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BOREXINO (in operation from May,2007) 

18m 
13.7m 

•278 t of liquid organic 
scintillator PC + PPO 
(1.5 g/l) 
• (ν,e)-scattering with 
low threshold (~200 
keV)  
•Outer muon detector 



pp-chain 



SSM pp neutrino flux ~6·1010 cm-2s-1 (>90% of all solar neutrinos) 
 
7Be 5·109 cm-2s-1  (~10%)  
 
Other s– much less 



7Be neutrino study : above 14C end-point 

“Precision Measurement of the 7Be Solar Neutrino Interaction Rate in Borexino” 
PRL 107, 141302 (2011) 

Radiochemical+ 
Borexino 7Be: 
 
Φ(pp)= 
   (6.14±0.61)1010 
 cm-2s-1  
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Presentation Notes
In previous low-energy analysis the energy range has been chosen to exclude low-energy part of spectrum (including 14C and its pile-up events).
Be-7 neutrino study was performed with a lowest threshold so far



Expected Borexino Spectrum in 
energy scale 
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Presentation Notes
We need a very good model to describe the data. 
Main points are: 14C shape and count, 14C pile-up. Energy scale, energy resolution, scintillation line shape
14C count allows to constrain normalization for 14C contribution (correlated with shape through resolution parameters)



Why spectral measurement of pp-
neutrino is possible? 

• Electron recoils spectrum for pp-neutrino has 264 keV end-point 
• Main background for the measurement in liquid organic scintillator is 14C, 156 

keV end-point 
• Spectra of other identified backgrounds are almost flat in the energy region of 

interest 

The measurement is 
feasible with: 
1)low energy threshold   
2)good energy resolution 
(~10%  at 200 keV)  
3)low radioactive 
backgrounds.  
4)low 14C count in view of 
the tail and pile-up 
 



Effect of energy resolution and pile-up 



The threshold on e-recoil 

60 hits (of 2000 PMTs) ~120 keV ->  
   we can go to much lower threshold 
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Presentation Notes
The trigger efficiency as a function of the average number of detected PMT hits.
The trigger efficiency is 100% above 50-60 hit PMTs allowing low-energy analysis 




Data selection 

• The data used for this analysis were acquired from January 
2012 to May 2013 (408 days of data; Borexino Phase II). 

• Data cuts – the same of 7Be analysis excluding energy-
dependent cuts (i.e. soft α/β and some others) to preserve 
shapes  

• no coincidence with muon events : a 300 ms veto is applied 
following muons crossing the scintillator and buffer volumes, 
and a 2 ms veto following muons crossing only the water tank 

• FV cut – the same of 7Be (R<3.021 && |Z|<1.67 corresponding 
to 75.5 tonnes of LS). Independence on energy checked. 



pp-neutrino signal extraction 
• The pp neutrino rate is extracted by fitting experimental 

spectrum with the expected spectra of signal and 
backgrounds.  
 

• We need to study carefully: 
– Spectral shapes involved in the fit 
– Rate of 14C and pile-up events 

 
• Critical issue concerning spectral shape is the analytical 

description of the energy scale, the analytical description of 
the energy resolution and the shape of the detector response 
to the monoenergetic event (the scintillation line shape). 
 
 



Independent  14C rate estimation 
using second cluster events 

The 14C rate was determined independently from the main analysis, by 
looking at a sample of data in which the event causing the trigger is 
followed by a second event (in red) within the acquisition time window of 
16 ms. The main events spectrum are shown in the same scale in black. 
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Presentation Notes
Less sensitive to the details of the variance and line shape description (because of lower threshold and lower statistics involved).

Results obtained with the second cluster can be used to set constraints on 14C count rate and/or the light yield at low energy. Part of systematics is the same for the “standard” fit and for the second cluster fit: 14C shape factor, uncertainty of quenching etc. 



14C rate estimation using second 
cluster events 

Time acquisition window is 
16 ms. Only the data with 
ΔT>8 ms were used (to 
exclude PMTs afterpulses) 
Fitting the data with 
theoretical β-spectrum shape 
we obtained: 
40±1 Bq/100 t rate. 
 
The corresponding 14C/12C 
isotopical abundance is 
(2.7±0.1)·10-18 g/g 
 
14C β-spectrum has some 
deviations from the allowed 
shape parameterized as 
S(E)=1+αE 
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Presentation Notes
The uncertainty accounts for systematic effects due to the stability of the detector response in time, knowledge of the 14C spectral shape and fit conditions, including the fit energy range. We note that the relatively poorly known shape factor of the 14C β-emission spectrum has a <2% effect on the pp neutrino result. 




