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1. BOREXINO 1. BOREXINO   
 
2. Be-7 flux measurement  
 
3. B-8 measurement 
 
4. Geoneutrinos 
 
5. Pep first detection 
 
6. Future 

Borexino is a low background Neutrino 
Detector for sub-MeV solar Neutrino 
(and other) studies 
 
 
Detecting Solar Neutrinos means: 

•  Low interaction rates: 0.1/1 event/day/ton of target mass 

•  Low energy (mostly <10 MeV, better if <2 MeV) 

•  Low threshold and low background 

•  Underground location to shield from cosmic rays 
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Abruzzo, Italy 
120 Km from Rome 

Laboratori 
Nazionali del  
Gran Sasso 

 
Assergi (AQ) 

Italy 
1400m of rock 

shielding  
~3800 m.w.e. 

Borexino Detector and Plants 

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

2020 legs legs  Carbon Steel Plates 

Scintillator: 
270 t PC+PPO (1.4 g/l) 

Stainless Steel Sphere: 
●  2212 PMTs  
●  ~ 1000 m3 buffer of pc

+dmp (light queched) 

Nylon vessels: 
(125 μm thick) 
Inner: 4.25 m 
Outer: 5.50 m 
(radon barrier) 

4 

The	
  Borexino	
  Detector	
  
Neutrino electron 

scattering 
ν e -> ν e 
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Filling phase of the Borexino detector (2007, Laboratorio del Gran Sasso) 

11 m 
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Energy	
  produc8on	
  in	
  the	
  sun	
  

Figure 2: This diagram [6] shows the main branch of the CNO-cycle in the Sun, described in Sec. 1.2. In this
reaction, C, N and O are catalysts in the fusion of four protons into a 4He nucleus, with the production of two
neutrinos (13N ν and 15O ν), with Q-values 2.22MeV and 2.75MeV, respectively.

12C + p→ 13N (1.2)
13N→ 13C + e+ + νe(2.22 MeV) (1.3)

13C + p→ 14N (1.4)
14N + p→ 15O (1.5)

15O→ 15N + e+ + νe(2.75 MeV) (1.6)
15N + p→ 12C + 4He (1.7)

In this case two neutrinos (13N ν and 15O ν) with continuous spectra (Q-values in parentheses) are
produced. As every cycle produces exactly one 13N ν and one 15O ν, their fluxes are very strongly correlated,
with correlation coefficients of 0.991(0.984) in the GS98(AGS05) standard solar model [5]. In a minor branch
of this reaction, which occurs with a relative frequency of ∼2%, the final reaction does not end with the
production of 12C + 4He, but instead continues:

15N + p→ 16O (1.8)
16O + p→ 17F (1.9)

17F→ 17O + e+ + νe(2.76 MeV) (1.10)
17O + p→ 14N + 4He (1.11)
14N + p→ 15O (1.12)

15O→ 15N + e+ + νe(2.75 MeV) (1.13)

5

PP-chain  
>99% energy production 

5 νspecies 

CNO-cycle  
<1% energy production 

3 νspecies 
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I. Solar neutrino data and θ13 2

The solar neutrino problem

• Nuclear reactions in the core of the Sun produce

electron neutrinos;

• during the last 40 years, a number of underground

experiments has measured their flux in different

energy windows;

• it is found that ALL the experiments observe a

deficit of about 30 − 60%;

• the deficit is NOT the same for all the experiments,

hence the effect is energy dependent.

• it is not possible to reconcile the data with the

Standard Solar Model (SSM) by simply readjust-

ing the parameters of the model;

• solution: neutrino νe → νactive oscillations;

• Effect well understood⇒ PROBLEM SOLVED.

