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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 (1.4 g/l) 

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

+dmp (light queched) 

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

The Borexino Detector 
Neutrino electron 

scattering 
ν e -> ν e 
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Abruzzo, Italy 
120 Km from Rome 

Laboratori 
Nazionali del  
Gran Sasso 

 
Assergi (AQ) 

Italy 
1400m of rock 

shielding  
~3800 m.w.e. 

Borexino Detector and Plants 

External Labs 

Experimental site 



May  
2007 

May  
2010 

Aug.-Oct.  
2011 

Phase I Phase II 
Purification 

Ø  (First) solar 7Be-ν	
  measurement 
Ø  7Be-ν day-night asymmetry 
Ø  Low-threshold 8B-ν	
  
Ø  First pep-ν	
  detection 
Ø  Best upper limit on CNO-ν 
Ø  First geo-ν observation at > 4σ 
Ø  Muon seasonal variations 
Ø  Limits on rare processes 

Ø  Measurement of pp-ν	
  flux  
Ø  Measurement of CNO-ν	
  flux 
Ø  Short-base ν	
  oscillations: SOX 

Preparation 

Ø  Neutrons and other cosmogenics 
Ø  7Be-ν seasonal modulation 
Ø  Updated geo-ν flux 

Borexino data taking campaign 
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Borexino backgrounds 

Isotope Typical Required Before purification After purification 
238U 2·10-5 (dust) ≤ 10-16 g/g (5.3 ± 0.5)·10-18 g/g <  0.8·10-19 g/g 

232Th 2·10-5 (dust) ≤ 10-16 g/g (3.8 ± 0.8)·10-18 g/g < 1.0·10-18 g/g 

14C/12C 10-12 
(cosmogenic) ≤ 10-18 (2.69 ± 0.06)·10-18 g/g unchanged 

222Rn 100 atoms/
cm3 (air) ≤ 10cpd/100t ~1cpd/100t unchanged 

40K 2·10-6 (dust) ≤ 10-18 g/g ≤ 0.4·10-18 g/g unchanged 
85Kr 1 Bq/m3 (air)  ≤ 1 cpd/100 t (30 ± 5) cpd/100 t  ≤ 5 cpd/100 t 

39Ar 
17 mBq/
m3(air) ≤ 1 cpd/100 t << 85Kr << 85Kr 

210Po not specified (~80) ~20 cpd/100 t unchanged 

210Bi not specified (~20) ~70 cpd/100 t (20 ± 5) cpd/100 t 
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Energy scale uncertainty in the 
range 0.2÷2 MeV is better than 1.5%	
  

Using 184 points of Rn calibration  
data, the Fiducial Volume uncertainty 
was taken to -1.3% +0.5% 

2008-2011: 4 internal + 1 external calibration campaigns  

2012 JINST 7 P10018
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Figure 17. Energy spectra of g lines from eight different calibration sources expressed in terms of the
normalized number of hit PMTs. The peaks from left to right belong to the 57Co, 139Ce, 203Hg, 85Sr, 54Mn,
65Zn, 40K, and 60Co source. The area of a single peak is normalized to unity for a better comparison. The
Monte Carlo simulated spectra are within 0.2% agreement with the measured ones.

lines obtained from the calibration data and from Monte Carlo simulations: the agreement between
the two is excellent.

5.2 Position reconstruction and fiducial volume

5.2.1 Position reconstruction: algorithm and effective index of refraction

The reconstruction of a physics event position~r0 in Borexino is based on the time distribution of
the collected photons: the algorithm considers for each photon its arrival time ti and the position
~ri of the PMT which detected it, subtracts its time-of-flight T i

flight, and compares the photon time
distribution with the reference probability density function (pdf ) of the Borexino scintillator (figure
18). The event position is calculated by maximizing the likelihood LE(~r0, t0 | (~ri, ti)) that the event
occurs at the time t0 in the position~r0 given the measured hit time pattern (~ri, ti).

Note that the shape of the pdf depends on the charge q collected at each PMT (figure 18). For
events with energy deposition below 1 MeV most of the PMTs work in the single-photon regime,
while at higher energies or close to the borders of the IV this is no longer the case, and the multi-p.e.
effect has to be taken into account to avoid bias in the reconstruction.

