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Borexino experimental site 

Borexino is located at the Laboratori 
Nazionali del Gran Sasso, near  
L’Aquila, cca.120 km from Rome     
in Italy, shielded by 1400 m of  
limestone rocks  
(3800 m water equivalent) 

Borexino Collaboration: Nucl. Instr. Methods. Phys. Res.  A 600 (2009) 568-593:  
Borexino detector at the Laboratori Nazionali del Gran Sasso. 
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Water	
  Tank	
  (2100 m3):	
  
γ  and n shield  
µ  water Č detector 
208 PMTs in water 

Scintillator:	
  
270 t PC+PPO (1.5 g/l) 
in a 150 mm 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 

The smallest radioactive background in the world: 
 9-10 orders of magnitude smaller  than the every-day environment  

 
§  ~500 p.e/MeV (electron equivalent);	


§  Low energy threshold (~0.2 MeV);	


§  Calibration in situ with radioactive 
sources;	


§  Energy resolution 8% @ 400 keV;	


§  Space resolution 16 cm @ 500 keV;	


§  “wall less” Fiducial Volume; 	


§  Accurate Monte Carlo modeling of the 	


energy and time response function;	


	



Drawback: 	


Info about the ν directionality is lost;	


	



Borexino detector   
Neutrino elastic scattering on electrons of liquid scintillator:  e- + ν à e-  + ν; 

# of photons → energy	


time of flight → position	


pulse shape → α/β   β+/β-	
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Borexino	
  PHASE	
  1	
  and	
  PHASE	
  2	
  

May 2007 May 2010 

Solar ν PHASE 1 
Data taking and calibration 

Scintillator  
purification 

Aug. 2011 

Solar ν PHASE 2 

§ First solar 7Be-ν measurement; 
§ Absence of 7Be-ν day-night asymmetry; 
§ Low-threshold 8B-ν;   
§ First pep-ν detection; 
§ Best upper limit on CNO-ν; 
§ First geo-ν observation at > 4σ; 
§ Muon seasonal variations; 
§ Limits on rare processes; 
§ Neutrons and other cosmogenics; 
§ Evidence of 7Be-ν seasonal modulation: 

nνe 

Oct. 2011 

Updated geo-ν results: 
Dec 2007 - Aug 2012 

Within this period: 

Released in 2013  
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monoenergetic 

monoenergetic 

Neutrinos	
  &&	
  Nuclear	
  reac/ons	
  in	
  the	
  Sun	
  
PP cycle… 99% of energy 

CNO cycle… <1% of energy 

Poorly known 
Not directly measured 
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Borexino energy threshold 

previous real-time 
measurements  
(SNO, SuperKamiokande) 

Čerenkov radiation 
 < 1/10.000 of the total solar 
neutrino flux 
 

  

CNO 

Solar-­‐neutrino	
  energy	
  spectrum	
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ν	

 Φ (ν sec-­‐1	
  cm2)	
  
High	
  
Metallicity	
  

Φ (ν sec-­‐1	
  cm2)	
  
Low	
  
Metallicity	
  

Diff	
  	
  
%	
  

pp	
   5.98	
  	
  (1	
  ±0.006)	
  	
  1010	
   6.03	
  	
  (1	
  ±0.006)	
  	
  
1010	
  

0.8	
  

pep	
   1.44	
  	
  (1	
  ±0.012)	
  	
  108	
   1.47	
  	
  (1	
  ±0.012)	
  	
  108	
   2.1	
  

7Be	
   5.00	
  	
  (1	
  ±0.070)	
  	
  109	
   4.56	
  	
  (1	
  ±0.070)	
  	
  109	
   8.8	
  

8B	
   5.58	
  	
  (1	
  ±0.14)	
  	
  	
  106	
   4.59	
  	
  (1	
  ±0.14)	
  	
  	
  106	
   17.7	
  

13N	
   2.96	
  	
  (1	
  ±0.14)	
  	
  	
  108	
   2.17	
  	
  (1	
  ±0.14)	
  	
  	
  108	
   26.7	
  

15O	
   2.23	
  	
  (1	
  ±0.15)	
  	
  	
  108	
   1.56	
  	
  (1	
  ±0.15)	
  	
  	
  108	
   30.0	
  

17F	
   5.52	
  	
  (1	
  ±0.17)	
  	
  	
  106	
   3.40	
  (1	
  ±0.16)	
  	
  	
  106	
   38.4	
  

Aldo M. Serenelli et al. 2011 ApJ 743 24 

1)  About the Sun: Solar model, SSM, flux prediction 

Vacuum region 

Non standard neutrino interaction: 
     Pee (E) with different shape 
 
Strong deviations in the transition 
region predicted by some models; 

 Pee = νe survival probability: 
 LMA-MSW without Borexino 

Matter region 

What	
  can	
  we	
  learn	
  from	
  solar	
  neutrinos?	
  
