 
•  No color  
     = no strong interactions; 
•  Only weak interactions  
     = very small cross sections; 

•  The strangest particles among the known ones! 
•  They have a very low probability to interact in the matter, even the Sun 

is transparent to them, so they can leave the Sun’s core undisturbed! 
•  Originally, in the SM neutrinos have exactly zero mass.  Now we know 

they have very very small, but non-zero mass – important consequences!! 
•  Neutrino oscillations: the three flavours, types, of neutrinos can transform 

from one to another! 
•  In the universe there are so many neutrinos, that they might be the 

most abundant particle in the universe! 
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SOLAR NEUTRINOS 



Neutrinos from the Sun: BREXINO experiment at LNGS, Frascati, INSPYRE 2015 
  

Livia  Ludhova -  INFN Milano, Italy 
 

Nuclear reactions in the Sun 

• The Sun burns via fusion reactions!

•  pp cycle (Fowler): !
•   99% of the energy!

•  CNO cycle (Bethe, 1938): �
small (<1%) in stars like the Sun, �
dominant in heavy stars!

    poorly known and never measured!

24 

pp cycle 

W. Fowler 

H. Bethe 
CNO cycle 
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Nuclear fusion reaction! 
 
                        Binding energy is released! 

NEUTRINOS 

GAMMA RAYS 
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Energy spectrum of solar neutrinos 

26 

 
Real Time 
SK+SNO 

Real    Time Borexino 

pp pep 

note: hep neutrinos not included 
In  spectrum (very small) 

John N. Bahcall 
1934 - 2005 pp ± 0.8% 

7Be ± 9.4 % 

8B ± 20% 

pep ± 2% 

7Be 

8B 

      

CNO 

Energy [MeV] 
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Hunt for  solar neutrinos!
• In middle ’60, Ray Davies (Nobel 2002) and John Bahcall initiated the 

hunt for “solar neutrinos”!
•  If the Sun is really powered by nuclear reactions, solar neutrinos have 

to be emitted in huuuuuuuge quantities: !
        cc 3. 1037/ second or  10 miliards / cm2 / second here at Earth !
!

• Physicists developed sophisticated techniques to detect neutrinos and 
to test whether they have exactly the same properties as we expect!!

• From these studies we have learned so much, and we had so many 
surprises both about neutrinos and the Sun itself!!

27 
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Going underground!
•  Even if there is a huge flux of solar neutrinos, they 

have a very low probability to be detected. !

•  Interaction rate of neutrinos is very small:!
  about 1 count / day / 1 ton of detector material!!

•  Detector at the Earth’s surface would be completely 
overwhelmed by!

    1) Natural radioactivity: from 10 to 1000 
radiocative decays / second / kg!

   2) Cosmic rays: about 200 charged particles / 
second / m2 at the sea leevel !
•  To study neutrinos (and in general rare processes), 

it is necessary to go underground:!
   The world’s largest underground lab is here in Italy, 
about 160 km Frascati:!
    Laboratori Nazionali del Gran Sasso!

28 

Top of the Atmosphere 

Ground Level 

Extensive Air Shower 
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First detection: Homestake  - Nobel 2002 
• Raymond Davis experiment: collect ~1 atom/day out of 1031 !

•  Charged interaction, but no detection of the electron�
                     νe + 37Cl --> e- + 37Ar!

•  Target: a tank with 614 t of liquid soap (C2Cl4) placed 1.5 km deep 
underground; taking data 1970 – 1994.!

•  Extraction with filters and counting of 37Ar decays (32 d)�
                           e- + 37Ar  --> νe + 37Cl!

30 

Solar Model prediction 

Final Result 

Only 2200 atoms of  37Ar counted in 25 y 
2.56 ± 0.16 ± 0.16 SNU  

1 SNU (Solar Neutrino Unit) = 10-36 interactions on target nuclei per second 
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How do we detect neutrinos today?!

31 

•  Interactions between neutrinos and matter are rare, but non zero 
•  neutrino can scatter off electrons; 
•  electron gains energy (as in a billiard game!) and can be detected; 
•  different detection techniques how to detected such an electron;  
•  Expected rate: less than 1 event / day / 1 ton of target . 
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Example: water as a target�
(SuperKamiokande in Japan)!
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Single neutrino detected in water: 
cone of Cherenkov light!
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• In water we can measure the direction of incident neutrino!!

34 

Sun 

Earth 
Detector 

θSUN 

Incident ν  
direction 

Cone of Cherenkov light 

Solar origin proved in 1996 

cos(0) = 1  
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Sun’s core seen with neutrinos�
!

35 

SuperKamiokande, Japan 
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The LNGS altitude is 963 m and the average 
rock cover is about 1,400 m. 
 
The shielding capacity against cosmic rays is 
about 3,800 meter water equivalent (m.w.e.): the 
muon flux is reduced of a factor 106 respect to 
the surface. 

�(µ) ⇠ 1 µ/m2/h

LABORATORI NAZIONALI GRAN SASSO / LNGS (ITALY) 

XXXIV Physics in Collision 2014  |  September 16-20, 2014        Alessandra Carlotta Re – 
University & INFN Milano 
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Borexino!
Today, it is the most important detector of 
solar neutrinos:!

!

ü  Result of 20 years of scientific and 
technical development; !

ü  Its core is the least radioactive liquid 
ever produced;!

ü  Has detected solar neutrinos and for 
the first time successfully distinguished 
neutrinos from different nuclear 
reactions from the Sun’s core;!

