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LECTURE OUTLINE 

•   Why solar neutrinos and why Borexino 
•   Detector performances (radiopurity) 
•   Borexino results 
•  Their impact on the neutrino oscillation and the Sun 

physics 
•  Perspectives of Borexino phase II 
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1. Study of neutrino oscillation and matter effects 
•   Energetically broadband and free of flavor background 
•   Very long baseline  and go trough quantities of matter not 
     available to terrestrial experiments 
•   Measurements of the oscillation in vacuum and check of the 
     MSW paradigmatic model 
 
2. Study of Sun structure and functioning   
•   Checks of the Standard Solar Model:    
                          Predictions of the various solar neutrino fluxes 
                          High vs low metallicity 
•   First experimental evidence of the CNO cycle, dominant in the massive 

stars 
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Why solar neutrinos? 
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Neutrino oscillation	

                          να, flavor eigenstates   νi, mass eigenstates	


                                                        Uα,i, mixing matrix	

2 ν approach	

	

IN   VACUUM	

	

MSW                     νe interacts via charged current and neutral current	

                                   νµ,τ interact only via neutral current	
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Vacuum is dominating if  
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ν3 

ν2 

ν1 
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Δmsolar
2 ≅ 7.5 ⋅10−5eV 2

€ 

Δmatm
2 ≅ 2.5 ⋅10−3eV 2

Three ν approach-  ν1 , ν2 ,ν3	

	


Two mass differences : Δm2
atm ,Δm2

solar 
 
Three mixing angles: θ12 ,θ23 ,θ13 
 
 

   θ12 measured with solar 
 
  θ23 measured with 
atmospheric 
 
 θ13 very small  
       # T2K, Reno, Daya          
Bay  have measured θ13 	
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               SNO and Superkamiokande studied the solar ν over 3.5 and 5 MeV  !
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 Detector design and layout 

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

20 legs 

Carbon steel plates 

Scintillator: 
270 t PC+PPO in a 125 µm  
thick nylon vessel 

Stainless Steel Sphere: 
2212 photomultipliers  
1350 m3 

Nylon vessels: 
Inner: 4.25 m 
Outer: 5.50 m 

Design based on the  
principle of graded  
shielding 
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Very high radiopurity- special methods and tools developed 
 

>Cleaning scintillator : PC: water extraction,distillation (80 mbar,90-95 0C),!
                                                      nitrogen stripping, ultrafine filtration-master sol.!
>Ultrapure N2 for stripping: ultrapure Nitrogen: Rn< 0.1 µBq/m3!

                                                                                         LAK Nitrogen: 0.01 ppm Ar, 0.03 ppt Kr!
>Special care in the PC procurement: old layers crude oil, special!
                            loading station directly connected to the production!
                            plant, special shipping vessels, special unloading station,!
                            rapid transport to the underground lab to avoid cosmogenic!
                            production of radioactive nuclides (7Be)!
>Extreme precaution in the fabrication and assembly of the Nylon!
  Vessels: selection and extrusion of the materials in controlled area, !
                  construction in clean room with Rn control,special bags for shipping!
>All surfaces electropolished: detector components, lines, fittings,valves!
>Special developments and selection of the components ( as the PMTs),!
>Any operation in clean room or in N2, Ar atmosphere!
!
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€ 

ν e + e→ν e + e

with a threshold at ~60 keV (hardware)and  ~160-200 keV 
(software) recoil electron energy 

Measurements: Total energy released in the interactions, the position 
                         (via the PMT timing), α/β discrimination   

Borexino measures the ν via the reaction:  

 and the     via the reaction: ν

ν + p→ e+ + n      →  n capture→ γ (2.2 MeV )
                             → e+  annihilation→ 2γ (1.1MeV )

µ  rejection via the outer detector (1.2/m2 h is 
the µ cosmic flux at G.S. underground lab.)        	
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Allowed regions: 
68.27% C.L. 
95.45% C.L. 
99.73% C.L. 