During the iteration of the minimization process the time-of-flight T i
flight of each single photon

is calculated by

T i
flight(~r0,~ri) =

|~r0�~ri |
vg

(5.1)

– 25 –

JINST 7(2012)P10018 
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7Be neutrino flux and ADN 
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7Be neutrino flux 
The flux of monoenergetic 7Be neutrinos measured with 4.6 % precision 
 

R = (46 ± 1.5stat ± 1.6sys) cpd/100 t   
 

 
 

Phys. Rev. Lett. 107, 141302 (2011) 
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+1.5(syst) / d /100t741d	
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7Be-Q flux day-night asymetry 

Ad-n = 2 (Rn - Rd)/(Rn + Rd) = 0.001 ± 0.012stat ± 0.007sys   
 

In agreement with MSW-LMA, LOW region excluded at >8.5 ı with solar 
neutrinos only (no assumption of CPT symmetry) 

Phys. Lett. B 707, 1 (2012) 22-26 

Phase II physics 

Phase I results 

Conclusions 

BOREXINO 

for the first time the experimental error 
(4.8%) is smaller then theoretical error (7%) 

Then solar neutrino results with Borexino can isolate the  
LMA region without the Kamland antineutrino data   
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7Be (0.862 MeV)  solar flux from Borexino 

G. Bellini et al., Borexino Collaboration, Phys. Rev. Lett. 107 (2011) 141362. 
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8B flux at 3MeV 
PRD 82 (2010) 033006 
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pep flux and CNO limits 
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pep and CNO-Q fluxes 
- First observation of the flux of monoenergetic pep neutrinos 

 

R = (3.1 ± 0.6stat ± 0.3sys) cpd/100 t   
 

 
 

- Limit for CNO neutrinos obtained assuming the pep neutrino flux according    
  to SSM,  
- Strong correlation with 210Bi in the fit 

 

R < 7.1 cpd/100 t (95 % C.L.)  
 

)LMA
CNO < 7.7 × 108 cm-2 s-1  (95 % C.L.) 

 

The strongest limit obtained up to date.  
Not sufficient to solve the metalicity problem. 

Phys. Rev. Lett. 108, 051302 (2012) 
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compute uncertainties and limits, and determined the p
value of our best fit to the real data to be 0.3. Table I
summarizes the results for the pep and CNO neutrino
interaction rates. The absence of the solar-! signal was
rejected at 99:97% C.L., using a likelihood ratio test be-
tween the result when the pep and CNO neutrino interac-
tion rates were fixed to zero and the best-fit result.
Likewise, the absence of a pep ! signal was rejected at
98% C.L. Because of the similarity between the e! recoil
spectrum from CNO neutrinos and the spectral shape of
210Bi decay, whose rate is "10 times greater, we can only
provide an upper limit on the CNO ! interaction rate. The
95%C.L. limit reported in Table I has been obtained from a
likelihood ratio test with the pep ! rate fixed to the SSM
prediction [9] under the assumption of MSW-LMA,
ð2:80$ 0:04Þ counts=ðday & 100 tonÞ, which leads to the
strongest test of the solar metallicity. For reference,
Fig. 4 shows the full !"2 profile for pep and CNO
neutrino interaction rates.

The estimated 7Be ! interaction rate is consistent with
our measurement [5]. Table II summarizes the estimates
for the rates of the other background species. The higher

rate of 210Bi decays compared to [5] is due to the exclusion
of data from 2007, when the observed decay rate of 210Bi in
the FV was smallest. The correlation of this background
with detector fluid operations has confirmed that its
source is permanent radioactive contamination in the
scintillator (210Pb).
Table III shows the relevant sources of systematic un-

certainty. The uncertainty associated with the detector
energy response has been estimated by performing fits
using different reference spectra, modified according to
the uncertainty in the detector response function. To evalu-
ate the uncertainty associated with the fit methods, we have
performed fits changing the binning of the energy spectra,
the fit range, and the energy bins for which the radial and
pulse-shape parameter distributions were fit. We consider
the results of both approaches for the modeling of the
detector energy response. The impact of the limited statics
in the reference pulse-shape distributions has been deter-
mined by performing fits where their bin content was
randomly modified according to Poisson statistics.
Further systematic checks that offer a negligible contri-

bution to the total uncertainty have been carried out. These
include the stability of the fit over different exposure
periods, the shape of the external # ray and CNO spectra,
and the fixing of 214Pb in the fit. Constraining the 8B and
pp neutrino interaction rates using the measured flux and
SSM values, respectively, introduces a very small system-
atic (changing the assumed 8B ! rate by 30% induces a
<1% change in the fitted pep ! rate); therefore, over
reasonable ranges of parameter space, our result can be
taken to be uncorrelated with those inputs. We have esti-
mated that the cumulative contribution of 232Th and 235U
daughters; other cosmogenic isotopes (8He, 8Li, 9Li, 7Be,
11Be, 8B, 12B, and 9C); neutron captures, eþ from "!e;

FIG. 4 (color). !"2 profile obtained from likelihood ratio tests
between fit results where the pep and CNO neutrino interaction
rates are fixed to particular values (other species are left free) and
the best-fit result.