ü   succeffully detected also anti-
neutrinsos from the natural 
radioactivity of the Earth: “geo-
neutrinos”!

37 
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Why 20 years of work?!
• Neutrino scatters of an electron from molecules of a special liquid: scintillator:!

•  Electron gains energy and starts to move;!
•  Electron slows down and its  kinetic is transformed to light (sparkle = scintilla)!
•  Light is propagated through the liquid and is detected by “electronic eyes”, so 

called photo-multiplicators (PMTs), transforming light to electronic signals; !

•  In principle very simple, but……!
•  In Borexino,  we detect less than 100 neutrinos / day / 100 ton!
•  Normal materials around us are up to 109 times more radioactive!!

• Borexino’s scintillator is the only liquid reaching this level of radiopurity!
       10 orders of magnitudes less than any other thing on the Earth!!
!

38 
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Borexino!
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Borexino Detector  !

Water Tank: 
γ and n shield 
µ water Č detector 
208 PMTs in water 
2100 m3 

20 steel legs Carbon steel plates 

Scintillator: 
270 t PC+PPO (1.5 g/l) 
in a 150 µm thick  
inner nylon vessel (R = 4.25 m) 

Stainless Steel Sphere: 
R = 6.75 m 
2212 PMTs  
1350 m3 

Outer nylon vessel: 
R = 5.50 m 
(222Rn barrier) 

Buffer region: 
PC+DMP quencher (5 g/l) 
4.25 m < R < 6.75 m 
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Some pictures from the constructions!

41 
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Water Tank nel 1998 La sfera dentro la WT - 1999 

Some pictures from the constructions!
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Installation of PMTs and optical fibers!
2001 

43 
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Stainless sphere with PMTs!
2002 

44 
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Installing nylon vessel!
2004 

45 
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Vessel filled with ultrapure N2!

46 
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Water filling (I)!
24-08-2006 
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Water filling (II)!
20-09-2006 
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Water filling (III)! 20-10-2006 
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End of water filling!Water 
Nov. 2006 
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Last  works inside water tank!

51 
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Water and scintillator!

29-01-2007 
52 



Neutrinos from the Sun: BREXINO experiment at LNGS, Frascati, INSPYRE 2015 
  

Livia  Ludhova -  INFN Milano, Italy 
 

May 15th, 2007 
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Experimental principle basics 
            !
§   Charged particles produce scintillation light;!
§  Non charged particles (neutrinos, gamma photons, 

neutrons) interacts in the scintillator and also produce 
charged particles, so we can also detect them! (remember, 
scattered electron!) !

§  Scintillation light is detected by an array of phototubes 
(PMTs) converting optical signal to electrical signal;!

§  Number of hit PMTs  = function of energy of the particle; !
§  Hit PMTs time pattern = position reconstruction of the 

event;!
§  Each trigger has its GPS time -> Δ time of events!

!
!
!
!
!

          !
! !!
!
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" Charged particles produce scintillation light: photons hit inner PMTs; 
" DAQ trigger:  > 25 inner PMTs are hit within 60-95 ns: 
 

 

Example of a measured interaction 

Ø  16 µs DAQ gate is opened; 
Ø  Time and charge of each hit detected; 
Ø  Each trigger has its GPS time; 

 
“cluster” of hits = real physical event 
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Borexino energy spectrum of ~2 years!

56 

During the normal data acquisition, several calibra-
tion events (pulser, laser, and random triggers; see
Sec. VI) are regularly generated by interruptions
based on a 200 Hz clock [20]. If a physical event
occurs in a coincidence with such an interruption,
the event is rejected, since it might be read incom-
pletely or might contain calibration hits as well.

(4) Quality control of the Npe variable
The quality of the charge variable Npe (Sec. IX)
of individual events is checked in two indepen-
dent ways:
(a) The Rpe variable [Eq. (36)] has to be within the

interval from 0.6 to 1.6.
(b) The Rq variable [Eq. (37)] has to be more

than 0.5.
Both of these conditions are also a powerful tool for noise
suppression.
(5) Isotropy control

Additional noise events are further rejected by
requiring that the detected scintillation light is iso-
tropically emitted around the interaction point. This
is guaranteed by these two independent conditions:
(a) The variable βl [Eq. (31)] has to satisfy

β1 < 0.027! exp"!1.306 ! 0.017Npe#
! exp"!3.199 ! 0.002Npe#: "38#

(b) The Sp variable [Eq. (34)] has to be below an
energy-dependent threshold:

Sp < 0.119! exp"12.357 ! 0.305Np#
! exp"!0.612 ! 0.011Np#: "39#

Figure 31 demonstrates application of this cut on a sample of
events which are not tagged as muons and which are
reconstructed in the 7Be-FV.
(6) Additional noise removal

The cluster which caused the trigger generation has a
well-defined position within the DAQ gate. The rms
of the distribution of the cluster start time is "55 ns
and features some tails. An event is accepted only
if its cluster starts within a conservative 1.7 μs
wide time window which has a fixed position in
the DAQ gate.
Additionally, all events for which frack > 0.75
(Sec. XII) are rejected.