Global fit (without Borexino) 
             Solar + Kamland                                       Only solar 

€ 

Δm2 = 7.50 −0.23
+0.17 ⋅10−5

tan2θ = 0.46 −0.03
+0.04

€ 

Δm2 = 5.37 −1.07
+1.55 ⋅10−5

tan2θ = 0.47 −0.04
+0.03
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SHP11:	  	  	  	  
A.M.	  Serenelli,	  W.	  C.Haxton	  	  
and	  C.	  Pena-‐Garay,	  
arXiv:1104.16.39v1	  [astro-‐ph]	  

ν flux	
 GS98 AGS09 cm-2 s-1 
pp 5.98 (1±0.006) 6.03 (1±0.006) x 1010 

pep 1.44 (1±0.012) 1.47(1±0.012) x 108 

hep 8.04 (1±0.30) 8.31 (1±0.30) x 103 

7Be 5.00 (1±0.07) 4.56 (1±0.07) x 109 

8B 5.58 (1±0.14) 4.59 (1±0.14) x 106 

13N 2.96 (1±0.14) 2.17 (1±0.14) x 108 

15O 2.23 (1±0.15)  1.56 (1±0.15) x 108 

17F 5.52 (1±0.17) 3.40 (1±0.16) x 106 

Solar Neutrino Fluxes- metallicity problem 

@ GS98 (high metallicity)-solar atmosphere modeling in one dimension starting      
from the  solar surface abundances (via spectroscopy)-excellent agreement with 
the helioseismology (sound speed) 
@ AGS09 ( low metallicity)- 3D modeling- less carbon, nitrogen, oxygen, neon 
and argon - disagreement with the helioseismology     
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14C-β emitter-156 keV end      
point threshold 160 keV 
210Po- α emitter- embedded 
in the inner walls of the lines- 
           τ =200 days        
11C- β+ emitter -cosmogenic- 
        1.2  µ/ m2 h- τ=29.4 minutes           	


85Kr 

    

B.R. 0.46%     ~ 750  l. days 
33 candidates 
         30.4±5.3±1.5 cpd/100 t 

row data  

µ, µ induced events and FV 
cuts	

α subtraction	


740.6 live- days of data 
norm. to 100 tons 

14C	

210Po	
FV cut 
α/β cut	 11C	

7Be+85Kr	
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Light yield: ~500 pe/MeV 

Tuned with extended calibration campaigns: 
13 artificial sources positioned at many points in  
the detector volume 



Erice  28/6/2012 
Gianpaolo Bellini - Universita' and 

INFN    Milano 

 
 

MC- fit range: 250-1600 
keV 
Soft α subtraction  

 Analytical- fit range 
300-1250  keV 
 statistical α subtraction 

 #  pp, pep, CNO fixed, 
according MSW-LMA high 
metallicity 
  #  free parameters: 7Be,85Kr, 
     210Bi ( β emitter)  ,11C,  
     210Po (α emitter),   
         214 Pb (β emitter)                              

 
46±1.5 (stat.)±        (syst)cpd/100 tons    

                                               

€ 

−1.5
+1.6

Φ(7Be)=(4.87±0.24) 
            x109 cm-2s-1 

fBe=0.97±0.05±0.07	


7Be-flux 
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pep monochromatic at 1442 keV Compton edge as for7Be  

Main background: cosmogenic 11C 

Three-fold coincidence  (TFC)   

20 

•  Cylindrical veto around the muon track 
•  Spherical veto with 1m radius around the 
     position where the neutron is found 
•  Vetoes prolonged until 2 hrs after the muon and neutron production  
                reduction of effective exposure 
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# optimal compromise: ~90% rejection;  
                                                            48.5% residual exposure ( MC-210Po) 