TABLE II. The best estimates for the total rates of the back-
ground species included in the fit. The statistical and systematic
uncertainties were added in quadrature. The expected rates for
the cosmogenic isotopes 11C, 10C, and 6He have been obtained
following the methodology outlined in [25]. The expected 234mPa
rate was determined from the 214Bi-214Po measured coincidence
rate, under the assumption of secular equilibrium. External #
includes the estimated contributions from 208Tl, 214Bi, and 40K
external # rays.

Background
Interaction rate

[counts=ðday & 100 tonÞ]
Expected rate

[counts=ðday & 100 tonÞ]
85Kr 19þ5

!3 30$ 6 [5]
210Bi 55þ3

!5 & & &
11C 27:4$ 0:3 28$ 5
10C 0:6$ 0:2 0:54$ 0:04
6He <2 0:31$ 0:04
40K <0:4 & & &
234mPa <0:5 0:57$ 0:05
External # 2:5$ 0:2 & & &

TABLE I. The best estimates for the pep and CNO solar
neutrino interaction rates. The statistical uncertainties are not
Gaussian, as can be seen in Fig. 4. For the results in the last two
columns, both statistical and systematic uncertainties are con-
sidered. Total fluxes have been obtained assuming MSW-LMA
and using the scattering cross sections from [22–24] and a
scintillator e! density of ð3:307$ 0:003Þ ( 1029 ton!1. The
last column gives the ratio between our measurement and the
high metallicity (GS98) SSM [9].

!
Interaction rate

[counts=ðday & 100 tonÞ]
Solar-! flux

[108 cm!2 s!1]
Data=SSM

ratio

pep 3:1$ 0:6stat $ 0:3syst 1:6$ 0:3 1:1$ 0:2
CNO <7:9 (< 7:1stat only) <7:7 <1:5

PRL 108, 051302 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

3 FEBRUARY 2012

051302-4
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Pee after BOREXINO  

In the transition region: 
Is there room  

for new physics? 

Solar neutrinos : open issues 

(Yet) Unresolved puzzles 

SSM   

• high vs. low metallicity of the surface of the Sun 

 

Experimental data 

• Missing upturn (predicted by MSW-LMA solution) in 

the 8B spectrum (SNO and SK) - will more data unveil 

the mystery? 

Further “Desiderata” 

• Full spectroscopy : still missing pp and CNO 

fluxes 

• Improved precision on 7Be, pep and 8B 

WƌĞĐŝƐĞ�ĞǆƉĞƌŝŵĞŶƚĂů�ĐŽŶƐƚƌĂŝŶ�ŽŶ�ƚŚĞ�WĞĞ�ї�ŝƐ�ƚŚĞƌĞ�
room for beyond standard model effects ?  NSI , 
Mass Varying Neutrinos, Long range Leptonic forces, 

ultra-light sterile neutrinos (arXiv:1305.5835 and 
Phys. Rev. D83 (2011) 113011) 

The Pee  is altered by beyond SM 
physics 

  G. Ranucci INFN Milano (Italy) PIC 2013 

Two approaches to transition region: 
1.  Reduce error on pep (and 7Be) flux 
2.  Lower threshold on 8B  

(upturn not yet observed by SNO-LETA) 
Borexino will work on both sides 

combined radiochemical  
and Borexino data 

still missing! 
pp and CNO  
spectroscopy 
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Comparison with SSM: 
the metallicity puzzle 61

FIG. 80. The 1� theoretical range of high (red) and low (blue)
metallicity model for f

Be

and f
B

,compared to the 1� (light
pink), 2� (light green) and 3� (light blue) allowed regions
by the global analysis of solar-with Borexino plus KamLAND
results. The theoretical correlation factors are taken from
[72].

If the global fit is performed on the solar-without
Borexino plus KamLAND data set, the constraint on
beryllium is very weak and the best values for f

Be

and f

B

are found to be f
Be

= 0.76+0.22
�0.21 and f

B

= 0.90+0.02
�0.02. This

is due to the fact that 7Be flux is very poorly constrained
by any solar experiment other than Borexino.