The effect of these selection cuts is shown in Fig. 32 with
the choice of the 7Be-FV. The final spectra of events
passing all the selection cuts are shown for three energy
estimators Np, Nh, and Npe (Sec. IX) in Fig. 33. As it was
anticipated in Sec. IX, the Np and Nh spectra are very
similar (but not identical) in the energy region of interest
since the probability of multiple hits on the same PMT is
small. The comparison of Fig. 33 and Fig. 20 allows one to

identify the main contribution in the spectrum: the 210Po
peak is well visible around 190 Np and 11C is easily
identified in the region between "380 and 700 Np. The
shoulder of the electron-recoil spectrum due to 7Be-ν’s is
visible in the region Np ≃ 250–350. In the low-energy
region (Np # 100) the count rate is dominated by the 14C.

B. Cut efficiency

The overall efficiency of the chain of cuts has been
studied both with Monte Carlo simulations and with the
radioactive source calibration data.

pN
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pS

0

0.5

1

1.5

2

2.5

3

FIG. 31 (color online). An example of the application of the Sp
energy-dependent cut [see Eq. (39)] indicated by the solid red line
on a sample of events which are not tagged as muons and which
are reconstructed in the 7Be-FV. The events having the Sp
variable above the value indicated by the line are excluded from
the data set. Clearly, the cluster at energies of Np " 130 with
Sp > 1.7 is due to anisotropic noise events.
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FIG. 32 (color online). Effect of selection cuts on the raw
spectrum in the Np variable (marked 1 and shown in blue). The
black spectrum (marked 2) shows the effect of the muon and
muon daughter cut. The shape of the finalNp spectrum (marked 3
and shown in red) is dominated by the effect of the 7Be-ν FV cut.
The effect of other cuts described in Sec. XIII A is important at
the level of fit, but cannot be appreciated visually.

G. BELLINI et al. PHYSICAL REVIEW D 89, 112007 (2014)

112007-28

Number of hit PMTs 

Removed 
cosmogenic 
muons 

All detected events 

Events in the most  
central part of the detectors 
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Borexino energy spectrum of ~2 years!

57 

During the normal data acquisition, several calibra-
tion events (pulser, laser, and random triggers; see
Sec. VI) are regularly generated by interruptions
based on a 200 Hz clock [20]. If a physical event
occurs in a coincidence with such an interruption,
the event is rejected, since it might be read incom-
pletely or might contain calibration hits as well.

(4) Quality control of the Npe variable
The quality of the charge variable Npe (Sec. IX)
of individual events is checked in two indepen-
dent ways:
(a) The Rpe variable [Eq. (36)] has to be within the

interval from 0.6 to 1.6.
(b) The Rq variable [Eq. (37)] has to be more

than 0.5.
Both of these conditions are also a powerful tool for noise
suppression.
(5) Isotropy control

Additional noise events are further rejected by
requiring that the detected scintillation light is iso-
tropically emitted around the interaction point. This
is guaranteed by these two independent conditions:
(a) The variable βl [Eq. (31)] has to satisfy

β1 < 0.027! exp"!1.306 ! 0.017Npe#
! exp"!3.199 ! 0.002Npe#: "38#

(b) The Sp variable [Eq. (34)] has to be below an
energy-dependent threshold:

Sp < 0.119! exp"12.357 ! 0.305Np#
! exp"!0.612 ! 0.011Np#: "39#

Figure 31 demonstrates application of this cut on a sample of
events which are not tagged as muons and which are
reconstructed in the 7Be-FV.
(6) Additional noise removal

The cluster which caused the trigger generation has a
well-defined position within the DAQ gate. The rms
of the distribution of the cluster start time is "55 ns
and features some tails. An event is accepted only
if its cluster starts within a conservative 1.7 μs
wide time window which has a fixed position in
the DAQ gate.
Additionally, all events for which frack > 0.75
(Sec. XII) are rejected.

The effect of these selection cuts is shown in Fig. 32 with
the choice of the 7Be-FV. The final spectra of events
passing all the selection cuts are shown for three energy
estimators Np, Nh, and Npe (Sec. IX) in Fig. 33. As it was
anticipated in Sec. IX, the Np and Nh spectra are very
similar (but not identical) in the energy region of interest
since the probability of multiple hits on the same PMT is
small. The comparison of Fig. 33 and Fig. 20 allows one to

identify the main contribution in the spectrum: the 210Po
peak is well visible around 190 Np and 11C is easily
identified in the region between "380 and 700 Np. The
shoulder of the electron-recoil spectrum due to 7Be-ν’s is
visible in the region Np ≃ 250–350. In the low-energy
region (Np # 100) the count rate is dominated by the 14C.

B. Cut efficiency

The overall efficiency of the chain of cuts has been
studied both with Monte Carlo simulations and with the
radioactive source calibration data.
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FIG. 31 (color online). An example of the application of the Sp
energy-dependent cut [see Eq. (39)] indicated by the solid red line
on a sample of events which are not tagged as muons and which
are reconstructed in the 7Be-FV. The events having the Sp
variable above the value indicated by the line are excluded from
the data set. Clearly, the cluster at energies of Np " 130 with
Sp > 1.7 is due to anisotropic noise events.
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FIG. 32 (color online). Effect of selection cuts on the raw
spectrum in the Np variable (marked 1 and shown in blue). The
black spectrum (marked 2) shows the effect of the muon and
muon daughter cut. The shape of the finalNp spectrum (marked 3
and shown in red) is dominated by the effect of the 7Be-ν FV cut.
The effect of other cuts described in Sec. XIII A is important at
the level of fit, but cannot be appreciated visually.
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Borexino fit spectrum:  pep neutrinos!
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Borexino fit spectrum:  pep neutrinos!
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Borexino fit spectrum:  pp neutrinos!

independently and fixed in the fit, allowing for a variation consistent
with their measured uncertainty. The 214Pb rate is fixed by the mea-
sured rate of fast, time-correlated 214Bi(b)–214Po(a) coincidences. The
scintillator light yield and two energy resolution parameters are left free
in the fit.