C

N
O

  

Metallicity:abundance of the elements above He 

2) About ν-interactions: 
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7Be neutrino (862 keV) rate @ 4.6% 
(SSM prediction @ 7%) 

Spectral feature: Compton-like edge 
from scattered electrons 

740 live days 

cpd/100 tons 

• Spectral fit including neutrino signal +  
background components; 

•  Two independent methods:  
        MC based and the analytical one; 

•  fit  with and without α’s statistical 
  subtraction; 

210Po (α) 

 1ton of LS = (3.307 + 0.003) x 1029 electrons 

Phys. Rev. Lett. 107, (2011) 141302 
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• comparing to non-oscillated SSM flux: 
no oscillation excluded @ 5.0 σ	


(electron equivalent flux (862 keV line):  
(2.78 + 0.13) x 109 cm-2 s-1) 
•  assuming MSW-LMA:   
f(7Be) = measured flux / SSM (High Z) = 
0.97 + 0.09 

Pee = 0.51 + 0.07   
(experiment + SSM high metalilcity); 
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Absence of day-night asymmetry for 7Be rate (R)  

ADN= 0.001 ± 0.012(stat) ± 0.007(syst) 

LOW prediction 

• MSW: a possible regeneration of electron neutrinos in the matter (within the 
Earth during night): effect depends on the oscillation parameters and on energy; 

Night-day spectrum 

solar neutrino data  
WITHOUT Borexino 

solar neutrino data  
WITH Borexino 

ADN 
excludes 
99.73% CL 

LMA LMA 
only 

LOW 

Regions allowed @ 68.27%, 95.45%, 99.73% CL 

•  in agreement with MSW-LMA; 
•  LOW region excluded at > 8.5 σ with solar 
neutrinos only: for the first time without the 
use of reactor ANTIneutrinos and therefore 
the assumption of CPT symmetry; 
•  constrains non standard interacitons 
(MaVaN in Holanda 2009 excluded) 

Phys. Lett. B 707 (2012) 22–26 
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First	
  observa/on	
  of	
  pep	
  neutrinos	
  (1442	
  keV):	
  
mul5variate	
  analysis	
  and	
  novel	
  background	
  suppresion	
  

•  Main background 11C (e+) with τ = 29.4 min: 

Three Fold Coincidence (TFC):  
space-time veto removes 90% of 
11C  payed with 50% loss of 
exposure 

q   Novel β+/ β- pulse-shape discrimination: 	


e+ from 11C decay forms Positronium having a few 
ns live-time in liquid scintillator (PRC 015522 2011);	


	



q  Multivariate fit of: 	


Ø  the energy spectra;	


Ø  the radial distribution of the events 	


   (external background is not uniform, while signal is)	


Ø  pulse-shape parameter distrubution;	



	



1 2 3 

data - no TFC	



after TFC cut	



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	
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Expected pep interaction rate: 2-3 cpd/100t	



pep 
210Bi 

11C 

CNO 

7Be 
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Δχ2 profile for fixed pep and CNO rates	



Borexino 	


limit	



�  Pep	
  rate:	
  	
  3.1	
  ±	
  0.6(stat)	
  ±	
  0.3(sys)	
  cpd/100	
  t	
  
�  Assuming	
  MSW-­‐LMA:	
  Φpep	
  =	
  1.6	
  ±	
  0.3	
  108	
  cm-­‐2	
  s-­‐1	
  
�  No	
  oscillations	
  excluded	
  at	
  97%	
  c.l.	
  
�  Absence	
  of	
  pep	
  solar	
  ν	
  excluded	
  at	
  98%	
  
�  Data/SSM	
  (high	
  metallicity):	
  1.1	
  +	
  0.2	
  

CNO	
  neutrinos	
  

�  only	
  limits,	
  correlation	
  with	
  210Bi;	
  
�  CNO	
  limit	
  obtained	
  assuming	
  pep	
  @	
  SSM	
  

	
  	
  	
  	
  	
  CNO	
  rate	
  <	
  7.1	
  cpd/100	
  t	
  (95%	
  c.l.)	
  
�  Assuming	
  MSW-­‐LMA:	
  	
  
	
  	
  	
  	
  	
  ΦCNO	
  <	
  7.7	
  	
  108	
  cm-­‐2	
  s-­‐1	
  	
  (95%	
  C.L.)	
  
	
  	
  	
  	
  	
  Data/SSM	
  (high	
  metallicity):	
  <	
  1.5	
  

the	
  strongest	
  limit	
  to	
  date	
  
not	
  sufficient	
  to	
  resolve	
  metallicity	
  problem	
  

	
  
	
  

	
  

Δχ2 profile for pep ν rate	



SSM+	


MSW-LMA	



SSM	


No Osc.	



Pep-ν rate and  
CNO neutrinos 

CNO 

pe
p 
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8B neutrino rate with 3 MeV energy threshold 
Phys. Rev. D 82 (2010) 033006 … to recall 

Background  
subtracted 
 

lower energies limited by 208Tl  
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Implications of Borexino solar neutrino measurements 
Pee after Borexino I 
 

MSW-LMA gets constrained….. 

no power to resolve low/high 
metallicity problem 

And about the Sun? 

f(8B) (data/SSM) 
f(7

B
e)

 (d
at

a/
S

S
M

) 

High Z 

Low Z 

13	
  

Bx + all solar 

Final results of Borexino Phase-I on low-energy  
solar neutrino spectroscopy 
arXive:1308.0443 
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Latest	
  solar-­‐ν	
  result:	
  annual	
  modulation	
  of	
  the	
  7Be-­‐ν	
  signal	
  

Φ(t) =Φ0 1+ 2ε cos
2π t
T

−φ
#

$
%

&

'
(

#

$
%

&

'
(
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Φmax −Φmin = 6.8%

T = 1 year 

Mean flux measured by Borexino: 46 + 1.5 +1.5
_1.5 cpd/100 ton 

Spectral fit in sub-periods: too large stat. errors!	