 Gallium  Chlorine  SuperK, SNO

Michele Maltoni <michele.maltoni@uam.es> PʜʏS�ɴ 2010, 4/10/2010

,Borexino 

Solar	
  Neutrino	
  Spectrum	
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Study of Solar Neutrinos à Solar Neutrino Problem à Neutrino Oscillations 
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Neutrino Oscillation 
Solution 

Open Issues 
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2. Be-7 flux measurement 1. BOREXINO   
 
2. Be-7 flux measurement  
 
3. B-8 measurement 
 
4. Geoneutrinos 
 
5. Pep first detection 
 
6. Future 

Cross Section ≈ 10-44 cm2 (@ 1 MeV) 

eLieBe ν+→+ − 77

),,( τµνν exee xx =+→+ −−

Eν = 862 keV (monoenergetic) 
ΦSSM = 4.8 · 109 ν s-1 cm2 

Electron recoil spectrum 

νe 

νx 
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( ) 1291024.084.4 −−×±=Φ scm
LMA 
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3. B-8 measurement 1. BOREXINO   
 
2. Be-7 flux measurement  
 
3. B-8 measurement 
 
4. Geoneutrinos 
 
5. Pep first detection 
 
6. Future 

Analysis with 3 MeV threshold 
Borexino rate : ≈ 0.2 cpd / (100 tons) 
Backgrounds:  
•  Muons, Neutrons 
•  External background 
•  Fast cosmogenics 
•  C-10, Be-11 
•  Tl-208,Bi-214 
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tcpdsyststatR 100/)(01.0)(04.022.0 ±±=



La Thuile - 27 Feb 2012 14 

4. Geoneutrinos 1. BOREXINO   
 
2. Be-7 flux measurement  
 
3. B-8 measurement 
 
4. Geoneutrinos 
 
5. Pep first detection 
 
6. Future 

++→+ enpeν

AntiNeutrinos emitted in beta decays of naturally 
occurreing radioactive isotopes in the Earth’s 
crust and mantle 
 
Moderate Nuclear Reactors bkgd at LNGS 
 
Detection by Inverse Beta Decay (1.8 MeV thr.) 

Geo-nu and nuclear reactor nu 

Geo-nu  

Positron-Gamma (2.2 MeV) delayed coincidence 
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Search for delayed coincidences in the Borexino detector 
Main background sources: 
•  Li-9, He-8, untagged muons, accidentals……………. 

( ) )100/(9.3 8.5
2.3

6.1
3.1 yrtonsev ⋅+

−
+
−

68.3 %CL 

99.73 %CL 



 
p + e - + p → d + νe 
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5. Pep first detection 1. BOREXINO   
 
2. Be-7 flux measurement  
 
3. B-8 measurement 
 
4. Geoneutrinos 
 
5. Pep first detection 
 
6. Future 

I. Solar neutrino data and θ13 2

The solar neutrino problem

• Nuclear reactions in the core of the Sun produce

electron neutrinos;

• during the last 40 years, a number of underground

experiments has measured their flux in different

energy windows;

• it is found that ALL the experiments observe a

deficit of about 30 − 60%;

• the deficit is NOT the same for all the experiments,

hence the effect is energy dependent.

• it is not possible to reconcile the data with the

Standard Solar Model (SSM) by simply readjust-

ing the parameters of the model;

• solution: neutrino νe → νactive oscillations;

• Effect well understood⇒ PROBLEM SOLVED.

 Gallium  Chlorine  SuperK, SNO

Michele Maltoni <michele.maltoni@uam.es> PʜʏS�ɴ 2010, 4/10/2010

Pep reaction 

Monoenergetic 
1.44 MeV 
neutrinos  
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τ (n capture):  
~250μs 

nCC ++→+ 1112 µµ

MeVdpn 2.2γ+→+

eeBC ν++→ +1111

n γ 

µ 

τ (11C): ~30min 

β 
11C Production Channels: 

[Galbiati et al., Phys. Rev. C71, 055805, 2005] 

1.  95.5% with n: (X,X+n) 
"  X = γ, n, p, π±, e±, µ. 

2.  4.5% invisible : 
"  (p,d); (π+,π0+p). 