But 10% of 11C still 
to much 

We can exploit the time and space distribution of e- and e+ behavior in the 
organic liquid scintillator 

pep II 
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pep III   

        e+ prior the annihilation may form a bound state with e- :positronium; 
       the ortho-positronium (spin triplet state- S=0, Ms =0) has τ≈140 ns,  
        reduced in the scintillator to 3 ns- 50% formation probability-  
        during the annihilation emission of two γ shower 
 
            
         delay and diffuse geometry of the events –pulse shape discrim.  
         Boosted Decision Tree- BDT ----training on the e+ distribution from 11C, 
        tagged via TFC, and on e-  from  214Bi (tagged via 214Bi214Po coinc.)           
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pep IV   

External Background-radial distribution 

• Calibration with external source; ~5MBq 228Th in two position close to SSS. 
• Comparison with Mc-agreement at 99.5% on the reconstructed position. 
• External background identified by means its spatial distribution. 
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pep V   



Erice  28/6/2012 
Gianpaolo Bellini - Universita' and 

INFN    Milano 

pep VI   
 

pep: 3.13±0.55(stat.)±0.23(syst)  cpd/100 tons  
CNO: <7.6 cpd/100 tons  

                                               
Φ(pep)= 1.6±0.3 10 8  cm-2 s-1   fpep(GS98)=1.1±0.2   Φ(CNO)<7.4 108 cm-2 s-1 
fCNO(GS98)<1.4 
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8B 
Low threshold down  to 2.1 MeV (2.3 MeV  neutrino energy) 

        Additional background  
•  208Tl (Q=5. MeV) and 214Bi emanated  from nylon vessel and in the bulk 
•  cosmogenic isotopes      
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214Bi-214Po coincidences rejected (τ=237 µs- 222Rn daughter) 
 

208Tl :from 212Bi-210Po the  208Tl production is evaluated: 
 

€ 

B.R. 64%,431 ns

τ = 4.47minMain systematic e.: energy threshold, 
                                  fiducial volume  

Rate: 0.22±0.04±0.01 cpd/100t 

Φ 8B
= 2.4±

          0.4± 0.1
           106cm−2s−1

f8B=0.88±0.19 
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€ 

Pee
VAC

Pee
Matter =1.63± 0.26

7Be experimental errors lower than the SSM uncertainty 
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 A. Friedland, C.Lunardini,  
C. Pena-Garay;  
Phys.Lett.B 594(2004) 

O.Miranda at al., JHEP 
10 (2006),008 

 
A.Bolanos,……J.Valle;  
Phys. Review, D79 

(2009) 
 
F.Escribuela,….J.Valle; 
 arXiv:0907.2630v3 – 
11 dec 2009 
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Low region 
excluded by 
Borexino data 
at ~8.5 σ  
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Δm2 = 7.50−0.22
+0.18 ⋅10−5eV 2

tan2θ12 = 0.462−0.033
+0.032

sin2θ13 = 0.025−0.004
+0.003

Reno 0.029 

Daya Bay 0.023 
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ν 
flux 

GS98 
 

AGS09 cm-2 
s-1 

Experim. 
results 

pep 
 

1.44 (1±0.012) 1.47 
(1±0.012) 

x 108 1.6±0.3 
Borexino 

7Be 
 

5.00 (1±0.07) 4.56 (1±0.07) x 109 

 
4.87±0.24 
Borexino 

8B 5.58 (1±0.14) 4.59 (1±0.14) x 106 5.2±0.3 
SNO+SK+Borex+Kamland 
5.14         SNO-LETA N.C. 
5.05          LETA 8B total 

13  N 
 
 
15O 
 
17F 

2.96 (1±0.14) 
 
2.23 (1±0.15) 
  
5.52 (1±0.17) 

2.17 (1±0.14)  
 
1.56 (1±0.15) 
 
3.40 (1±0.16 

x 108 
 
 

x 108 
 

X 106 
 
 
 

<7.4 
Borexino € 

−0.20
+0.21

€ 

−0.20
+0.19
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Geo-ν 

@  The radioactive decays are an important source of the terrestrial heat; theyare present 
       in the crust and in the mantle,but probably not in the core (chemical affinity). 
@   The geo-thermical gradient estimates the global heat loss in the range 40  – 47 TW, but 
     a global power of 30 TW is not excluded. The expected amount  of radioactive decays 
     in the mantle are model dependent: the canonical model, the Bulk Silicate Earth (BSE), 
     predicts about 19 TW, but one cannot exclude that the radioactivity in the present 
     Earth would be enough to account for even the highest estimate of the total terrestrial  
    heat.  Other models report the existence of a geo- reactor of 3-6 TW induced 
    by important amounts of U present around the core.  
@ The geological measurements of the radioactive  decays are limited to the 
    crust, where the investigations are based upon drill-holes.    