Methods to construct pile-up 
• Synthetic pile-up Data+Data  

– Real triggered events without any selection 
cuts are artificially overlapped with random 
data samples and processed with 
reconstruction code in a standard way 

Fit of synth.pile-up with 
analytical function: 
154±10 cpd/100 tones 
 
Compatible with naïve rate 
estimation using 14C counting 
rate only (40 Bq/100 t). 



Energy scale 
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Energy estimator:  number of  triggered pmts (Npmts) 
Conversion of energy to Npmts depends on: 
• Light yield (LY) – free  
• Birks’ parameter (kB)-  fixed at the value found from the calibration 

data (kB=0.0109 cm/MeV ) 
• Average number of live PMTs  (NLive ) – calculated for data set  
• Geometric correction parameter (gc)  fixed at value found with MC 

(no sensitivity in the low energy part) 

E→Q→Npmts  
conversion 

 
The same as in  

7Be analysis 
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Presentation Notes
Only 1 free parameter in the fit, the possible variation of others are taken into account in the systematics study

The energy estimator used to fit the data is Npmts (number of the pmts triggered in the event). It depends on the amount of light released in an event and on the number of the live pmts (changing in time but we know it  precisely for each event). The amount of light is proportional to the energy with a correction on ionization quenching (described by a single parameter kB – Birks parameter). Another correction is due to the finite size of the detector, the geometrical correction gc.




Energy resolution 
energy resolution for npmt variable depends on: 
(2 free): 
•vT – free. Takes into account spatial non-uniformity of 
the light collection (basically 210Po parameter because it 
has negligible contribution in the low energy part of the 
spectrum). The same for Po and 14C 
•σint - free. Intrinsic line width (extra width compared  to 
sqrt(Nphotons)) for β-particles (absent or negligible for α). 
•vf - fixed at calculated value (variance of  the number of 
live Pmts). 
•v1=0.17 - fixed at value found with MC (no sensitivity in 
the low energy part). Intrinsic resolution measured for a EJ301 liquid scintillator. 

Various colours represent the data obtained with different 
radiation sources placed at various angles. 
(figure from 2012 JINST 7 P06011) 
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7Be analysis 

+Intrinsic line width 
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Only 2 free parameters in the fit, the possible variation of others are taken into account in the systematics study



Analytical description of  
Scintillation Line shape 

Line shape – the shape of the detector’s response for uniformly 
distributed monoenergetic particle. 
Generalized Gamma Function (7Be analysis) substituted with Scaled 
Poisson 
Reason: very high statistics of 14C (compared to 210Po in 7Be analysis) 

The mean values and variances of both shapes are the same  

GGF 
χ2=258.4/70 

SP 
χ2=59.3/70 

µµ −= e
xs

xf
xs

)!(
)(

107 MC events 
in FV 
<N>=60 
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originally developed for Charge variable and applied in 7Be analysis (matters only for 210Po peak precise fit). The statistics involved was much lower, at the level of 105 events.
In “pp” analysis : up to 107  events in a bin so the limits of applicability have to be verified with this statistics. Significant deviations from MC distribution are found in the tails of GGF.
New approximation has been used  (approximates better  the base binomial distribution): the scaled Poisson distribution. The choice is based on the quality of the fit of the very simple basic response.




“Standard” fit  
• Variable: npmts 
• Range: [60-220 Npmts] (corresponds to 165-590 keV) 
• Response function shape: Scaled Poisson 
• Free spectral components: 14C,210Bi,210Po,pp, 85Kr 
• Constrained spectral components: 7Be (paper central value) 
• Fixed spectral components: pep+CNO+8B (SSM/LMA(HM)) 
• Energy scale variables: LY free, kB fixed, feq calculated 
• Energy resolution vars: σint and vT free; vf calculated 
• Synthetic pile-up constrained 
• Free: LY+2 resolution vars+Po position+5 spectral components 

+ constrained pup and  7Be 
• 9 free parameters and 2 (pileup and 7Be) constrained 



The results of the standard spectral fit 



Cross-check of pile-up 
Convolution with randomly sampled data (trivial once randomly sampled 
data are provided) 
Used for cross checks (“convolution” method), the effect can be 
seen in the tail of 14C in the plot. 



Systematics estimation 
Values are 
obtained by 
varying the fit 
conditions, 
including the fit 
energy range, 
synthetic-versus-
analytic pile-up 
spectral shape, 
and energy 
estimator. The 
distribution 
shown is peaked 
around reported 
value of 144 cpd/ 
100 t. 
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The stability and robustness of the measured pp neutrino interaction rate was verified by performing fits with a wide range of different initial conditions, including fit energy range, synthetic-versus-convolution pile-up spec-tral shape, and energy estimator. The distribution of pp neutrino interaction rates obtained for all these fit conditions is summarized in Fig. The possibility of some remaining external background in the fiducial volume has been carefully studied in all Borexino solar neutrino analyses. From these, we are confident that such a background at energies relevant for the pp neutrino study is negligible. In the particular case of the very low-energy part of the spectrum, we have tested this confidence by repeating the fit in five smaller fiducial volumes (with smaller radial and/or z-cut), which yields very similar results. 