The energy spectrum with the best-fit components is shown in Fig. 3.
The corresponding values of the fitted parameters are given in Table 1.

Many fits have been performed with slightly different conditions to
estimate the robustness of the analysis procedure. In particular, we varied
the energy estimator, the fit energy range, the data selection criteria and
the pile-up evaluation method (Methods). The root mean square of the
distribution of all the fits is our best estimate of the systematic error (7%).
In addition, a systematic uncertainty (2%) due to the nominal fiducial
mass determination is added in quadrature; this was obtained from cal-
ibration data by comparing the reconstructed and nominal positions of
a (222Rn–14C) radioactive source located near the border of the fiducial
volume29. Other possible sources of systematic errors, like the depend-
ence of the result on the details of the energy scale definition and on the
uncertainties in the 14C and 210Bi b-decay shape factors, were investi-
gated and found to be negligible (Methods). We also verified that vary-
ing the pep and CNO neutrino rates within the measured or theoretical
uncertainties changed the pp neutrino rate by less than 1%. We finally
confirmed that the fit performed without constraining the 14C rate returns
a 14C value consistent with the one previously measured independently
(see above) and does not affect the pp neutrino result. The systematic
errors are given in Table 1 for all fitted species.

We note that the very low 85Kr rate (Table 1) is consistent with the
independent limit (,7 c.p.d. per 100 t, 95% confidence level) obtained
by searching for the b–c delayed coincidence 85Kr R 85mRb R 85Rb
(lifetime of the intermediate metastable isotope, t 5 1.46 ms; branch-
ing ratio, 0.43%).

We have checked for possible residual backgrounds generated by
nuclear spallation processes produced by cosmic ray muons that inter-
act in the detector. We detect these muons with .99.9% efficiency30.
We increased the time window for the muon veto from 300 ms to 5 s and
observed no difference in the results. Furthermore, we searched for other
possible background due to radioisotopes with sizeable natural abun-
dances and sufficiently long half-lives to survive inside the detector over
the timescale of this measurement. These include low-energya-emitters
such as 222Rn and 218Po (both belonging to the radon decay chain), 147Sm
and 148Sm, and b-emitters (7Be), which are all estimated to be negligible
and are excluded from the final fit. One b-emitter, 87Rb (half-life, t1/2 5
4.7 3 1010 yr; 28% isotopic abundance; Q 5 283.3 keV), is of particular
concern because of the relatively high abundance of Rb in the Earth’s
crust. Rubidium is an alkali chemically close to potassium but typically
2,000–4,000 times less abundant in the crust. Under these assumptions,
and using the measured 40K (t1/2 5 0.125 3 1010 yr; 0.0117% isotopic
abundance) activity in the fiducial volume, that is, ,0.4 c.p.d. per 100 t at
the 95% confidence level18, the 87Rb activity in the Borexino scintillator
can be constrained to be much less than 0.1 c.p.d. per 100 t, which is neg-
ligible for this analysis. A deviation from the crustal isotopic ratio by a factor
of 100 would still keep this background at ,1 c.p.d. per 100 t.

The solar pp neutrino interaction rate measured by Borexino is 144 6
13 (stat.) 6 10 (syst.) c.p.d. per 100 t. The stability and robustness of the
measured pp neutrino interaction rate was verified by performing fits
with a wide range of different initial conditions. The absence of pp solar
neutrinos is excluded with a statistical significance of 10s (Methods).
Once statistical and systematic errors are added in quadrature and the
latest values of the neutrino oscillation parameters25 are taken into ac-
count, the measured solar pp neutrino flux is (6.6 6 0.7) 3 1010 cm22 s21.
This value is in good agreement with the SSM prediction9 (5.98 3 (1 6
0.006) 3 1010 cm22 s21). It is also consistent with the flux calculated
by performing a global analysis of all existing solar neutrino data, in-
cluding the 8B, 7Be and pep fluxes and solar neutrino capture rates31,32.
Finally, the probability that pp neutrinos produced in the core of the
Sun are not transformed into muon or tau neutrinos by the neutrino
oscillation mechanism is found to be P(ne R ne) 5 0.64 6 0.12, provid-
ing a constraint on the Mikheyev–Smirnov–Wolfenstein large-mixing-
angle (MSW-LMA) solution25,33,34 in the low-energy vacuum regime
(Methods).

Outlook
The proton–proton fusion reaction in the core of the Sun is the keystone
process for energy production in the Sun and in Sun-like stars. The ob-
servation of the low-energy (0–420 keV) pp neutrinos produced in this
reaction was possible because of the unprecedentedly low level of radio-
activity reached inside the Borexino detector. The measured value is in
very good agreement with the predictions of both the high-metallicity
and the low-metallicity SSMs. Although the experimental uncertainty
does not yet allow the details of these models to be distinguished, this
measurement strongly confirms our understanding of the Sun. Future
Borexino-inspired experiments might be able to measure solar pp neut-
rinos with the level of precision (,1%) needed to cross-compare photon
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Figure 3 | Fit of the energy spectrum between 165 and 590 keV. a, The best-
fit pp neutrino component is shown in red, the 14C background in dark
purple and the synthetic pile-up in light purple. The large green peak is 210Po
a-decays. 7Be (dark blue), pep and CNO (light blue) solar neutrinos, and 210Bi
(orange) are almost flat in this energy region. The values of the parameters
(in c.p.d. per 100 t) are in the inset above the figure. b, Residuals. Error bars, 1s.