	


Rate analysis: 	


Select a proper energy region (optimize signal/bgr), 
group data in time bins and search for a periodical 
component;	


	



Enlarged, dynamic FV  (mean = 141.83 ton)	


(with respect to the 7Be flux measur. (45.47 ton)	



Reconstructed vessel shape 
= f (time, 1 week bin)	


	


Based on 210Bi on the vessel	


	



800-900 keV 
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Latest	
  solar-­‐ν	
  result:	
  annual	
  modulation	
  of	
  the	
  7Be-­‐ν	
  signal	
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Problem: 210Bi contamination not stable in time;	


	



Good: DETECTOR RESPONSE very stable! 
 (energy, position reco, pulse shape ident.) 

Counts in an energy region dominated 
by 210Bi as a function of time	



t
Bi

BieRR Λ+= 0210

• 210Po  rate is also time dependent; 
• Hard Gatti (pulse shape cut):  
removal of  the events above the red line 

mean β-Gatti with 99.9% interval 
Energy (p.e.)  

G
at

ti(
pu

ls
e 

sh
ap

e)
 

210Po(α) 

β - like 
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FIG. 60. Absolute distance between 214Bi � 214Po in three
periods, Red: May’07, Green: Jul’09, Blue: Apr’10.

• Time stability of the position reconstruction. We
selected three time periods when the radon rate was
temporarily high 1) the initial filling in 2007; 2)
the first o↵-axis calibration campaign in 2009 and
3) another refilling in 2010. Next, we plotted the
absolute distance between the reconstructed 214Bi
and 214Po events and we normalized the histograms
for each period to their total integrals. Results are
shown in Fig. 60 where it is clear how well all the
three histograms align.

• 222

Rn. The active volume has been frequently ex-
posed to e↵ects of external operations. Calibra-
tions, refillings and exposure to air from the outside
resulted in an increased count rate of 222

Rn back-
ground. Fortunately though, its short decay time
did not pose any long-term danger on the overall
purity of the detector. The first six months of data
taking have been excluded for this analysis due to
an increase of the number of radon events in the
upper hemisphere following a refilling of the detec-
tor. Note that the choice of the fiducial volume of
75 tons of the 7Be analysis automatically excludes
this region thus allowing to use in that analysis the
first six months of data. Summarizing, the analysis
presented here refers to the period from January,
2008 to May, 2010.

XXIII.4. Results

We present here the results on the annual modulation
of the 7Be neutrino interaction rate obtained with the
three previously described methods. The results are con-
sistent and in agreement with the expectations.
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FIG. 61. Results obtained with rate analysis.The expected
curve (green) as in Eq. 77 is compared with the data in 60-
day binning.

Fit of the rate versus time

The data selected in the 145 tons FV are grouped in
bins in 60-days long and fitted with

R(t) = R

0

+R

Bi

e

⇤Bit + R̄


1 + 2✏ cos

✓
2⇡t

T

� �

◆�

(77)

R

0

is the background rate not depending on time, the
exponential term describes the time variation of the 210Bi
rate and R̄ is the neutrino interaction rate. Fig. 61
presents the results and it shows that the expected func-
tion (77) is in good agreement with the data. The am-
plitude of the modulation and the average neutrino rates
returned by the fit are in agreement to within 2� with
the expected ones. The period and the phase are close
to the theoretical values of 1 year ±0.07 and 0 days ±14
respectively.
In Fig. 62 we show a contour plot of the allowed ranges

for the eccentricity and period parameters at 1, 2, and 3�
C.L. Our best result (gold star) is within the 2� region
of the expected value (black star).

Results with the Lomb Scargle method

The data selected after the cuts are now grouped into
10-day bins. Such choice of binning was justified with
a Monte Carlo simulation where we have checked that
the significance of a Lomb-Scargle peak does not change
drastically with a bin size varying between 1-14 days.
Fig. 63 shows the count rates in the region of (105, 380)

N

d
pe together with the background counts from external

�s. Before performing the frequency analysis of the ob-
tained rates we need to implement a correction to the
data which consists in subtracting from them the ex-
ponential trend obtained studying the 210Bi rate. This
trend causes the Lomb-Scargle algorithm to misidentify
the annual peak.
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) scatter plot (vertical
axis) as a function of eccentricity ✏ and period. Confidence
contours of 1, 2, 3 � are indicated. These results have been
obtained with the method of the fit of the rate versus time.
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FIG. 63. Rates distribution in the energy region 105 < Nd

pe

<
380 with 10-day binning in the 145 tons FV (red plot). The
count-rate was scaled by a constant number. As a comparison
the black plot shows the count rate due to external �s which
is stable since it is not correlated with the changes of the IV
shape.

The significance of the Lomb-Scargle analysis is stud-
ied with a Monte Carlo simulation and is shown in
Fig. 65. The red distribution corresponds to the null
hypothesys (absence of modulation) and the blue one
corresponds to 104 simulations of the annual modula-
tion signal plus expected backgrounds in the considered
volume. The Spectral Power Density obtained with our
data in the 145 t FV is 7.961 at 1 year. (see Fig. 64). As
Fig. 65 shows, this value represents an evidence of the
annual modulation signal with a significance higher than
3 sigma. The comparison with the expected distribution
in presence of signal shows a consistency of 11.69 %.
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FIG. 64. Lomb-Scargle periodogram for ⌫ data shown in red
in Fig. 63. The Spectral Power Density at 1-year is identified
to be 7.961, as indicated by the vertical line.
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FIG. 65. Distributions of the Lomb-Scargle Spectral Power
Density (SPD) at frequency corresponding to 1 year for 104

simulations of a 7% solar neutrino annual flux modulation
with realistic background (black line) and the same number
of white-noise simulations (background without any signal)
(red area). Indicated with vertical lines are the sensitivity
thresholds of 1� (solid), 2� (dashed), and 3� (dotted) C.L.
with corresponding detection probabilities of 81.62, 43.54, and
11.68%, respectively.

