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Surface metallicity puzzle still open…  



Many accomplishments of Borexino in the solar neutrino arena 
and beyond… 
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Borexino at Gran Sasso: low energy real time 
detection  

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

20 legs 
Carbon steel plates 

Scintillator: 
270 t PC+PPO in a 150 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 

Neutrino electron 
scattering 

     ν e −> ν e 
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Detection principle 

ee xx +→+ νν
Elastic scattering off the electron of the scintillator 
threshold at ~ 60 keV  (electron energy) 

Goals: (in read already accomplished) 7Be flux (862 keV),  8B with a 
 lower threshold down to 2.2 MeV,  pep (1.44 MeV), possibly pp 
 and CNO in the future,  Geo-antineutrinos (Phys.Lett.687,2010), 
 Supernovae neutrinos, all requiring ultra-low background 
 especially the solar measurements – the big challenge of the 
 experiment! 
 
  Further proposed measurements with ν and      artificial 
  sources for sterile neutrino search (second part of the talk) 
 

ν
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Results made possible by 
 
 
 

a) Ultra-low background 
 
 

b) Thorough calibration of the detector with internal and 
external sources 
 

c) A detailed MC able to reproduce accurately the 
calibration results 
 

d) High statistics     
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Extraction of the fluxes through a data-to-model fit 
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Low energy range (0.14-2 MeV) calibration 

R(m) 

Energy scale-Resolution  
 
          
              from 200 keV to 2 MeV 
  
          
 
Beyond 2 MeV: A little worse due to the 
less accuracy in the calibration  
 

@  MC tuned on γ source results  
 
@ Determination of Light yield and of the Birks parameter   kB          
     L.Y.       obtained from the γ calibration sources with MC: 511 p.e./MeV 
                      left as free parameter in the total fit in the analytical approach 
 

@  Precision of the energy scale global determination: 1.5% ( 1 σ) 
 
@  Fiducial volume uncertainty:               ( 1 σ)    
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MC- fit range: 250-1600 keV 
Soft α subtraction  

     Analytical- fit range 300- 1250 keV 
     statistical α subtraction via PSD 

 
#   pp, pep, CNO fixed, according 
      MSW-LMA high metallicity 
#   free parameters: 7Be,85Kr, 
     210Bi ( β emitter) ,11C,  
     210Po (α emitter), 14 C,  
        214 Pb (β emitter)                              

The 7Be flux is extracted 
via a multi-component fit 
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Result 
 

7Be(0.862): 46±1.5 (stat.)              (syst)cpd/100 tons    
                                               

5.1
6.1

+
−

Other main 
components in 

the fit 

85Kr in very good agreement with the correlated coincidence 
determination 
 

Unprecedented better than 5% precision in low energy solar 
neutrino measurements 

Corresponding to an equivalent νe flux of (2.78±0.13)x109 cm−2s−1 

By assuming the MSW-LMA  solution the absolute 7Be solar neutrino 
flux measure is (4.84±0.24)×109 cm−2s−1 
The ratio of our measurement to the SSM prediction is fBe=0.97±0.09 
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Associate result zero day night asymmetry – as expected  



FIRST  DETECTION  of  PEP  neutrinos  

• Borexino obtained first evidence of pep neutrinos 
• Thanks to the very low background and analysis  

tools developed for 11C rejection 

• Three fold coincidence tagging of 11C events 
• β+ - β separation exploiting positronium induced  

pulse shape distortion 
• Multivariate maximum likelihood test using all available 

information 
 

• Three-fold coincidence 

μ + 12C → n + 11C+ μ 

n + p → D + γ (2.2 MeV)  

11C→11B + e+ + νe 

29.4  min 

236  μs No convection 
11C doesn’t move 

Quick neutron 
thermalization 
and capture 
yields clear tag 

PHYSICAL REVIEW C 74, 045805 (2006) 

Energy spectrum in FV 

data - no TFC 
after TFC cut 

200      400      600      800    1000    1200      p.e. 
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Δχ2 profile for fixed pep and CNO rates 

Borexino  
limit 

FIRST  DETECTION  of  PEP  neutrinos 

• Rate: 3.1 ± 0.6(stat) ± 0.3(sys) cpd/100 t 
 

• No oscillations  
excluded at  
97% c.l. 