Once the Borexino current measurements are included,
the situation significantly improves and the best fit are
f

Be

= 0.95+0.05
�0.04, and f

B

= 0.90+0.02
�0.02 corresponding to

the neutrino fluxes �
Be

= (4.75+0.26
�0.22) ⇥ 109 cm�2 s�1,

and �
B

= (5.02+0.17
�0.19)⇥ 106 cm�2 s�1 respectively.

For f

B

, the best fit value obtained with the two data
set does not change significantly since the 8B flux is
mainly determined by the results of the SNO and Super-
Kamiokande experiments.

The best fit for the oscillation parameters are found
to be �m2

21

= 7.50+0.17
�0.23 ⇥ 10�5 eV2, and tan2 ✓

12

=

0.452+0.029
�0.034, fully compatible with those obtained by fix-

ing all the fluxes to the standard solar model predictions
(Section XXV.3). In this specific analysis ✓

13

is assumed
equal to 0.

It is interesting to compare the result of the global
analysis on solar-with Borexino plus KamLAND results,
with the theoretical expectations for f

Be

and f

B

. From
Fig. 80 it is clear that the actual neutrino data cannot
discriminate between the low or high metallicity hypoth-
esis in the solar model: both the 1� theoretical range of
low and high metallicity models lies in the 3� allowed
region by the current solar plus KamLAND data.

At present, no experimental results help to disentan-
gle between the two metallicity scenarios: the theoretical
error on 7Be and 8B is of the order of their experimental
precision. An improvement in the determination of the
di↵erent solar parameters is needed.
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FIG. 81. Electron neutrino survival probability as a function
of energy calculated according to formula 85.

XXVI. THE NEUTRINO SURVIVAL
PROBABILITY

Solar neutrino oscillation are characterised by the sur-
vival probability P

3⌫
ee (defined in Section XXV with the

relation 80) of electron neutrinos produced in the Sun
reaching the detector on Earth. P

3⌫
ee depends on the os-

cillation parameters and on the neutrino energy. In the
LMA-MSW model it shows specific features related to
the matter e↵ects taking place while the neutrinos travel
inside the Sun (MSW). These e↵ects influence the prop-
agation of ⌫e and ⌫x di↵erently, as the forward scattering
probability of ⌫e and electrons is larger than that of ⌫x on
electrons due to CC interactions. The e↵ective Hamilto-
nian depends on the electron density ne in the Sun and,
considering the case in which the propagation of neutri-
nos in the Sun satisfies proper hypothesis of adiabaticity,
the resulting survival probability (formula 80) does not
depend on details of the Sun density profile and well ap-
proximated by the following simple form [85]:
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GF is the Fermi coupling constant, ne is the electron
density in the Sun calculated at the neutrino production
point and E⌫ is the neutrino energy.
Neutrinos from di↵erent reactions are produced in the

Sun at di↵erent radii [86] and the electron density in the

Can the current data discrimininate between high and low 
metallicity ? 
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The Borexino data cannot disentangle between 
the two models 
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8B 17.7 
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15O 30.0 
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The major predicted 
difference is in the 
CNO flux 

  G. Ranucci INFN Milano (Italy) PIC 2013 

7Be and 8B currently cannot discriminate 
ê 

need to go for CNO 
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(with respect to the 7Be flux (75 ton)	



Reconstructed vessel shape 
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800-900 keV 

7Be-νannual modulation 
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3 analysis methods (consistent results) 
§ Fit of the rate vs time; 
§ Lomb Scargle analysis; 
§ Empirical Mode Decomposition; 

arXiv:1308.0443 
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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.

Lomb-Scargle SPD
0 1 2 3 4 5 6 7 8

 si
m

ul
at

io
ns

 / 
0.

05
 S

PD
4

En
tri

es
 / 

10
0

50

100

150

200

250

300

350

400

450

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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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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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.

Date [mm/yy]
01/08 04/08 07/08 10/08 12/08 04/09 07/09 10/09 12/09 04/10

C
ou

nt
s /

 1
45

 to
n 

/ 6
0 

da
ys

4000

4500

5000

5500

6000

6500

7000

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
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✓
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.