Results with the EMD method

In order to avoid a distorted reconstruction of IMFs
due to the empty bins during the data taking we grouped
the selected data in 1-day bins and we filled these empty
bins with white noise. As a mean value for the white
noise we used an average of the count rates from the
whole dataset and as the sigma its square-root. We have
repeated the procedure 100 times and we have built the
distribution of the amplitude, phase and frequency of the
IMF. The final result has been obtained by fitting these
distributions. The simulations show that 100 extraction
are enough to obtain results not limited by the statistical
fluctuations introduced by this procedure.
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Annual	
  modulation	
  of	
  the	
  7Be-­‐ν	
  signal:	
  Results	
  

3 analysis methods (consistent results) 
§ Fit of the rate vs time; 
§ Lomb Scargle analysis; 
§ Empirical Mode Decomposition; 

Data counts in 60 days bins 
Charge 105- 380 p.e. 
(~500 p.e/ 1 MeV) 

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛ −+++= Λ ϕ
π

ε
T

ReRR tBi 2cos210

Expected (seasonal + 
bgr evolution) 

Within 2σ from expected values 	
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) scatter plot (vertical
axis) as a function of eccentricity ✏ and period. Confidence
contours of 1, 2, 3 � are indicated. These results have been
obtained with the method of the fit of the rate versus time.
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FIG. 63. Rates distribution in the energy region 105 < Nd

pe

<
380 with 10-day binning in the 145 tons FV (red plot). The
count-rate was scaled by a constant number. As a comparison
the black plot shows the count rate due to external �s which
is stable since it is not correlated with the changes of the IV
shape.

The significance of the Lomb-Scargle analysis is stud-
ied with a Monte Carlo simulation and is shown in
Fig. 65. The red distribution corresponds to the null
hypothesys (absence of modulation) and the blue one
corresponds to 104 simulations of the annual modula-
tion signal plus expected backgrounds in the considered
volume. The Spectral Power Density obtained with our
data in the 145 t FV is 7.961 at 1 year. (see Fig. 64). As
Fig. 65 shows, this value represents an evidence of the
annual modulation signal with a significance higher than
3 sigma. The comparison with the expected distribution
in presence of signal shows a consistency of 11.69 %.
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FIG. 64. Lomb-Scargle periodogram for ⌫ data shown in red
in Fig. 63. The Spectral Power Density at 1-year is identified
to be 7.961, as indicated by the vertical line.
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FIG. 65. Distributions of the Lomb-Scargle Spectral Power
Density (SPD) at frequency corresponding to 1 year for 104

simulations of a 7% solar neutrino annual flux modulation
with realistic background (black line) and the same number
of white-noise simulations (background without any signal)
(red area). Indicated with vertical lines are the sensitivity
thresholds of 1� (solid), 2� (dashed), and 3� (dotted) C.L.
with corresponding detection probabilities of 81.62, 43.54, and
11.68%, respectively.

Results with the EMD method

In order to avoid a distorted reconstruction of IMFs
due to the empty bins during the data taking we grouped
the selected data in 1-day bins and we filled these empty
bins with white noise. As a mean value for the white
noise we used an average of the count rates from the
whole dataset and as the sigma its square-root. We have
repeated the procedure 100 times and we have built the
distribution of the amplitude, phase and frequency of the
IMF. The final result has been obtained by fitting these
distributions. The simulations show that 100 extraction
are enough to obtain results not limited by the statistical
fluctuations introduced by this procedure.

Data 
SPD (1 year) = 
7.96 

Monte Carlo distribution of the 
Spectral Power Density (SPD) 
With reak S/BGR ratio 

With  seasonal 
No seasonal 	


escluded 	


at  > 3σ Phase I 

1σ	

 2 σ	

 3 σ	



Phase I 

Phase II 
 

No increase due to bgr  
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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 gephysical 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” 
n capture after thermalization  2.2 γ	



1.8 MeV 

40K  
below  
threshold 
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Previous result: G. Bellini et al. Phys. Lett. B 687 (2010) 299 with 252.6 ton-year exposure after cuts; 
 

New result:  G. Bellini et al. Phys. Lett. B 722 (2013) 295 with  (613 + 26) ton-year after cuts ; 

Event selection (MC defined efficiency: 0.84 ± 0.01):  
 

•  Qprompt > 480 p.e., Qdelayed (860,1300), ΔR (promt-delayed) < 1m, 
Δt  (promt-delayed) (20 – 1280 µs), Gattidelayed < 0.015 (must be “β-like”) 
 