The main background for pep 
and CNO analysis is 11C, a long 
lived (τ=30min) cosmogenic 
β+ emitter with ~1MeV end-
point  
(shifted to 1-2MeV range)  

11C rate =  (28.5 ± 0.5) cpd 
exp. pep rate ~ 3cpd 

Going	
  for	
  pep	
  and	
  CNO:	
  11C	
  tagging	
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Electron/Positron discrimination due to Ps formation in positron events 
(D. Franco, G. Consolati and D. Trezzi, Phys. Rev. C 83 (2011) 015504 
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C-11 reduction strategy: 
 
•  Threefold coincidence 
(muon,neutron,C11) 

•  Pulse shape 
discrimination electron/
gamma/positron (Ps 
formation) 

12810)3.06.1()( −−×±=−Φ scmLMAMSWpep

)%95(107.7)( 128 CLscmLMAMSWCNO
−−×<−Φ

First pep measurement and the best CNO limit 
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6. Future (summary)  1. BOREXINO   
 
2. Be-7 flux measurement  
 
3. B-8 measurement 
 
4. Geoneutrinos 
 
5. Pep first detection 
 
6. Future 

Solar Neutrinos: 
 
•  Early motivation à study of the Sun 

•  Unexpected finding à neutrino oscillations 

Solar Neutrinos today: 
 
Study of the P(ee) oscillation pattern as a function of energy 
 
Study of the interior of the Sun 
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PMNS neutrino mixing matrix, analogous to CKM matrix for quarks 

! 

" l = Uli " i
i=1

3

#

Citation: K. Nakamura et al. (Particle Data Group), JP G 37, 075021 (2010) and 2011 partial update for the 2012 edition (URL: http://pdg.lbl.gov)

sin2(2θ12) = 0.861+0.026
−0.022

∆m2
21 = (7.59+-0.21)× 10−5 eV2

sin2(2θ23) > 0.92 [i ]

∆m2
32 = (2.43 ± 0.13) × 10−3 eV2 [j ]

sin2(2θ13) < 0.15, CL = 90%

Heavy Neutral Leptons, Searches forHeavy Neutral Leptons, Searches forHeavy Neutral Leptons, Searches forHeavy Neutral Leptons, Searches for

For excited leptons, see Compositeness Limits below.

Stable Neutral Heavy Lepton Mass LimitsStable Neutral Heavy Lepton Mass LimitsStable Neutral Heavy Lepton Mass LimitsStable Neutral Heavy Lepton Mass Limits

Mass m > 45.0 GeV, CL = 95% (Dirac)
Mass m > 39.5 GeV, CL = 95% (Majorana)

Neutral Heavy Lepton Mass LimitsNeutral Heavy Lepton Mass LimitsNeutral Heavy Lepton Mass LimitsNeutral Heavy Lepton Mass Limits

Mass m > 90.3 GeV, CL = 95%
(Dirac νL coupling to e, µ, τ ; conservative case(τ))

Mass m > 80.5 GeV, CL = 95%
(Majorana νL coupling to e, µ, τ ; conservative case(τ))

NOTES

[a] This is the best limit for the mode e− → ν γ. The best limit for “electron
disappearance” is 6.4 × 1024 yr.

[b] See the “Note on Muon Decay Parameters” in the µ Particle Listings for
definitions and details.

[c] Pµ is the longitudinal polarization of the muon from pion decay. In
standard V−A theory, Pµ = 1 and ρ = δ = 3/4.

[d] This only includes events with the γ energy > 10 MeV. Since the e− νe νµ

and e−νe νµ γ modes cannot be clearly separated, we regard the latter
mode as a subset of the former.

[e] See the relevant Particle Listings for the energy limits used in this mea-
surement.

[f ] A test of additive vs. multiplicative lepton family number conservation.

[g ] Basis mode for the τ .

[h] L± mass limit depends on decay assumptions; see the Full Listings.

[i ] The limit quoted corresponds to the projection onto the sin2(2θ23) axis
of the 90% CL contour in the sin2(2θ23)−∆m2

32 plane.

[j ] The sign of ∆m2
32 is not known at this time. The range quoted is for

the absolute value.