Table 1 | Results from the fit to the energy spectrum
Parameter Rate 6 statistical error

(c.p.d. per 100 t)
Systematic error
(c.p.d. per 100 t)

pp neutrino 144 6 13 610
85Kr 1 6 9 63
210Bi 27 6 8 63
210Po 583 6 2 612

The best-fit value and statistical uncertainty for each component are listed together with its systematic
error. The x2 per degree of freedom of the fit is x2/d.o.f. 5 172.3/147.
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independently and fixed in the fit, allowing for a variation consistent
with their measured uncertainty. The 214Pb rate is fixed by the mea-
sured rate of fast, time-correlated 214Bi(b)–214Po(a) coincidences. The
scintillator light yield and two energy resolution parameters are left free
in the fit.

The energy spectrum with the best-fit components is shown in Fig. 3.
The corresponding values of the fitted parameters are given in Table 1.

Many fits have been performed with slightly different conditions to
estimate the robustness of the analysis procedure. In particular, we varied
the energy estimator, the fit energy range, the data selection criteria and
the pile-up evaluation method (Methods). The root mean square of the
distribution of all the fits is our best estimate of the systematic error (7%).
In addition, a systematic uncertainty (2%) due to the nominal fiducial
mass determination is added in quadrature; this was obtained from cal-
ibration data by comparing the reconstructed and nominal positions of
a (222Rn–14C) radioactive source located near the border of the fiducial
volume29. Other possible sources of systematic errors, like the depend-
ence of the result on the details of the energy scale definition and on the
uncertainties in the 14C and 210Bi b-decay shape factors, were investi-
gated and found to be negligible (Methods). We also verified that vary-
ing the pep and CNO neutrino rates within the measured or theoretical
uncertainties changed the pp neutrino rate by less than 1%. We finally
confirmed that the fit performed without constraining the 14C rate returns
a 14C value consistent with the one previously measured independently
(see above) and does not affect the pp neutrino result. The systematic
errors are given in Table 1 for all fitted species.

We note that the very low 85Kr rate (Table 1) is consistent with the
independent limit (,7 c.p.d. per 100 t, 95% confidence level) obtained
by searching for the b–c delayed coincidence 85Kr R 85mRb R 85Rb
(lifetime of the intermediate metastable isotope, t 5 1.46 ms; branch-
ing ratio, 0.43%).

We have checked for possible residual backgrounds generated by
nuclear spallation processes produced by cosmic ray muons that inter-
act in the detector. We detect these muons with .99.9% efficiency30.
We increased the time window for the muon veto from 300 ms to 5 s and
observed no difference in the results. Furthermore, we searched for other
possible background due to radioisotopes with sizeable natural abun-
dances and sufficiently long half-lives to survive inside the detector over
the timescale of this measurement. These include low-energya-emitters
such as 222Rn and 218Po (both belonging to the radon decay chain), 147Sm
and 148Sm, and b-emitters (7Be), which are all estimated to be negligible
and are excluded from the final fit. One b-emitter, 87Rb (half-life, t1/2 5
4.7 3 1010 yr; 28% isotopic abundance; Q 5 283.3 keV), is of particular
concern because of the relatively high abundance of Rb in the Earth’s
crust. Rubidium is an alkali chemically close to potassium but typically
2,000–4,000 times less abundant in the crust. Under these assumptions,
and using the measured 40K (t1/2 5 0.125 3 1010 yr; 0.0117% isotopic
abundance) activity in the fiducial volume, that is, ,0.4 c.p.d. per 100 t at
the 95% confidence level18, the 87Rb activity in the Borexino scintillator
can be constrained to be much less than 0.1 c.p.d. per 100 t, which is neg-
ligible for this analysis. A deviation from the crustal isotopic ratio by a factor
of 100 would still keep this background at ,1 c.p.d. per 100 t.

The solar pp neutrino interaction rate measured by Borexino is 144 6
13 (stat.) 6 10 (syst.) c.p.d. per 100 t. The stability and robustness of the
measured pp neutrino interaction rate was verified by performing fits
with a wide range of different initial conditions. The absence of pp solar
neutrinos is excluded with a statistical significance of 10s (Methods).
Once statistical and systematic errors are added in quadrature and the
latest values of the neutrino oscillation parameters25 are taken into ac-
count, the measured solar pp neutrino flux is (6.6 6 0.7) 3 1010 cm22 s21.
This value is in good agreement with the SSM prediction9 (5.98 3 (1 6
0.006) 3 1010 cm22 s21). It is also consistent with the flux calculated
by performing a global analysis of all existing solar neutrino data, in-
cluding the 8B, 7Be and pep fluxes and solar neutrino capture rates31,32.
Finally, the probability that pp neutrinos produced in the core of the
Sun are not transformed into muon or tau neutrinos by the neutrino
oscillation mechanism is found to be P(ne R ne) 5 0.64 6 0.12, provid-
ing a constraint on the Mikheyev–Smirnov–Wolfenstein large-mixing-
angle (MSW-LMA) solution25,33,34 in the low-energy vacuum regime
(Methods).