238U   à 206Pb + 8 α + 8 e- + 6 anti-neutrinos + 51.7 MeV 
232Th   à 208Pb + 6 α + 4 e- + 4 anti-neutrinos + 42.8 MeV 
40K   à 40Ca + e- + 1 anti-neutrino + 1.32 MeV 
Inverse beta decay: threshold at 1.8 MeV      Contribution 40K ruled out 

Background sources: reactor antineutrinos and internal  radioactivity 
Reactors: Flux calculation takes into account:  Thermal power vs time;  Power fraction 
 of isotopes;  Average distance to the detector;  ν survival probability . 194 european 
reactors and 237 in the world -2.5% only). 
Internal radioactivity: (α,n), accidental coincidences, radioactive cosmogenic nuclides   
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Continental crust Oceanic crust 

Different contribution from the crust and sediment; regional geology needed  

Geo ν:    
Geo ν:  

€ 

111 −43
+45

€ 

9.9 −3.4
+4.1

Null hypothesis disfavored at 4.2 σ in both cases 
A joint analysis Bx-Kamland gives                   for the  radiogenic heat  

€ 

20 −8.6
8.8 TW

S/N= 
3/1 
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1.  First measurement of the solar neutrino flux from  7Be with 
      good precision,of the pep flux, first limit on CNO and 
      strong constraints on pp flux already achieved. Flux from 8B  
      measured with a lower threshold down to 2.1 MeV 
2. Good determination of the Vacuum/Matter survival  probabilities. 
3.  MSW-LMA model now validated at low energy- the transition region  
      needs more statistics to measure its shape (NSI); 
      LMA solution isolated by the solar ν only. 
5.   Experimental measurements not useful for the moment in helping to 
      solve the metallicity puzzle. More statistics is needed 
6.    Evidence of geo-antineutrinos very robust. More statistics needed to 
       obtain a clear determination of the radiogenic contribution to the  
       terrestrial caloric energy 
8.    Other Bx achievements: 
       The best limits on the Pauli principle violation and on the electron decay. 
       The best limits on the presence of       in the Sun flux. 
       Best determination of the effective neutrino magnetic moment 
     

Conclusions Phase I 

ν
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@   Borexino reached a radio-purity better than the original one with a new 
       purification campaign and started the phase 2. 
@     The goal is to measure the pep flux with reduced errors with a better  
        constraint on CNO and to increase the statistics on 8B from 3 MeV: this  
        would allow to determine the shape of the transition region and to 
        check the NSI. 
@    Further important  goal is the direct measurement of the flux from pp. 
        In that case Borexino would measure all Sun fluxes. 
@    Precise measurement of the Earth heat from radiogenic sources with the 
       geoneutrinos.  
@    Test on the existence of a sterile neutrino with an artificial source (51 Cr  
       activated at 5 Mci) placed in a tunnel below the detector) 

Phase II (2012-2015) 
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      experimental hints and re-analysis of old results 
                @ LNSD  indication for a 3th Δm2 value in the ν oscillation  
                      phenomenon; 
                  @ Very short base-line (VSBL) anomaly (reactors; gallium source 
                       anomaly); 
                  @ W map (effective number of ν species: 4.34±0.87) 
                                            
                         sterile neutrino?                                                                           

 Proposed measurement in Borexino 
 with artificial sources: 
 51Cr; 0.747 MeV ν Κ capture τ=39.96d 
 -5  Mci 
 90Sr-90Y;      β  decay-1.8 MeV threshold- 
  2 MeV av. energy τ=1.52 104d-1 MCi 
 