HTTP://PDG.LBL.GOV Page 10 Created: 6/16/2011 12:05
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Eν in MeV

Pee = 1 - sin22θ sin2 (∆m2L/4Eν)
baseline = 180 Km

P ee
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Figure 13.1: The νe (ν̄e) survival probability P (νe → νe) = P (ν̄e → ν̄e),
Eq. (13.30), as a function of the neutrino energy for L = 180 km, ∆m2 =
7.0 × 10−5 eV2 and sin2 2θ = 0.84 (from [48]) .

a consequence of the production, propagation and/or detection of neutrinos, effectively
oscillations due only to one non-zero neutrino mass squared difference take place, the CP
violating effects will be strongly suppressed. In particular, we get A

(l′l)
CP = 0, unless all

three ∆m2
ij #= 0, (ij) = (32), (21), (13).

If the number of massive neutrinos n is equal to the number of neutrino flavours,
n = 3, one has as a consequence of the unitarity of the neutrino mixing matrix:∑

l′=e,µ,τ P (νl → νl′) = 1, l = e, µ, τ ,
∑

l=e,µ,τ P (νl → νl′) = 1, l′ = e, µ, τ .
Similar “probability conservation” equations hold for P (ν̄l → ν̄l′). If, however, the
number of light massive neutrinos is bigger than the number of flavour neutrinos as
a consequence, e.g., of a flavour neutrino - sterile neutrino mixing, we would have∑

l′=e,µ,τ P (νl → νl′) = 1 − P (νl → ν̄sL), l = e, µ, τ , where we have assumed the
existence of just one sterile neutrino. Obviously, in this case

∑
l′=e,µ,τ P (νl → νl′) < 1 if

P (νl → ν̄sL) #= 0. The former inequality is used in the searches for oscillations between
active and sterile neutrinos.

Consider next neutrino oscillations in the case of one neutrino mass squared difference
“dominance”: suppose that |∆m2

j1| % |∆m2
n1|, j = 2, ..., (n − 1), |∆m2

n1|L/(2p) !1 and
|∆m2

j1|L/(2p) % 1, so that exp[i(∆m2
j1 L/(2p)] ∼= 1, j = 2, ..., (n − 1). Under these

conditions we obtain from Eq. (13.13) and Eq. (13.14), keeping only the oscillating terms
involving ∆m2

n1:

P (νl(l′) → νl′(l)) ∼= P (ν̄l(l′) → ν̄l′(l)) ∼= δll′ − 2|Uln|2
[
δll′ − |Ul′n|2

]

July 30, 2010 14:36

Solution of the Solar Neutrino 
Problem is neutrino oscillation with 
matter (MSW) effect at Large 
Mixing Angle (LMA) 

Neutrino Oscillations 
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Solar neutrino components measured by Borexino 
I. Solar neutrino data and θ13 2

The solar neutrino problem

• Nuclear reactions in the core of the Sun produce

electron neutrinos;

• during the last 40 years, a number of underground

experiments has measured their flux in different

energy windows;

• it is found that ALL the experiments observe a

deficit of about 30 − 60%;

• the deficit is NOT the same for all the experiments,

hence the effect is energy dependent.

• it is not possible to reconcile the data with the

Standard Solar Model (SSM) by simply readjust-

ing the parameters of the model;

• solution: neutrino νe → νactive oscillations;

• Effect well understood⇒ PROBLEM SOLVED.

 Gallium  Chlorine  SuperK, SNO

Michele Maltoni <michele.maltoni@uam.es> PʜʏS�ɴ 2010, 4/10/2010

,Borexino 
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Solar electron neutrino survival probability as a function of neutrino energy 
LMA-MSW with standard neutrino interactions  

Neutrino Oscillations properties measured by Borexino 
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Futures perspectives 

•  Measurement of the CNO solar component 

•  Measurement of short baseline neutrino oscillations with a radioactive source 

•  Neutrino magnetic moment 

•  Supernova alert system (SNEWS) 

•  Measurement of neutrino speed (CNGS beam) 

Detector still fully operational after almost five years of running  
 
Purification capability to be improved  
 
Deal with residual backgrounds  
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