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

Expected (seasonal + 
bkgr evolution) 

T=1year±0.07 
ϕ=(0±14)d 

Phase I, ~ 850d astr. time 

independently determined 
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�muon [cm] 33.6±0.6±0.6
µmuon [cm] 23.8±0.6±0.6
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Figure 3. The muon-neutron distance distribution observed in Borexino: black crosses represent
the data points for the standard neutron hit multiplicity cut. The shaded-grey area indicates the
systematic uncertainty. The fit of the toy Monte Carlo is indicated by the solid red line. The dashed
lines correspond to two exponential components, each featuring a decay length � and a relative fraction
f . The muon resolution parameters µ and � are left free in the fit procedure (see section 4.4 and [11]
for details). The table lists the best-fit results with statistical and systematic uncertainties. The fit
returns �2

/ndf = 57/54.

neutrons at large distances from their parent tracks. Finally, we limit the visible energy
window to Evis 2 [0.9; 4.8]MeV in order to select only neutron captures on hydrogen and
carbon, while removing a minor contamination from short-lived cosmogenic isotopes. The
combination of cuts reduces the remaining sample to ⇠20% of the original neutrons.

The resulting lateral distance distribution is shown in figure 3. The grey shaded area
corresponds to the systematic uncertainty introduced by the cut Nhits > 100, and was ob-
tained by varying the minimum Nhits condition for neutron selection from 0 to 200. Due
to the broad initial energy spectrum of the spallation neutrons and the corresponding dis-
tribution of the neutron mean free paths, a simple exponential law proves insu�cient to
reproduce the distribution. We find that at least two exponential components (�short and
�long) are required for a satisfactory description of the data. The fit function shown in figure 3
was obtained by a toy Monte Carlo simulation. Apart from the exponential components, the
fit takes into account the muon and neutron spatial resolutions, which includes the average
displacement of the neutrons during thermalization and the finite propagation distance of
the capture gamma in scintillator (⇠20 cm). The geometric impact of the applied radial
cuts described above are included. The muon lateral resolution is described by a Gaussian
smearing � with a constant radial o↵set µ. These are free parameters in the fit. Conversely,
the neutron vertex resolution is set to a fixed value of 23 cm (see [11] for details).

The fit returns a short component �short = (61.2 ± 0.6stat ± 2.6syst) cm which is in
agreement with earlier LVD results [15]. The long component is found to be �long = (147±
3stat ± 12syst) cm. Systematic uncertainties for the parameters were determined by multiple
repetitions of the fit while varying the minimum Nhits condition for the neutrons. Based
on the relative weights of the two e↵ective components, an average lateral distance of � =
(81.5± 2.7) cm was determined.

– 8 –

λavg = (81.5 ± 2.7) cm 

Cosmogenic Backgrounds 
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LNGS Experiment Year 10-4 μm-2 s-1 μm-2 d-1 

Hall A LVD 2009 3.31±0.03 28.5±0.2 

Hall B MACRO 1995 3.22±0.08 27.8±0.7 

Hall C BOREXINO 2012 3.41±0.01 29.46±0.08 

Cosmogenic neutron 
production 

 in organic liquid scintillator: 
Yield =  

(3.10±0.07stat±0.08syst)  
10-4 n/(μ g/cm2) 

Flux =  
(7.31±0.17stat±0.19syst) 

 n/m2/d 

JCAP08(2013)049 

Cosmic  
Muons  
in LNGS 
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Isotopes productions rates 
(compared with simulations) 
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Borexino and surrounded area simulated with Fluka and 4 Geant4 physics list 
Muon energy and angular distributions from MACRO  

μ+/μ- = 1.38 from OPERA 

JCAP08(2013)049 
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Geant4 Geant4 Fluka Borexino KamLAND
Model III Model IV

— hEµi = 283 ± 19GeV — hEµi = 260 ± 8GeV

Isotopes Yield [10�7 (µ g/cm2)�1]
12N 1.11± 0.13 3.0± 0.2 0.5± 0.2 < 1.1 1.8± 0.4
12B 30.1± 0.7 29.7± 0.7 28.8± 1.9 56± 3 42.9± 3.3
8He < 0.04 0.18± 0.05 0.30± 0.15 < 1.5 0.7± 0.4
9Li 0.6± 0.1 1.68± 0.16 3.1± 0.4 2.9± 0.3 2.2± 0.2
8B 0.52± 0.09 1.44± 0.15 6.6± 0.6 14± 6 8.4± 2.4
6He 18.5± 0.5 8.9± 0.4 17.3± 1.1 38± 15 not reported
8Li 27.7± 0.7 7.8± 0.4 28.8± 1.0 7± 7 12.2± 2.6
9C 0.16± 0.05 0.99± 0.13 0.91± 0.10 < 16 3.0± 1.2
11Be 0.24± 0.06 0.45± 0.09 0.59± 0.12 < 7.0 1.1± 0.2
10C 15.0± 0.5 41.1± 0.8 14.1± 0.7 18± 5 16.5± 1.9
11C 315± 2 415± 3 467± 23 886± 115 866± 153