• Absence of pep 
solar ν excluded 
at 98% c.l. 

 
• Assuming MSW-LMA:  

• Φpep = 1.6 ± 0.3 108 cm-2 s-1 

 

• CNO limit obtained assuming pep @ SSM 
 

• CNO rate < 7.1 cpd/100 t (95% c.l.)  

                 (1.5 times the SSM prediction) 

 

Δχ2 profile for pep ν rate 

SSM+ 
MSW-LMA 

SSM 
No Osc. PRL 108, 051302 (2012) 
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Phys. Rev. D, 82 (2010) 033006 
 

8B with lower threshold at 3 MeV 
 
 
            Exp. 8B spectrum vs models 
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Data compatible with both 
high metallicity and low 
metallicity models 



BOREXINO  VALIDATION AT LOW ENERGY OF THE LMA MSW  
OSCILLATION  PARADIGM 

Before Borexino Borexino 2012 

7Be pep 

8B 

excluded by  
DN asymmetry 

Additional program (Phase 2: 2012-2015) after 1 year 
and a half of successful purification which reduced 
further the backgrounds 
- Improve 7Be, 8B  →  more test of MSW at Low 
energy probe of non standard physics (NSI) in the 
transition region of the Pee curve 
- Confirm pep with stronger significance and reduced 
error 
- Improve upper limit on CNO  → probe metallicity 
(perhaps) 
- Attempt direct pp measurement 

pp - all solar (w.o. BX) 
8B - all solar (Rad. + Cher. w.o. BX) 
Homestake 
MSW prediction 
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Annual modulation of the ν signal (PHASE 1): 
 Lomb Scargle analysis 

Peak at period 0.979 Year  

Spectral power density: 7.96 
 

Null hypothesis: no seasonal effect 

With seasonal effect  

Monte Carlo distribution of the 
Spectral Power Density  

No seasonal effect: excluded at more than 3 σ 

1σ 2σ 3σ 
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Peak at 1 
year period 

Preliminary results 
for phase II – 
unambiguous 
independent proof 
that we are 
observing solar ν’s 



New geoν results: evidence of the signal 

Nreactor 
Expected 
with osc. 

 Nreactor 
Expected  
no osc. 

Others 
back. 

 
 Ngeo 
measured 

 
Nreactor 
measured 

Ngeo 
measured 

 

Nreactor 
measured 

 
events Events events events events TNU TNU 
33.3±2.4 60.4±2.4 0.70±0.18 14.3±4.4 31.2-6.1

+7 38.8±12.0 
 

84.5+19.3
-16.9 

reactor 
geoν 

No  geoν signal: rejected at 4.5 σ C.L. Unbinned likelihood fit 

TNU =  Terrestrial Neutrino Unit = 1 event / year/ 1032 protons 
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SOX: Short distance νe Oscillations with BoreXino 

• Science 
• Motivations 

• Search for sterile neutrinos or other  
short distance effects on Pee 

and also 
 

• Measurement of ϑW at low energy (~ 1 MeV) 
• Improved limit on neutrino magnetic moment 
• Measurement of gV e gA  at low energy 
• Constraints on neutrino NSI 

 

• Technology 
• Neutrino source: 51Cr 
• Anti-neutrino source: 144Ce 

 
• Project 
• SOX-A  -  51Cr external 
• SOX-B  -  144Ce external 
• SOX-C  -  144Ce internal 

Funded by the European 
Research Council with an 
ERC advanced grant 
amounting to 3.5 Meuros 
 
SOX is the “European” 
official project acronym  
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SOX: the Science case 

Credit: T. Lasserre 

Reactor Anomaly 

C. Giunti et al. arxiv:1210.5715 (hep-ph)  

Gallium Anomaly 

Eur. Phys. J. C (2013) 73:2345 
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SOX: Three Phases 

• Mission: test the existence of low L/E  
νe and/or νe anomalies by placing  
well known artificial sources close to  
or inside Borexino 
 