     Tunnel below Borexino 
    4m from the inner vessel wall 
    8.25 m from the detector centre 

€ 

ν 
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Spatial profile of detected events for a 
monoenergetic source (Cr51) in the tunnel 

Δm2       sin22θ	


  8           0.07 

	  	  1	  	  	  	  	  	  	  	  	  	  	  0.1	  

	  	  no	  oscillaGon	  

Ideal case  
no spatial 
resolution 
no background   
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REACH OF THE STERILE NEUTRINO SEARCH 
WITH THE  51CR SOURCE  

χ2 analysis of the 51Cr source outside BX 

•  activity=10MCi; 

•  Error on 
activity=1%; 

•  Error on FV=1%; 

 

Reactor anomaly 
 
Exclusion contours 
 

Sensitivity to the rate  

Sensitivity to the rate +waveshape 

Green region 90% CL excluded from Solar+KamLAND 
 constraints accounting for the θ13 ≠ 0 value 

Rate + shape + additional 
handle: time decay of the 
source event rate to better 
discriminate against the 
background 
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Plants 
 

• Storage vessels 
• Scintillator 
purification systems 

• Water 
extraction 
• Distillation 
• Nitrogen 
sparging 
• PPO (solute) 
distillation 

• Normal nitrogen 
• High purity 
nitrogen purified in 
39Ar and 85Kr 
• Fluid handling 
system 
• Water purification 
• Clean room  
• CTF, the initial 
prototype 
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Gα=                       αι ,βι->n. p.e. for the indiv. shape within                    
                               a given Δt (2 ns)  
Gβ=                                                                                                ->av. shape of          
                                                                                                   current 

pulses (pdf) 

€ 

Piβi
i
∑

€ 

Pi
i
∑ α i

€ 

Pi =
α i −β i( )
α i + β i( )

€ 

α i,β i

This analysis for the reference curves  has been done during the filling period, !
when 222Rn was present  !

α/β discrimination- Gatti parameter  	
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Calibration campaigns 
Am-Be source 

222 Rn loaded scintillator 
 
•  214(Bi-Po) 

α/β discrimination	


Energy scale resolution:  

€ 

5%
E(MeV ) from 200 keV to 2 MeV 

Over 2 MeV: A little worse due to the less accuracy in 
                       the calibration. 
Light yield obtained by the γ sources with MC: 
                          511 p.e./MeV  uncertainty: 1.5%  
Fiducial volume:  Reconstruction program and MC 

 tuned on the calibration results:  R<3m    
   -1.67<z<1.67 cm    75.7 tons; 88 m3   Uncertainty:   
                                                                                (1 σ) 

Mc tuned with the calibration results 

€ 

−0.5
+1.3%Δ(x, y, z) =15−30 cm
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Main cuts for the 7Be search 

Muons:  # detection in the ID  and veto of 300 µs (cosmogenic n capture); # 
detection in the OD only (Cherenkov) and veto of 2 ms; Fiducial volume ; 
Coincidences within 2 ms and events within 1.5 m of dist. are rejected: 
correlated events and 214Bi-214Po  (λ:238.1 µs);  
Check the charge -                         (qexp is the expected mean charge  
 
 for single hit); Isotropic emission of the scintillation light around the interaction 
point; 
Rejected: pile-up of multiple events in the same DAQ gate( random,fast 
coincidences, etc.). Only 0.6% of live-time is missed  

€ 

0.6 <
C
qexp

<1.6

Main systematics (%) 
 

Energy scale: 2.7; Fit methods: 2. ; Position reconstruction: 
 

 