Outlook
The proton–proton fusion reaction in the core of the Sun is the keystone
process for energy production in the Sun and in Sun-like stars. The ob-
servation of the low-energy (0–420 keV) pp neutrinos produced in this
reaction was possible because of the unprecedentedly low level of radio-
activity reached inside the Borexino detector. The measured value is in
very good agreement with the predictions of both the high-metallicity
and the low-metallicity SSMs. Although the experimental uncertainty
does not yet allow the details of these models to be distinguished, this
measurement strongly confirms our understanding of the Sun. Future
Borexino-inspired experiments might be able to measure solar pp neut-
rinos with the level of precision (,1%) needed to cross-compare photon
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Figure 3 | Fit of the energy spectrum between 165 and 590 keV. a, The best-
fit pp neutrino component is shown in red, the 14C background in dark
purple and the synthetic pile-up in light purple. The large green peak is 210Po
a-decays. 7Be (dark blue), pep and CNO (light blue) solar neutrinos, and 210Bi
(orange) are almost flat in this energy region. The values of the parameters
(in c.p.d. per 100 t) are in the inset above the figure. b, Residuals. Error bars, 1s.

Table 1 | Results from the fit to the energy spectrum
Parameter Rate 6 statistical error

(c.p.d. per 100 t)
Systematic error
(c.p.d. per 100 t)

pp neutrino 144 6 13 610
85Kr 1 6 9 63
210Bi 27 6 8 63
210Po 583 6 2 612

The best-fit value and statistical uncertainty for each component are listed together with its systematic
error. The x2 per degree of freedom of the fit is x2/d.o.f. 5 172.3/147.
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Implications of Borexino solar neutrino measurements: I. 
 
 

Extended Data Figure 2 | Survival probability of electron-neutrinos
produced by the different nuclear reactions in the Sun. All the numbers are
from Borexino (this paper for pp, ref. 17 for 7Be, ref. 18 for pep and ref. 19
for 8B with two different thresholds at 3 and 5 MeV). 7Be and pep neutrinos are
mono-energetic. pp and 8B are emitted with a continuum of energy, and the
reported P(ne R ne) value refers to the energy range contributing to the

measurement. The violet band corresponds to the 61s prediction of
the MSW-LMA solution25. It is calculated for the 8B solar neutrinos,
considering their production region in the Sun which represents the
other components well. The vertical error bars of each data point
represent the 61s interval; the horizontal uncertainty shows the neutrino
energy range used in the measurement.
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Implications of Borexino solar neutrino measurements: II. 
 
 SOLAR PHYSICS 

By construction, the theoretical beryllium and boron re-
duced fluxes in the high-metallicity hypothesis result fBe !
1.00" 0.07 and fB ! 1.00" 0.14. Instead, in the case of
low-metallicity hypothesis, the expected fluxes are fBe !
0.91" 0.06 and fB ! 0.82" 0.11.
Conservation of energy during the solar fusion is imple-

mented by imposing the luminosity constraint [92,93].
If the global fit is performed on the solar-without

Borexino plus KamLAND data set, the constraint on
beryllium is very weak and the best values for fBe and
fB are found to be fBe ! 0.76#0.22

!0.21 and fB ! 0.90#0.02
!0.02 .

This is due to the fact that 7Be flux is very poorly
constrained by any solar experiment other than Borexino.
Once the Borexino current measurements are included,

the situation significantly improves and the best fits are
fBe ! 0.95#0.05

!0.04 , and fB ! 0.90#0.02
!0.02 corresponding to

the neutrino fluxes !Be ! $4.75#0.26
!0.22% ! 109 cm!2 s!1,

and !B ! $5.02#0.17
!0.19% ! 106 cm!2 s!1, respectively.

For fB, the best fit value obtained with the two data
sets does not change significantly since the 8B flux is
mainly determined by the results of the SNO and Super-
Kamiokande experiments.
The best fit for the oscillation parameters are found to be

Δm2
21 ! 7.50#0.17

!0.23 ! 10!5 eV2, and tan2!12 ! 0.452#0.029
!0.034 ,

fully compatible with those obtained by fixing all the fluxes
to the standard solar model predictions (Sec. XXVI C). In
this specific analysis, !13 is assumed equal to 0.
It is interesting to compare the result of the global

analysis on solar-with Borexino plus KamLAND results,
with the theoretical expectations for fBe and fB. From
Fig. 82 it is clear that the actual neutrino data cannot
discriminate between the low/high-metallicity hypotheses
in the solar model: both the 1" theoretical range of low/
high-metallicity models lies in the 3" allowed region by the
current solar plus KamLAND data.
At present, no experimental results help to disentangle

between the two metallicity scenarios: the theoretical
uncertainty on 7Be and 8B neutrinos is of the order of
their experimental precision. An improvement in the
determination of the different solar parameters is needed.

XXVII. THE NEUTRINO SURVIVAL
PROBABILITY

Solar neutrino oscillations are characterized by the
survival probability P3#

ee (defined in Sec. XXVI with the
relation (89) of electron neutrinos produced in the Sun
reaching the detector on Earth. P3#

ee depends on the
oscillation parameters and on the neutrino energy. In the
MSW-LMA model it shows specific features related to
the matter effects taking place while the neutrinos travel
inside the Sun (MSW). These effects influence the propa-
gation of #e and #x differently, as the scattering probability
of #e off electrons is larger than that of #x due to CC
interactions. The effective Hamiltonian depends on the
electron density ne in the Sun and, considering the case in
which the propagation of neutrinos in the Sun satisfies
proper hypothesis of adiabaticity, the resulting survival

FIG. 81. Comparison of the $2 profile for Δm2
21 obtained by the analysis of all available solar data without (left) and with (right) the

Borexino contribution, after marginalization over tan2!12 and sin2!13.