• SOX-A 
• 51Cr source in pit beneath detector  
• 8.25 m from center  [within 2015] 

 
• SOX-B 

• 144Ce-144Pr source in W.T. 
• PPO everywhere to enhance sensitivity  
• 7.15 m from center  [2015/2016] 

 
• SOX-C 

• 144Ce-144Pr source in the center 
• Only after the end of solar program 
• More effort and more time 

  [>2017] 
 pit 

tunnel 

144Ce 
SOX-C 

144Ce 
SOX-B 

51Cr 
SOX-A 
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Artificial neutrino sources 

Source Production τ 
(days) 

Decay 
mode 

Energy 
[MeV] 

Mass 
[kg/MCi] 

Heat 
[W/kCi] 

51Cr 
νe 

Neutron irradiation of 50Cr 
in reactor 

Φn ≳ 5. 1014 cm-2 s-1 
40 EC 

γ 320 keV (10%) 0.746 1.1 0.19 

144Ce-144Pr 
νe 

Chemical extraction from 
spent nuclear fuel 411 β- <2.9975 0.314 7.6 

144Ce-144Pr 

Detection 
threshold 

144Ce 
144Pr 

51Cr 
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The tunnel beneath the detector 

100 cm 

Steel Floor of 
the Water Tank 
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Data analysis: two techniques 

• Total counts: standard “disappearance” experiment 
• Total number of events depends on θ14 and (weakly) from Δm214 
• Sensitivity depends on: 

• Statistics (source activity and active volume) 
• Error on activity (in particular) and on efficiency 

• The relatively short life-time of 51Cr yield useful time-events correlation 
• The background is constant while the signal is not 

 
• Spatial waves [C.. Grieb et al., Phys. Rev. D75: 093006 (2007)] 
• With expected Δm2 e and ~ 1 MeV energy, the wavelength is smaller than 

detector size (~11 m max) and bigger than resolution (~ 15 cm) 
• The distribution of events as a function of distance to source shows waves 
• Oscillometry analysis →Direct measurement of Δm142 and θ14 
• Very powerful and independent. Does not depend on knowledge of source activity.  

 
• The two techniques can be combined in a single counts-waves fit 
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Geometry with external source 

• Volume: 
 
 

• Flux and decay 
 
 
 

• Oscillations (one sterile)  
 
 
 

• The number of νe-e- events at distance l from  
the source, with detection threshold T1 and  
maximum recoil energy T2: 

N.B.: The distribution of events is not 
uniform even without oscillations 
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• Waves may be detected in the distribution of 
events as a function of the distance from source 

 
• With waves, both parameters can be measured 

Ideal curves 
Borexino Background - No fluctuations 

Full Geant4 simulation - example 
Borexino Background 

Reactor anomaly central value 

1 σ 
3 σ 

Example for SOX-A 



Waves with  νe  and space-energy correlation 

Δm2 = 1.0 eV2      
sin2(2ϑs) = 0.1 
1 year 

1 m fiducial cut 

 
• Space - Energy correlation 

 
• With the 144Ce-144Pr source (both 

external SOX-B and internal SOX-C) 
global fit exploiting correlation 
between reconstructed event 
position and positron energy 

Δm2 = 2.0 eV2      
sin2(2ϑs) = 0.05 
1 year 

External 
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Hypothetical 
monoenergetic 
source in the 
center 
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External 

Center 

More examples of space-energy patterns for 144Ce-144Pr 

∆m2=2eV2 

sin22θ=0.1 
∆m2=6eV2 

sin22θ=0.1 



Stockholm 20-7- 2013 
 

SOX-A sensitivity 
Reactor+Ga  

anomaly  region  
• SOX-A:  

 
• 51Cr source at  

8.25 m from the  
center  
 

• 10 MCi 
 

• 1% precision in  
source activity 
 

• 1% in FV  
determination 
 

• Phase A can happen any time during next solar neutrino phase 
• 2014/15 is realistic – 3 months of data taking 
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SOX-B sensitivity 