Neutrons Yield [10�4 (µ g/cm2)�1]
3.01± 0.05 2.99± 0.03 2.46± 0.12 3.10± 0.11 2.79± 0.31

Table 4. Predicted yields for cosmogenic products obtained from Geant4 (Model III and IV)
and Fluka are compared to data from Borexino . Also shown are results from the KamLAND
experiment [9]. Note that the production yields depend on the number of carbon atoms per weight
and the muon energy spectrum. Thus, a 10 – 20% di↵erence between KamLAND and Borexino results
is expected.

6.2.2 Cosmogenic neutrons

Neutron capture time. The simulated neutron capture time of the Borexino scintillator
from Geant4 and Fluka are (275.8± 0.9) µs,3 and (253.4± 0.6) µs, respectively. This is
to be compared to the measured capture time of (259.7± 1.3stat± 2.0syst) µs. The neutron
capture time was also measured in Borexino using an Am-Be neutron source [11] which yields
(254.5± 1.8) µs. The experimental disagreement with the value measured from cosmogenic
neutrons could be explained by a fraction of neutrons which are captured on iron in the
source capsule. This was also observed by KamLAND [9].

Neutron production yield. In table 4, the neutron production yield is reported. The
observed neutron production deficit of the Fluka simulation was studied in [24]. The main
cause of the deficit was found to be the low cosmogenic production rate predicted for 11C
(table 4). At the LNGS depth, the production of 11C in liquid scintillator is followed by a
neutron emission in 95% of all cases as was shown by [16]. Since the measured 11C rate is
almost 30% of the neutron production rate, and the 11C rate given by Fluka is roughly
50% of the measured value, a reduction of the number of predicted cosmogenic neutrons
in the order of 15% is expected. The origin of the low 11C production rate in Fluka is
addressed by improvements to the Fermi break-up model [35, 36] which will be available
with the next Fluka release. The impact of the improved model for the 11C production
in liquid scintillator at LNGS energies is currently under investigation. In addition, Fluka
predicts the production of energetic deuterons (Ekin > 50MeV) inside the liquid scintillator

3The out-dated Geant4 version 4.9.2.p02 returns (254.9± 0.6) µs and is thus in agreement with the mea-
sured value. No explanation has been found for the discrepancy between the di↵erent Geant4 versions.
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Fluka and Geant4 reproduce results satisfactorily 
notable exceptions like 12B and 11C  

in agreement 
with spectral fit 
result 

G4 seems to 
reproduce better 
n-Yield, if n 
production in 
missing 11C is not 
taken into account 
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Ø  pp-ν flux measurement: 
      - first direct observation of neutrinos from the primary 

 proton-proton fusion reaction taking place in the Sun’s core. 
Ø  Precision pep-ν neutrino measurement (> 3σ). 
Ø  Measurement (or strong limits) on CNOν flux: 
       - first confirmation of fusion process that powers most stars. 
       - can help resolve the solar “metallicity problem”. 
Ø  7Be-νneutrino flux measurement at 3% and seasonal 

variation. 
Ø  Geo-νflux measurement with higher statistics. 
Ø  8B-νmeasurement with x4 statistics (aiming 10%). 

Ø  Measurements with artificial neutrino sources: Project 
SOX: Short distance Oscillations with BoreXino. 

       - search for sterile neutrino 
       - measurement of neutrino magnetic moment  

Phase II program 

2014 

2015 

2016-17 

2015 

2016 
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Geo-neutrinos 
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]'

K is not visible in liquid scintillator 
Th/U ratio is “fixed” to 3.9 by analysis 
of chondrites 

Geo-neutrinos: anti-neutrinos from the Earth a new probe of 
Earth's interior  

U, Th and 40K in the Earth release heat together with anti-neutrinos, in a well fixed 
ratio:  

 Earth emits antineutrinos                        whereas Sun shines in neutrinos. 