HIGH-Met (GS08) 
LOW-Met (AGSS09) 

SHP11 SSM (± 1 ): 

Allowed regions: 
68.27% C.L. 
95.45% C.L. 
99.73% C.L. 

FIG. 82 (color online). The 1" theoretical range of high (red)
and low (blue) metallicity standard solar model for fBe and fB,
compared to the 1" (light pink), 2" (light green), and 3" (light
blue) allowed regions by the global analysis of solar-with
Borexino plus KamLAND results. The theoretical correlation
factors are taken from [85].

G. BELLINI et al. PHYSICAL REVIEW D 89, 112007 (2014)
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•  Sun is our closest star; 
•  It produces its energy in thermonuclear fusion reactions; 
•  Solar neutrinos  
        = witnesses of the processes in the Sun’s core; 
•   Neutrinos  

  = particles full of surprises and unknowns; 
•  BOREXINO  
     = current experiment with the richest solar neutrino program; 
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Short history of solar ν experiments  in 1 slide 
•  70’s-80’s: Homestake (R. Davies)!

•   37Cl+ν-->37Ar+e-, radiochemistry; Eν>814 keV!
•  deficit in neutrino flux observed, skepticism !
•  final triumph, Nobel prize 2002!
•  J. Bahcall continues the development and refinement of the Standard Solar Model!

•  80’s-90’s: (super)Kamiokande (Water Cherenkov)!
•  confirm deficit on 8B ν and with real time techniques Eν > ~ 5 MeV!
•  first neutrino picture of the Sun (directionality)!
•  neutrinos from star sother than the Sun observed (supernova SN1987-A)!

•  90’s: Gallex (GNO) and Sage:   radiochemistry νe + 71Ga → 71Ge + e-!
•  deficit observed even at low energy Eν>233 keV!

•  2001: SNO (Water Cherenkov)!
•  oscillation of solar neutrinos proved!
     by measuring CC (electron flavor) interactions and NC (all flavors) interactions separately in D2O!
•  total flux agrees with Standard Solar Model !!

•  2002: KamLAND (reactors neutrinos, liquid scintillator detector) !
•  observe and measure oscillations of electron anti-neutrinos from reactors;!

•  2007: Borexino (liquid scintillator)!
•  First real time observation of 7Be neutrinos, low energy 8B neutrinos, pep neutrinos, best limit on 

CNO neutrinos and very recently also pp neutrinos;!
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 Solar Neutrino Problem: energy dependent deficit 
of observed solar neutrinos with respect to the SSM; 
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Precise measurement of Δm2 and final proof of 
oscillations (on anti-neutrinos from reactor!) !

                           !
                      KamLAND, 2002!
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CNO	  neutrinos	  

(assuming MSW-
LMA) 

•  same analysis as for pep  
•  only limits, correlation with 210Bi 
•  the strongest limit to date 
•  not sufficient to resolve metallicity problem 

Likelihood ratios for fits with fixed 
pep/CNO rates and the best fit  

Energy spectral fit 

Pulse shape  Radial fit 

pep edge 
CNO 

CNO 

pe
p 
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Earth structure 
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Geoneutrinos ���
antineutrinos from the decay of 238U, 232Th,40K in the Earth	


82!

Main goal: determine the contribution of the radiogenic heat to the total surface heat 
flux, which is an important margin, test, and input at the same time for many geophysical 
and geochemical models of the Earth; 
 

Further goals: tests and discrimination among geological models, study of the mantle 
homogeneity, insights to the processes of Earth’formation…..  

Abundance of radioactive elements fixes the amount of radiogenic heat (nuclear physics); 
Mass and distribution of radiogenic elements à geoneutrino flux (cca 106 cm-2 s-1); 
From measured geoneutrino flux to radiogenic heat…. 

++→+ enpν

Eν > 1.8 MeV 

•    “prompt signal” 
e+:   energy loss + annihilation 
  
•  “delayed signal” 
neutron capture on protons  
after thermalization  2.2 γ	


1.8 MeV 

40K  
below  
threshold 
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No Oscillation 

No Oscillation 

Oscillated 

Oscillated 

Geoneutrinos  Reactor antineutrinos at LNGS 

3 MeV antineutrino ..  
Oscillation length of ~100 km 
 

for geoneutrinos we can use average survival probability of  0.551 + 0.015 (Fiorentini et al 
2012), but for reactor  antineutrinos  not! 

Effect of neutrino oscillations	
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Geoneutrinos in Borexino!

84!
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the period used for this work is 15.8 counts/day/ton. Backgrounds
from accidental coincidences and from (!, n) interactions were
evaluated according to the same methods as described in [3].