§ Large Fiducial Volume: distance from the vessel > 25 cm 
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the period used for this work is 15.8 counts/day/ton. Backgrounds
from accidental coincidences and from (α, 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 τ = 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-ν studies, but, with special care can be used for
ν̄e studies. The 214Bi(β)–214Po(α) delayed coincidence has a time
constant very close to the neutron capture time in PC. The α 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 α is accompanied by the emission of prompt gammas of
799.7 keV and of 1097.7 keV, respectively. In liquid scintillators,
the γ of the same energy produces more light with respect to an
α particle [22]. Therefore, for these (α + γ ) decay branches the
observed light yield is higher with respect to pure α 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 (α-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 α’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 efficiency 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-
ν̄e 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 ν̄e ’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 ν̄e ’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 ±1σ around the expected value as in Table 2.
For the accidental background we have used the measured spec-
tral shape, while for the (α,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-ν̄e in the
total signal. Dashed red line/orange area: reactor-ν̄e signal from the fit. Dashed blue
line: geo-ν̄e 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 1σ 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 ν̄e fluxes from U and Th decay chains of
φ(U ) = (2.4 ± 0.7) × 106 cm−2 s−1 and φ(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 
Background not due to reactors is very small 
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the period used for this work is 15.8 counts/day/ton. Backgrounds
from accidental coincidences and from (α, 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 τ = 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-ν studies, but, with special care can be used for
ν̄e studies. The 214Bi(β)–214Po(α) delayed coincidence has a time
constant very close to the neutron capture time in PC. The α 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 α is accompanied by the emission of prompt gammas of
799.7 keV and of 1097.7 keV, respectively. In liquid scintillators,
the γ of the same energy produces more light with respect to an
α particle [22]. Therefore, for these (α + γ ) decay branches the
observed light yield is higher with respect to pure α 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 (α-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 α’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 efficiency 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-
ν̄e 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 ν̄e ’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 ν̄e ’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 ±1σ around the expected value as in Table 2.
For the accidental background we have used the measured spec-
tral shape, while for the (α,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-ν̄e in the
total signal. Dashed red line/orange area: reactor-ν̄e signal from the fit. Dashed blue
line: geo-ν̄e 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 1σ 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 ν̄e fluxes from U and Th decay chains of
φ(U ) = (2.4 ± 0.7) × 106 cm−2 s−1 and φ(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
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Fig. 5. Q prompt light yield spectrum of the 46 prompt golden anti-neutrino candi-
dates and the best fit with free U (blue) and Th (cyan) contributions. The yellow
area isolates the total contribution of geo-ν̄e s. Dashed red line/orange area: reactor-
ν̄e signal from the fit. The contribution of background from Table 2 is almost negli-
gible and is shown by the small red filled area. The conversion from p.e. to energy
is approximately 500 p.e./MeV. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this Letter.)

Fig. 6. The 68.27, 95.45, and 99.73% C.L. contour plots of the STh and SU signal rates
expressed in TNU units. The black point indicates the best fit values. The dashed
blue line represents the chondritic Th and U ratio.

expected geo-reactor anti-neutrino. In a similar unbinned maximal
likelihood fit of our 46 golden anti-neutrino candidates we have
added another fit component, Ngeo-react, while constraining Nreact
to the expected value of (33.3 ± 2.4) events. All other fit details
were as above, including fixed chondritic mass Th/U ratio. We set
the upper limit on the geo-reactor power 4.5 TW at 95% C.L.
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•  Unbinned maximal likelihood fit with unconstrained geo and reactor component; 

•  Nreactor = 31.2-6.1
+7 in agreement with expectation of 33.3 ± 2.4 events after oscillations; 

 

1 TNU = 1 event / 1032 target protons / year 
Cca 1 event / 1 kton / 1 year with 100% eff 
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Fixed Th/U mass ratio to chondritic 
value of 3.9:  
Ngeo = 14.3 ± 4.4 events   
Sgeo = 38.8 ± 12.0 TNU 

Th/U ratio free in the fit: 
S(238 U)= 26.5  ± 19.5  TNU 
S(232 T) = 10.6  ±  12.7 TNU 

Best fit value compatible 
with chondritic value 
but the error is still large 
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Total Sgeo Model
[TNU]

low high 

35.1 46.64 Turcotte & Schubert 2002       (g)

33.3 44.24 Anderson 2007                       (f)

29.6 39.34 Palme & O'Neil 2003               (e)

28.4 37.94 Allegre at el. 1995                  (d)

28.4 37.94 Mc Donough & Sun 1995         (c)

26.6 35.24 Lyubetskaya & Korenaga 2007 (b)

23.6 31.44 Javoy et al.2010                     (a)

High= homogeneous mantle, 
crustal signal + 1 σ error 

Low= HPE’s concentrated close 
to the core‐mantle boundary, 
crustal signal ‐1 σ error 

Geo‐ν signal vs BSE’s 

Sandra Zavatarelli,  INFN Genova Italy Neutrino GeoScience 2013, Takayama, Japan 

1 σ band 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results 

BX result 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available  BSE models 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σ
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σ


SBX
geo=(38.8 + 12.0 ) TNU  

From Borexino talk of S. Zavatarelli @ Neutrino Geoscience 2013 

Mantle signal  
= measured total – expected crustal (relatively 
well known) 
 

Borex only: 15.4 + 12.3 TNU 
 

Assuming homogeneous mantle: 
Borex + KamLAND Nature Geoscience 4 (2011) 
574 
14.1 + 8.1 TNU 
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signal 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From Borexino talk of S. Zavatarelli @ Neutrino Geoscience 2013 