 
• SOX-B  

 
• 144Ce-144Pr source at  

7.15 m from the  
center (in water tank) 
 

• 75 kCi 
 

• 1.5% precision in  
source activity 
 

• 2% bin-to-bin error 
to include all effects  
 

• SOX-B can happen any time during next solar neutrino phase 
• 2015/16 is a realistic scenario – 1.5 years of data taking 

Reactor+Ga  
anomaly  region 
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SOX-C sensitivity 

 
• SOX-C:  

 
• 144Ce-144Pr source  

in the center  
 

• 75 kCi 
 

• 1.5% precision in  
source activity 
 

• 2% bin-to-bin error to 
include other systematics 
 

• SOX-C can happen only after the end of solar neutrino phase 
• 2017-2018 is in principle possible – 1.5 years of data taking 
• decision to be taken after SOX-A and/or SOX-B results 

Reactor+Ga  
anomaly  region 



Other low energy neutrino physics 

10 MCi 

5 MCi 

Magnetic moment 

Reactors 
μ < 2.9 10-11μB (90% CL) 
 
 
Borexino (solar) 
μ < 5.4 10-11μB (90% CL) 

Weinberg angle:  δ(sin2ϑW)=2.6% 

• With both sources (SOX-A and B or C) 
•  Independent measurement of gv e ga  
•  Test of SM EW running at very low energy 
•  Standard Model 

• gV = -1/2 + 2 sin2ϑW = -0.038 
• ga = -1/2 = 0.5 

CHARM II (1994) 
νμ  ES su e-   E ~ 10 GeV 

SOX A+C 
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Technology of the 51Cr source 

External T must be  
acceptable 
Current value: T=73°C 

Internal T must be  
below syntherization (750°C) 
Current value: T=365 °C 

51Cr 

W 

Gallex 
1994 



Precise determination of the source activity  
The technological effort encompasses also the precise 
determination of the source activity 
 
For 51Cr particularly important at relatively high ∆m2 >2 eV2 

where the measure relies essentially on the disappearance effect 
 
Not important in the region where the oscillometric measurement 
dominates the sensitivity  
 
• In situ calorimetric measurement – calorimeter coupled to the 

source during the measurement period 
 

• Gamma scanning at the reactor just after irradiation 
 

• Post-decay 51V determination 
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Detail of the source 
deployment procedure in 
the tunnel through the 
clean room 
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SOX-C: 144Ce source inside detector 

• Very massive source  
• ~ 4 t of shielding 
• Source: spent nuclear fuel from Russia 
 

• DENSIMET (W) shielding plus  
ultra-pure copper layer to reduce 
background 
• W is very dirty for Borexino 
• γ background is a problem if rate too high 

• random coincidences make background 

 
• Source deployment to be studied 
• Either from the top or from the bottom 
• PPO everywhere in the SSS to enlarge  

active volume (active radius up to 5.5 m) 
• New anti-neutrino trigger  

• Trigger on singles would be too hard, but this is not a problem 
• > 2017 for deployment in within the scintillator 



Conclusions I 
Borexino has completed with great success the first round of solar and geo 
measurements thanks to the unprecedented purity achieved in the liquid 
scintillator 
 

• 7Be with unmatched 5% precision 
 

• 8B with a threshold as low as 3 MeV and first experimental specific 
detection of the pep component 
 

• Overall and unique to date direct confirmation at low energy of the MSW-
LMA oscillation solution    
 

• Clean and convincing geo-neutrino signal detection 
 
A new round of measurement has been started (phase II) after a purification effort 
which further suppressed the contaminants in the scintillator 
 

• Complete solar neutrino spectroscopy with improved precision, possible 
probe of new physics in the transition region , depending upon the reached 
precision 
 

• Further improved geo-neutrino results 
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Source experiment to test the sterile neutrino hypothesis  
 
• Neutrino Source Cr-51  SOX A – within phase 2  

 
• Anti-neutrino source Ce-144  in water SOX  B – appendix 

to phase 2  
 

• Anti-neutrino source Ce-144  in tehe center – possibly 
beyond 2017 

 

Conclusions II 
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