During the purification campaigns some radon did enter the
detector. The 222Rn has " = 5.52 days and within several days
the correlated backgrounds disappear leaving in the detector the
corresponding amount of 210Pb. These transition periods are not
used for solar-# studies, but, with special care can be used for
#̄e studies. The 214Bi($)–214Po(!) delayed coincidence has a time
constant very close to the neutron capture time in PC. The ! parti-
cles emitted by the 214Po usually show a visible energy well below
the neutron capture energy window. However, in 1.04 ! 10"4 or
in 6 ! 10"7 of cases, the 214Po decays to excited states of 210Pb
and the ! is accompanied by the emission of prompt gammas of
799.7 keV and of 1097.7 keV, respectively. In liquid scintillators,
the % of the same energy produces more light with respect to an
! particle [22]. Therefore, for these (! + % ) decay branches the
observed light yield is higher with respect to pure ! decays and
is very close to the neutron capture energy window. We have ob-
served such candidates restricted to the purification periods, hav-
ing the corresponding increased Q delayed and positive (!-like) Gatti
parameter. In order to suppress this background to negligible lev-
els during the purification periods, we have increased (with respect
to [3]) the lower limit on Q delayed to 860 p.e. and applied a slight
Gatti cut on the delayed candidate as described above.

We have identified 46 golden anti-neutrino candidates passing
all the selection criteria described above, having uniform spatial
and time distributions. All prompt events of these golden candi-
dates have a negative G parameter, confirming that they are not
due to !’s or fast protons. The total number of the expected back-
ground is (0.70 ± 0.18) events (see Table 2). The achieved signal-
to-background ratio of #65 is high due to the extreme radio-purity
of Borexino scintillator and high e!ciency of the detector shield-
ing.

In the energy region Q prompt > 1300 p.e., above the end-point
of the geo-neutrino spectrum, we observe 21 candidates, while the
expected background as in Table 2 is (0.24 ± 0.13) events. In this
energy window, we expect (39.9 ± 2.7) and (22.0 ± 1.6) reactor-
#̄e events without and with oscillations, respectively. The expected
survival probability is therefore (55.1 ± 5.5)%, a value almost con-
stant for distances Lr > 300 km. We recall that for Borexino the
closest reactor is at 416 km and the mean weighted distance is
1200 km. We conclude that our measurement of reactor #̄e ’s in
terms of number of events is statistically in agreement with the
expected signal in the presence of neutrino oscillations. The ratio
of the measured number of events due to reactor #̄e ’s with respect
to the expected non-oscillated number of events is (52.0 ± 12.0)%.

We have performed an unbinned maximal likelihood fit of the
light yield spectrum of our prompt candidates. The weights of
the geo-neutrino (Th/U mass ratio fixed to the chondritic value of
3.9 [28]) and the reactor anti-neutrino spectral components were
left as free fit parameters. The main background components were
restricted within ±1& around the expected value as in Table 2.
For the accidental background we have used the measured spec-
tral shape, while for the (!,n) background we have used an MC
spectrum. For the 9Li and 8He background we have used an MC
spectrum as well which is in agreement with the measured spec-
trum of 148 events satisfying our selection cuts as observed within
a 2 s time interval after muons passing the scintillator.

Our best fit values are Ngeo = (14.3 ± 4.4) events and Nreact =
31.2+7.0

"6.1 events, corresponding to signals Sgeo = (38.8±12.0) TNU2

2 1 TNU = 1 Terrestrial Neutrino Unit = 1 event/year /1032 protons.

Fig. 1. Q prompt light yield spectrum of the 46 prompt golden anti-neutrino candi-
dates and the best fit. The yellow area isolates the contribution of the geo-#̄e in the
total signal. Dashed red line/orange area: reactor-#̄e signal from the fit. Dashed blue
line: geo-#̄e signal resulting from the fit. The contribution of background from Ta-
ble 2 is almost negligible and is shown by the small red filled area in the lower left
part. The conversion from p.e. to energy is approximately 500 p.e./MeV. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this Letter.)

Fig. 2. The 68.27, 95.45, and 99.73% C.L. contour plots for the geo-neutrino and the
reactor anti-neutrino signal rates expressed in TNU units. The black point indicates
the best fit values. The dashed vertical lines are the 1& expectation band for Srea .
The horizontal dashed lines show the extremes of the expectations for different BSE
models (see Fig. 3 and relative details in text).

and Sreact = 84.5+19.3
"16.9 TNU. The measured geo-neutrino signal cor-

responds to overall #̄e fluxes from U and Th decay chains of
'(U ) = (2.4 ± 0.7) ! 106 cm"2 s"1 and '(Th) = (2.0 ± 0.6) !
106 cm"2 s"1, considering the cross section of the detection in-
teraction (Eq. (1)) from [14]. From the lnL profile, the null geo-
neutrino measurement has a probability of 6 ! 10"6. The data and
the best fit are shown in Fig. 1, while Fig. 2 shows the 68.27, 95.45,
and 99.73% C.L. contours for the geo-neutrino and the reactor anti-
neutrino signals in comparison to expectations. The signal from the
reactors is in full agreement with the expectations of (33.3 ± 2.4)
events in the presence of neutrino oscillations.

A contribution of the local crust (LOC) to the total geo-neutrino
signal, based on the local 3D geology around the LNGS laboratory,
was carefully estimated in [32] as Sgeo(LOC) = (9.7±1.3) TNU. The
contribution from the Rest Of the Crust (ROC), based on the recent
calculation by Huang et al. [33], results in the geo-neutrino sig-
nal from the crust (LOC + ROC) of Sgeo(Crust) = (23.4 ± 2.8) TNU.
Subtracting the estimated crustal components from the Borexino

Reactor  

Geo  

46 golden coincidences 