 A fraction of geo-neutrinos from U and Th (not from 40K) are above threshold for inverse 
E on protons:  

 

Different components can be distinguished due to different energy spectra: e. g. anti-Q 
with highest energy are from Uranium. 

p e n 1.8 MeV�Q � o � � Classical antineutrino detection 
in liquid scintillation detectors 

  G. Ranucci INFN Milano (Italy) PIC 2013 

γ (511 keV) γ (511 keV) 

γ (2.2 MeV) p 

n 

“delayed” 
~250 μs, ~70 

cm 

“prompt” 
~1 ns, ~ 1 cm 

E>1.8MeV 
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Qprompt > 480p.e. 
Qdelayed [860,1300]p.e.  
ΔR (prompt-delayed) <1m 
Δt  (prompt-delayed) [20-1280]µs  
Gattidelayed <0.015 (must be “β-like”) 

Large Fiducial Volume:  
distance from the vessel > 25 cm 

Author's personal copy

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

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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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. 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
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1 TNU = 1 event / 1032 protons / year D. D'Angelo for the Borexino Collaboration 
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SOX concept 

Tunnel 

JHEP 08 (2013) 038 

Pit 

Foreseen by design  
20y ago  
for source hosting 

80cm 

100cm Uninvasive deployment:  
no work on the detector 
no risk of contamination 
does not terminate the solar run 

8.25m 

If reactor anomaly is interpreted in terms of 
oscillations into light sterile neutrinos it points 
to L/E ~ 1m/MeV 
 

in Borexino with ~1MeV source: 
resolution ~15cm < L < detector size ~10m 
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SOX: (anti)neutrino sources 
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Figure 2. Left: decay scheme of 144Ce and 144Pr source; right: energy spectrum of the emitted ⌫̄
e

.
Only the portion of the spectrum above 1.8MeV can be detected via inverse � decay on protons.

↵-like events very e�ciently [36]. The position of each event is reconstructed by time-of-

flight with a resolution of about 15 cm at 0.7MeV, so that the distance from the source of

each event can be known with that precision.

Anti-neutrinos are neatly and e�ciently detected by means of inverse beta decay (IBD)

on protons. The low radioactivity and the clean tag o↵ered by the space-time coincidence

between the prompt e+ and the subsequent neutron capture (⌧=254 µs [24]) make acci-

dental background essentially zero (less than 1 event per year in the total volume). The

detection threshold for IBD is 1.8MeV, matching adequately the energy of the ⌫̄
e

emitted

by the 144Ce-144Pr source (the end point of the 144Pr is about 3MeV).

The 51Cr source will be produced by irradiating a large sample of highly enriched 50Cr

in a nuclear reactor which may accommodate such a large volume of Cr and yield a high

thermal neutron flux (⇡1015 cm�2 s�1). The amount of Cr may vary from 10 kg up to 35

kg, depending on the level of enrichment. The 144Pr source is done by chemical extraction

of Ce from exhausted nuclear fuel [25]. 51Cr decays via electron capture into 51V, emitting

two neutrino lines of 750 keV (90%) and 430 keV (10%), while 144Pr decays � into 144Nd

with an end-point of 3MeV (144Ce decays � too, but is below threshold). Figure 2 shows

the decay levels of 144Ce and 144Pr (figure 2 left) and the energy spectrum of the emitted

⌫̄
e

(figure 2 right). As it is clear from the figure, the 144Pr life-time is way to short to

allow the fabrication of a pure 144Pr source. The parent 144Ce nucleus has a much longer

life-time which fits the needs. The portion of the spectrum above the detection threshold

is the only useful for the experiment. Lower energy ⌫̄
e

interact elastically with electrons,

but their induced background is totally negligible.

Borexino can study short distance neutrino oscillations in two ways. The first way is the

standard disappearance technique used by many experiments at reactors, accelerators, and

with solar neutrinos: if oscillations occur, the total count rate is lower than that expected

without oscillations. The second way relies on the idea to perform an “oscillometry” mea-

surement within the detector volume [22]: due to the fact that the values of �m2
41 inferred

from the existing neutrino anomalies is of the order of 1 eV 2 and that the energy of radioac-

– 4 –

Source Produ
ction 

Exp. 
activity 

Decay 
mode 

τ Energy kg/Mci W/kCi 

51Cr Gallex 
source 

10MCi e-capture 
(Eγ=0,32 
MeV 10%) 

40d 750 (90%) 
430 (10%) 

0.011 0.19 

144Ce-144Pr Fission 
product 

75-150 
kCi 

β- 411d <3MeV 0.314 7.6 

JHEP 08 (2013) 038 
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SOX 51Cr run 
�  Source obtained by irradiation of 

the source used in Gallex 
◦  38% enrichment. 

�  Mayak (Ru) vs. Oakridge (USA)  
◦  Both option are in the negotiations.  
◦  Source needs quick transportation! 