Different groups of geo-models 

Mantle signal  

Author's personal copy

Borexino Collaboration / Physics Letters B 722 (2013) 295–300 299

Fig. 3. Geo-neutrino signal Sgeo in Borexino (solid line) with ±1σ uncertainty
(dashed lines) compared with the predicted values. The ±1σ band of Sgeo(LOC +
ROC) crustal contribution [6] is summed with Sgeo(Mantle) according to seven BSE
models: a) Javoy et al. [31], b) Lyubetskaya and Korenaga [30], c) McDonough and
Sun [29], d) Allegre et al. [27], e) Palme and O’Neil [26], f) Anderson [25], g) Tur-
cotte and Schubert [24]. Red (blue) segments correspond to “high” (“low”) models
obtained with two extreme distribution of U and Th in the mantle as described in
the text, based on [6]. On the x-axis we show the total uranium mass predicted by
each BSE model in the primordial mantle. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this Letter.)

geo-neutrino rate, we can infer the contribution of the mantle,
Sgeo(Mantle) = (15.4 ± 12.3) TNU.

On the basis of cosmochemical arguments and geochemical ev-
idences, the different Bulk Silicate Earth (BSE) models predict the
chemical composition of the Primitive Mantle of the Earth subse-
quent to the metallic core separation and prior to the crust–mantle
differentiation. The predicted amount of U and Th in the mantle
can be obtained by subtracting their relatively well known crustal
abundances from the BSE estimates. The mantle geo-neutrino sig-
nal on the Earth surface depends not only on the absolute abun-
dances of the radioactive elements but also on their distribution
in the present mantle. For a fixed mass of U and Th, the ex-
treme cases of Sgeo(Mantle) are obtained by distributing their
abundances either homogeneously in the mantle (so-called high
model) or in an enriched layer close to the core–mantle bound-
ary (so-called low model) [34,35]. In this perspective our results
are summarized in Fig. 3, which is obtained by combining the ex-
pected geo-neutrino signal from the crust (LOC + ROC) with those
from different BSE models reported in Table V of [6]. The current
result cannot discriminate among the different BSE models.

We have performed a combined analysis of our result with that
of KamLAND [4] in order to extract the Sgeo(Mantle). First, the cor-
responding LOC + ROC crustal contributions taken from [6] and
[33], respectively, were subtracted from the measured Sgeo sig-
nal: Sgeo(Crust) = (23.4 ± 2.8) TNU for Borexino and Sgeo(Crust) =
(25.0 ± 1.9) TNU for KamLAND. Then, a spherically symmetric
mantle was assumed. The best fit value for the mantle signal com-
mon for both sites is Sgeo(Mantle) = (14.1 ± 8.1) TNU.

The Earth releases radiogenic heat, Hgeo, together with geo-
neutrinos in a well fixed ratio, however the observed geo-neutrino
signal depends both on the abundances of the individual radioac-
tive elements and on their distribution inside the Earth. To ex-
tract the radiogenic heat power from a measured Sgeo is therefore
model dependent. We have calculated the expected Sgeo(U + Th)
as a function of the radiogenic heat produced by U and Th,
Hgeo(U+Th), for the Borexino and KamLAND sites (see Fig. 4), and
compared it to the Borexino and KamLAND [4] results. The allowed
regions between the red and blue lines in the plane Sgeo(U + Th)
and Hgeo(U + Th) contain models consistent with geochemical and
geophysical data. For each total mass of U and fixed Th/U ratio, the
maximal geo-neutrino signal (red line) can be obtained by maxi-
mizing the radiogenic material in the crust and allowing uniform
distribution in the mantle. Similarly, the minimal signal (blue line)

Fig. 4. The signal SU+Th from U and Th geo-neutrinos as a function of radiogenic
heat production rate HU+Th in Borexino (top) and KamLAND (bottom). Details in
text. (For interpretation of the references to color in this figure, the reader is re-
ferred to the web version of this Letter.)

is obtained for the minimal radiogenic mass in the crust with the
rest concentrated in a thin layer at the bottom of the mantle. The
expected signal from the crust is taken from Table V of [6]. We
have chosen as a reference the BSE model from [29], predicting
that the silicate Earth contains m(U) = (0.8 ± 0.1) × 1017 kg with
mass ratios Th/U = 3.9 and K/U = 12 000. The green regions are
allowed by the BSE model [29]. The arrow “Min” indicates the
contribution of the crust only. The arrow for the fully radiogenic
model indicates 39.3 TW: it assumes that the total Earth surface
heat flux of (47 ± 2) TW [38] is completely due to radiogenic heat
from U, Th, and K. Taking the relative proportions from the BSE
of [29], we get that in a fully radiogenic Earth, U, Th, and K pro-
duce 19.1, 20.2, and 7.7 TW, respectively.

We have performed another unbinned maximal likelihood fit
of our 46 golden candidates in which the individual contribu-
tions from the 238U and 232Th chains were fitted individually (see
Fig. 5), with all other fit details as above. The best fit values are
NTh = (3.9 ± 4.7) events and NU = (9.8 ± 7.2) events, correspond-
ing to STh = (10.6 ± 12.7) TNU and SU = (26.5 ± 19.5) TNU and
ν̄e fluxes (above 0 MeV) of φ(Th) = (2.6 ± 3.1) × 106 cm−2 s−1

and φ(U ) = (2.1 ± 1.5) × 106 cm−2 s−1. The 68.27, 95.45, and
99.73% C.L. contour plots of STh versus SU are shown in Fig. 6.
Although our data is compatible within 1σ with only 238U signal
(and STh = 0) or only 232Th signal (and SU = 0), we note that the
best fit of the Th/U ratio is in very good agreement with the chon-
dritic value.