€ 

−1.3
+0.5
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pep V   

Multidimensional fitting strategy 

@ Binned maximum likelihood fit on the events surviving the TFC veto- it takes 
      into account simultaneously the energy spectrum, the radial  distribution  
      and the pulse shape BDT parameter ( with different fitting ranges). 
@ Species left free in the fit: 210Bi, 10C, 11C,6He,40K,85Kr,234mPa (internal  
     background ) ,208 Tl, 214Bi,40K (external background), 7Be, pep, CNO.  
     pp is fixed at the SSM prediction, 8B at the average experimental results.  
@ The fit is carried out on the events surviving the TFC vetoes and to the  
        energy spectrum of the events rejected, constraining the non- 
        cosmogenic species to be the same (uncorrelated  with the vetoes). 
@ Checks with hundreds of fits to simulated events 
@ Further fit done fixing the pep value at SSM to improve the CNO limit 
     (interference from the very similar 210Bi spectrum). 
@ very good consistency with independent estimates for 10C, 6He,85Kr,234mPa 
     and  of 11C and 7Be (previous analysis). 
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8B with lower threshold at 3 MeV (488 live days) 
 
Background in the 3.0-16.5 MeV                                 Cuts 
energy range                                       

                       @Muon cut + 2 mms dead time to reject 
    induced neutrons (240 µs) 
@Fiducial volume 
@Muon induced radioactive nuclides:6.5 s 
   veto after each crossing muon (~30% 
dead  time)-10C (τ=27.8 s) tagged with the 
Three- fold coincidence with the µ parent 
and the neutron capture)-11Be (τ=19.9 s) 
statistically subtracted 
@214Bi-214Po coincidences rejected (τ=237 
µs- 222Rn daughter) 
@208Tl from 212Bi-212Po (B.R.64%-τ=431ns )we 
    evaluate the 208Tl production via  
    
 
  



Erice  28/6/2012 
Gianpaolo Bellini - Universita' and 

INFN    Milano 

CASO CHOOZ 

§  Esperimento a un reattore francese: 
§   distanza media d=1 km  
§  Energia media  

•  . 

€ 

E ν e( ) ≈ 3 MeV

  

€ 

Δm2 =
E
L

3MeV
103m

≅ 3⋅ 10−3eV 2 zone dei ν atmosferici( )

P να →νβ( ) = δαβ − 4 UαiUβi
*UβjUαj

* sin2
Δmij

2

4E
L

+ 

, 
- 

. 

/ 
0 

i≠ j
∑

Probabilita'  νe →νe

Se U reale ⇒U =U *   U⋅U * =U 2

P νe →νe( ) =1− 4Ue1
2Ue3

2 sin2 Δm13
2

4E
L

+ 

, 
- 

. 

/ 
0 − 4Ue2

2 Ue3
2 sin2 Δm23

2

4E
L

+ 

, 
- 

. 

/ 
0 

Trascuro il termine  Δm12
2

Si fa l'ipotesi :  Δm13
2 ≈ Δm23

2

  

€ 

Ricordando    sin2 2θ = 4cos2θ sin2θ   e  cos4 θ = 1− sin2θ( )2

P ν e →ν e( ) =1− 4⋅ c12
2 s13

2 c13
4 sin2 Δ13 − 4⋅ s12

2 c13
2 s13

2 sin2 Δ 23 =

               =1− 4c13
2 s13

2 c12
2 sin2

Δm13
2 L

4E
( 

) 
* 

+ 

, 
- + s12

2 sin2
Δm23

2 L
4E

( 

) 
* 

+ 

, 
- 

. 

/ 
0 

1 

2 
3 =

               =1− 4c13
2 s13

2 sin2
Δm13

2 L
4E

( 

) 
* 

+ 

, 
- c12

2 + s12
2( ) =

               =1− sin2θ13 sin
2 Δm13

2 L
4E

( 

) 
* 

+ 

, 
- 

⇒Misura di θ13 mediante un esperimento di 
   sopravvivenza (o sparizione) al reattore

ν3 

ν2 
ν1 

Δm 

Δm 
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Kamland has carried out a comparison between BSE and Kl and Bx results  