First real-time measurement of pp-
neutrino flux (~11% precision ) 
pp = 144 ± 13 (stat) ± 10 (syst)  cpd/100 t 

 
compared to expected (MSW/LMA,HM) 

131±2 cpd/100 t 

Zero pp count is excluded at 
10σ level 

pp neutrino flux: 
 
(6.6±0.7)·1010 cm-2s-1 
 

           vs 
 

(5.98±0.04)·1010 cm-2s-1 



Borexino measured electron neutrino survival 
probability for 4 different nuclear reactions 

 







 



Spares 

 



List of proposals on pp-neutrino search 

 



Energy variables 
Two of them: npmts_dt1 and npmts_d2 (non-normalized to 2000 PMTs in contrast to 
what have been done in 7Be analysis) 
Both are based on the number of triggered PMTs in the fixed-length energy window (230 
ns for dt1 and 400 ns for dt2), easier to model the pile-up. Pile-up is scaled as dT while 
other components remains unchanged -  possibility for pile-up cross-checks. 

50% @ ΔT≈230 ns 

              Clustering algorithm efficiency 



Naïve 14C pile-up rate estimation 
• Estimated count rate of 14C in IV is  
 108 Bq for 270 t  
• In one day we got (108)2 ·8.64·104·4·10-7 =403  cpd of 14C pile-up in ΔT=400 

ns gates in IV or 150 cpd in 100 tones; 
• For ΔT=230 ns the pile-up rate reduces to 232±12 cpd in IV or: 

 
• We need  the shape and the counting rate/both the shape and the 

counting rate could be influenced by the reconstruction alrorithm 

 
 

86±5 cpd/100 tones 

Comparison of pp and analytical  
pileup shape 
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Figure to be replaced with a proper one



Other factors influencing the 
scintillation line shape 

• Varying number of live PMTs : could be taken into 
account precisely as we know NLivePmt for every 
event. The response function can be weighted over 
NLivePmts . The improvement of χ2 is of 2-3 with all 
the best parameters of the fit unchanged, and with 
a drawback of heavy calculations. 
 

• Additional spread because of the varying light 
collection efficiency over the detector : small 
compared to the “statistical” line width, the “basic” 
shape remains unchanged 
 

• The decay of Po and decrease of NLivePmt in time 
lead to the higher “effective” LY for Po and lower 
“effective” variance of the Po line :  could be 
calculated analytically (Fill(1,1)Fill(1,e-(t-t

0
)/T)) 

 
 



Scaled Poisson vs GGF 

Fraction of events in tail for 3 base functions (<N>=49.9, source at center) 
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87Rb – could it change the result? 

87Rb at 100 cpd/100 t 

Correlation: 1 cpd/100t of 87Rb simulates 0.4 cpd/100t of pp 

Second forbidden β-decay 
with E0=283.3 keV end-point 
 

Δχ2=+1  
@  

100 cpd of 87Rb/100t 
 

 with corresponding pp 
count decrease of 40 

cpd/100 t 
  



87Rb vs 40K 
• though the Rb is quite abundant in nature (the twenty-third most abundant element in the Earth's 

crust) the typical abundance of Rb is factor (2-4 )·103 lower than that of K (which is one of most 
abundant and contributes 1.5% of the crust weight).  

• Taking into account the abundance of radioactive isotopes: 0.278 of  87Rb against 1.17·10-4 of 40K, and 
the ratio of live-times 47.2 vs 1.28 billions yr, we get the ratio for the typical activity of 87Rb: 
 
 

  
 
 
 
 
 
 
 
 
 
• The chemistry of the elements is the same, Rb substitutes K, so we can expect the same purification 

factor if started from the natural ratio of Rb/K. 

• 40K limit from the pep-analysis is <0.11 cpd/100 t (68% C.L.)* 
*published value is <0.4 cpd/100 t corresponding to 95% C.L.  (<1.7·10-15  Knat [g/g Sc] ) 
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Location K (ppb by Atoms) Rb  (ppb by Atoms) R(Rb/K) Activity ratio 

Universe 100 0.1 10-3 0.065 

Sun 100 0.4 4·10-3 0.26 

Meteorite 
(carbonaceous) 

370000 770 2.1·10-3 0.14 

Crustal rocks 7800000 14000 1.8·10-3 0.12 

Sea water 65800 8.7 1.3·10-4 0.08 

Human 32000 340 1.1·10-2 0.7 

<4.6·10-16  Knat [g/g Sc]  
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