A geo-reactor with thermal power <30 TW and 235U : 238U =
0.76 : 0.23 composition was suggested by Herndon [36]. It is as-
sumed to be confined in the central part of the Earth’s core within
the radius of about 4 km [37]. We have produced MC spectra of the

Radiogenic heat 
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Radiopurity after the purification of the scintillator: 
1)  Krypton: strongly reduced:  consistent with zero cpd/100t  from spectral fit 
2)  210Bi :  from ~70 cpd/100 tons to  20 cpd/100tons) ;  
3)  238U (from 214Bi - 214Po tagging)   < 9.7 10‐19 g/g at 95% C.L. 
4)  232Th: < 1.2 10-18 g/g at 95% C.L. (2 events  in ~600 days) 
5)  210Po decaying (200 cpd/100 tons in May 2013) 
6)  Radon: (5.4 + 1.1) 10-19 g/g  
7) Under study: estimation of the 210Bi content from 210Po evolution in time;  
 
 Physics goals of PHASE 2 

• Improve limit on CNO (observation?); (210Bi suppression required);  
• Improve significance of pep signal (3σ or more), 210Bi suppression required;  
• Search for pp neutrinos (85Kr suppression helps);  
• Improve precision on 7Be neutrinos (210Bi and 85Kr suppression required); 
•  Collect statistics for geo-neutrino studies;  

Borexino	
  Phase	
  II	
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Backup 
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β+	
  -­‐	
  β-­‐	
  discrimina5on	
  
�  Positrons	
  form	
  ortho-­‐positronium	
  

in	
  ~	
  50%	
  of	
  cases	
  (in	
  PC)	
  
�  Scintillation	
  signal	
  delayed	
  by	
  ~	
  3	
  ns	
  
�  Pulse	
  shape	
  is	
  different	
  
�  Parameters	
  measured	
  

in	
  a	
  dedicated	
  experiment	
  

	
  

�  A	
  Pulse	
  Shape	
  discriminating	
  variable	
  
was	
  developed,	
  based	
  on	
  a	
  Boosted	
  	
  
Decision	
  Tree	
  (BDT)	
  

β- from 214Bi-214Po 	



β+ from 11C  (TFC)	



Hit emission time of “typical” event	

 	



Boosted Decision Tree variable	



-20           0            20            40           60          80          ns 	



prompt β+	



 γ’s  from annihilation	



scintillation 	


light decay	
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The internal background in Borexino i 
§ Careful selection of the construction materials and operational procedures; 

§ Special procedures for fluid procurement; 

§ Scintillator and buffer purification during the filling; 

§ Sparging with high purity N2; 

§ More than 15 years of work… 

Background Typical abundance  (source) Goal Measured 

14C/12C 10-12 (cosmogenic) g/g  10-18 g/g ~2 x 10-18 g/g 
238U  

(by 214Bi-214Po) 
2 x10-5 (dust) g/g  10-16 g/g (1.6 + 0.1) x 10-17 g/g 

232Th  
(by 212Bi-212Po) 

2 x 10-5 (dust) g/g  10-16 g/g (5 + 1) x 10-18 g/g 

222Rn  
(by 214Bi-214Po) 

100 atoms/cm3 (air) 
emanation from materials 

 10-16 g/g ~ 10-17 g/g 
(~1 count /day/100t) 

210Po Surface contamination ~1 c/day/t May 2007: 70 c/d/t   
Sep 2008: 7 c/d/t 

40K 2 x 10-6 (dust) g/g ~10-18 g/g 
 

< 3 x 10-18 (90%) g/g 

85Kr 1 Bq/m3 (air) ~1 c/d/100t (28 + 7) c/d/100t  
(fast coinc.) 

39Ar 17 mBq/m3 (air) ~1 c/d/100t << 85Kr 

Extreme radiopurity is a must!!! 
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" Charged particles and γ produce scintillation light: photons hit inner PMTs; 
" DAQ trigger:  > 25 inner PMTs (from 2212) are hit within 60-95 ns: 
 

 

Data structure and detector performance 

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 

" Outer detector gives a muon veto if at least 6 outer PMTs (from 208) fire; 

Ø  Position of intercation = 
Ø        f (hit time distribution); 

Ø       Particle energy  =  
Ø            f(#hits, hits charge);  

Light yield: (500	
  +	
  12)	
  p.e./MeV	
  
taking	
  into	
  account	
  quenching	
  factor	
  	
  
	
  
	
  
 

Energy resolution (s): 10%  @   200 keV  
                                             8%  @  400 keV 
                                              6%  @ 1000 keV  

Spatial resolution: 35 cm @ 200 keV 
 (scaling as           )      16 cm @ 500 keV  2/1

..
−
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Muon and neutron detection  

" µ are identified by the OD and by the ID 
" OD eff: > 99.28% 
" ID analysis based on pulse shape variables 

" Cluster mean time, peak position in time 

"  Combined overall efficiency  > 99.992%          
" After cuts, µ  not a relevant background for 7Be  

–  Residual background: < 1 count /day/ 1 00 t 

Muon	
  tag	
  with	
  ID	
  	
  
A	
  muon	
  	
  
in	
  OD	
  

A	
  muon	
  	
  
in	
  OD	
  

scintillation	
  events	
  

muons	
  

Muon track reconstruction 

NEW: Muon and Cosmogenic Neutron Detection in Borexino.  
          Sent to JINST 2 weeks ago, arXiv:1101.3101 