Assumption in agreement with the BSE: Th:U=3.9 , composition of the Crust. U 
and Th distributed uniformly in the mantle. 
@ From the composition of the two results we can obtain a prevision for the        
 
     radiogenic heat:                     
  

Red lines: maximum  
 radiogenic. 
The uncertainties of the  
 model are not included 

€ 

20 −8.6
8.8 TW

More statistic is needed: Borexino with a s/n=3:1 in the geo-neutrino 
 window and 5:1 in the region of the Th+U maximum has a large 
 room to improve its sensitivity accumulating statistics. Already now the  
statistics is doubled with respect the results just shown. 
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RAL 16/06/2010 

 
Gianpaolo Bellini - Universita’ di Milano 

and INFN 

350 live days 
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Phys. Rev.C 81 (2010) 034317 

We can calculate the limits δ2 of relative strenght of non Paulian 
transitions to the normal one. In this way we can compare the  
experimental limits on lifetime obtained for different nuclei and atoms. 
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RAL 16/06/2010 

 
Gianpaolo Bellini - Universita’ di Milano 

and INFN 

Estimate Source 10-11µB 
90% C.L. 

Superk Solar ν 
from 8B 

<11 

GEMMA      from 
reactors 

<3.2 

Borexino Solar ν 
from 7Be	


<5.4 
€ 

ν e

Effective magn. 
moment	
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where Pee=0.552±0.016 is the survival probability at Earth for 7Be neutrinos at 
0.863 MeV, sin2θ23=            and μx are the neutrino magnetic moments.  
 
Present limits on the neutrino magnetic moments are: 
μe < 3.2×10‐11 μB by GEMMA (elastic scattering) 
μμ < 68×10‐11 μB by LSND (elastic scattering) 
μτ < 39000×10‐11 μB by DONUT (elastic scatt.) 

We can write: 
 
μeff

2 = Pee ⋅μe
2 + (1− Pee )(cos2θ23 ⋅μμ2 + sin2θ23 ⋅μτ2)  

 

€ 

0.5−0.06
+0.07

€ 

µµ <12 ⋅10−11µB

µτ <12.5 ⋅10−11µB

New Borexino limits:	
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A. Friedland, C.Lunardini, C. Pena-Garay; Phys.Lett.B 594(2004 
A.Bolanos,……J.Valle; Phys. Review, D79 (2009) 
F.Escribuela,….J.Valle;arXiv:0907.2630v3 -11 dec 2009 

 
 
 
They start with a four-Fermion Lagrangian: 

€ 

εαβ
fP

       is the NSI strenght; f the u and d quarks; P denote {R,L} 
 
The analysis takes into account of NSI effects on both the propagation 
and the detection of the neutrino.  
( due to the high computer time they limits the analysis only to the 
interaction with the d quark) 

Following the S.M. the low-energy neutrino interactions can be described 
by vertices which receive contributions from NC processes and, if the initial  
state contains a charged lepton, also by CC processes. 
Possible non standard interactions can contribute, both changing and 
preserving flavours.  



Erice  28/6/2012 
Gianpaolo Bellini - Universita' and 

INFN    Milano 

Non standard propagation: 

Where: 
 
 
with: ε,ε’ as effective parameters for the nsi .These two parameters , and 
especially ε’ have a role in the definition of the allowed region in the oscillation 
space parameters and in the survival probability.  
In presence of a NSI coupling the LMA solution moves upward or forward. The 
freedom for ε’  is essentially determined by the range of          allowed by the 
solar data alone. Kamland has not much influence due to the low matter 
density in the Earth Crust.  
The LMA solution in strongly limited from below by the non observation of day/
night effect (SNO, SuperK, Borexino)).  € 

Δm12
2
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@ Supernova 

Standard SN @ 10kpc 

Detection channel! Any 
hierarchy!
!

Inverse-Beta Decay!
(Eν > 1.8 MeV)!

79!

ν-p ES!
(Eν > 0.25 MeV)!

55!

12C(ν,ν)12C* !
(Eγ = 15.1 MeV)!

17!
@ Artificial  ν  Source 