After each µ, 1.6 ms gate opened to detect neutrons: 
example with several tens of neutrons. 
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8B analysis details 

External backgrounds (FV CUT): 
 

•   High energy γ from neutrons 
•   214Bi and 208Tl from Rn 
     emanated from nylon or detector 
 
Internal radiocative backgrounds:  
 

•   214Bi (238U chain) via 214Bi-214Po 
coincidences; 
•  208Tl (232Th chain) from bulk: stat. subtr.; 

Cosmogenic background rejection: 
 

•  FAST COSMOGENIC CUT:   6.5 s dead time after all ID muons to reject fast cosmogenic isotopes; 
 (29.2 % dead time,, 4300 muons/day passing ID) 
•  NEUTRON REJECTION: 2 ms after all muons (neutron capture time 256 µs , AmBe source); 
• 10C SUBTRUCTION: 3-fold coincidence with parent muon and neutron; 
• 11Be STATISTICAL SUBTRUCTION; 

raw spectrum 
~ 1500 cpd / 100 t 
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Background: 232Th and 238U content  
Assuming secular equilibrium: 

212Bi	
   212Po	
   208Pb	
  β 	

 α	



τ	
  =	
  432.8	
  ns	
  

2.25	
  MeV	
   ~800	
  keV	
  eq.	
  

Only	
  	
  few	
  bulk	
  candidates	
  	
  

(6.8+1.5) × 10-18 g(Th)/g 

232Th chain  

214Bi	
   214Po	
   210Pb	
  β 	

 α	


τ	
  =	
  236	
  µs	
  

3.2	
  MeV	
   ~700	
  keV	
  eq.	
  

238U chain  

(1.6 ± 0.1) × 10-17 g(U)/g Bulk	
  contamination	
  

Bulk	
  	
  

212Bi-212Po 
centre of mass 
position distribution  

278 days 
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α 	

β-(1.2MeV)	



t1/2         22.3 y          5.01 d       138.38 d        stable     

PRELIMINARY: the 85Kr contamination  (30+5) counts/day/100 ton 

85Kr is studied through :    85Kr β-decay energy spectrum similar 
to the 7Be recoil electron 

85Kr  
β	

 85Rb 

687 keV 

τ = 10.76 y  -  BR:  99.56%  

85Rb 85Kr 85mRb 

τ = 1.46 ms   -   BR:  0.43%  

514 keV 

β	



173 keV 

γ	



•  The bulk 238U and 232Th contamination is 
negligible 

•  The 210Po background is NOT related neither to 
238U nor to 210Pb contamination 

•  May 2007 ~80 counts/day/ton,  τ=204.6 days 
•  210Bi no direct evidence ---> free parameter in 

the total fit,  cannot be disentangled, in the 7Be 
energy range, from the CNO  

210Po:	
  	
  	
  end	
  of	
  238U chain	
  :	
  

210Pb   ->   210Bi   ->  210Po  -> 206Pb   
β-(61	
  keV)	



Background: 210Po and 85Kr 
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H. Bethe 

CNO cycle 

What	
  can	
  we	
  learn	
  from	
  solar	
  neutrinos	
  (2)	
  ?	
  
Neutrino Physics: precision measurement of solar ν fluxes vs survival probability Pee 

Vacuum regime  Matter regime  

Low energy neutrinos:  
flavor change dominated 
by vacuum oscillations;  
 
High energy neutrinos: 
Resonant oscillations in matter  
(MSW effect):   
Effective electron neutrino mass 
is increased due to the charge 
current interactions 
with electrons of the Sun 
 
Transition region: 
Decrease of the νe survival 

probability (Pee) 
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March 2007 May 2007 End October 2006 

�  Neutrino elastic scattering on electrons of liquid scintillator:  e- + ν à e-  + ν; 
�  Scattered electrons cause the scintillation light production; 
�  Advantages:  

�  Low energy threshold (~ 0.2 MeV); 
�  High light yield and a good energy resolution; 
�  Good position reconstruction; 

�  Drawbacks : 
�  Info about the ν directionality is lost ; 
�  ν-induced events can’t  be distinguished from the events of  β/γ natural 

radioactivity; 
 

Detection principle 
# of photons → energy 
time of flight → position 
pulse shape → α/β   β+/β- 
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Calibration with radioactive sources  

57Co 139Ce 203Hg 85Sr 54Mn 65Zn 60Co 40K 14C 214Bi 214Po n-p n+12C n+Fe 

energy 
(MeV) 0.122 0.165 0.279 0.514 0.834 1.1 1.1, 

1.3 1.4 0.15 3.2 2.226 4.94 ~7.5 

γ	

 α	

β	

 n (AmBe) 

•  Absolute source position: LED and CCD cameras (+ 2cm); 

•  cca. 300 points through the whole scintillator volume; 

•   Detector response as a function of position; 
•   Fiducial volume definition and tuning of th 
spatial reconstruction algorithm; 
•  Energy scale definition 
  precise calibration in the 0-7 MeV range.  
•  Tuning of the full Monte Carlo simulation  
 
SYSTEMATIC ERROR REDUCTION 
For ALL SOLAR NEUTRINO RESULTS 
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Energy spectral fit Pulse shape variable  

Radial fit 

pep edge 
CNO 

Multivariate maximum likelihood fit 
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