�  Source size ~15cm: comparable 
to position resolution 

�  Need to know FV at 1%:  
◦  ok (via calibrations). 

�  Need to know activity at 1%:  
◦  via Heat: calorimeter under design. 
◦  Gallex made 2%. 

�  Need to have constant 
backgrounds: currently so. 
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sin2(2Θ14)=0.3 
and Δm2

41=2 eV2.  
Activity: 370PBq (10MCi) 

Data taking: 90d 
 
The oscillatory behavior allows to 
reconstruct Θ14 and Δm2

41 
 
Sensitivity can be enhanced by 
short life-time of the 51Cr. 

JHEP 08 (2013) 038 

tentative schedule: 
spring 2015 

run for 3 months 

Geant-4 full simulation 

D. D'Angelo for the Borexino Collaboration 



SOX 144Ce-144Pr run 
�  Source can be produced out of spent 

nuclear fuel in Mayak (Ru). 
�  Larger anti-nu cross section. 
�  Problem with 2.1 MeV gamma: needs 

tungsten shielding. 
�  Very hot: needs cooling. 
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JHEP 08 (2013) 038 

Options of placing the source 
nearer to detector center:  
1)  at 7.15 m in water buffer  
2)  directly in the scintillator 
only possible after solar run. 

tentative schedule: 
late 2015 

run for 1.5 year 

expected oscillatory pattern 

D. D'Angelo for the Borexino Collaboration Rencontres de Moriond  2014 – Borexino results and prospects 



SOX: sensitivity 

28 

J
H
E
P
0
8
(
2
0
1
3
)
0
3
8

Distance from the source [m]
2 3 4 5 6 7 8 9 10 11 120

100

200

300

400

500

600

700

800
Unoscillated overall spectrum

Oscillated overall spectrum

MC Data

nCr 51

nBe 7

Po210

Other bg

Figure 3. Example of a possible outcome of the 51Cr experiment (Phase A) with sin2(2✓14)=0.3
and �m2

41=2 eV2. Data points are obtained with a full Geant-4 simulation that was validated at 1%
level with calibration sources, including known backgrounds. The signal (red band) is dominating
at all distances from the source. The oscillatory behavior allows to reconstruct ✓14 and �m2

41.

tive induced neutrinos is of the order of 1MeV, the typical oscillations length amounts to a

few m and the resulting oscillations waves can be directly “seen” with a large detector like

Borexino. This is easily understood from the well-known two-flavor oscillation formula:

P
ee

= 1� sin2 2✓14 sin
2 1.27�m2

41(eV
2)L(m)

E(MeV )

where ✓14 is the mixing angle of the ⌫
e

(or ⌫̄
e

) into sterile component, �m2
41 is the corre-

sponding squared mass di↵erence, L is the distance of the source to the detection point, and

E is the neutrino energy. The imprinting of the survival probability P
ee

on the spatial distri-

bution of the detected events is shown in figure 3, for the 51Cr source (Phase A), indicating

that for appropriate values of ✓14 and �m2
41 the oscillometry behavior is clearly detectable,

if exists, as waves superimposed on the event profile in space. It is evident from the figure

that the experiment would also be sensitive to any deformation of the shape. Oscillation

parameters can be directly extracted from the wavelength and amplitude of the wave.

This result may be obtained only if the size of the source is not too big. The 51Cr

source will be made by about 10-35 kg of highly enriched Cr metal chips which have a total

volume of about 4-10 l. The real weight and volume will depend on the final level of isotopic

enrichment of the material which may vary from 38% up to maximum 95%. The source

linear size will be therefore about 15-23 cm, comparable to the position reconstruction

resolution of the events. The 144Ce-144Pr source is made of a few hg of Ce and its size is

negligible. In all simulations shown below the source size e↵ect is included.

– 5 –

Reactor  Anomaly 

Excluded by  
Solar+KamLAND 

JHEP 08 (2013) 038 CeSOX χ2 sensitivity!
!  Take 0.2 m MeV-1 bins (twice L/E resolution) 
!  Compute sensitivity to « no oscillation » hypothesis, according to χ2 formula shown 

previously 
!  Δχ2 = χ2-χ2

min follows χ2 distribution with 2 dof 
!  In next slides, chose 95% CL, Δχ2 = 6 
!  Reminder: χ2 contours are statistically averaged contours. If we perform N realizations, allowing for 

statistical fluctuations, the average of obtained contours must give the contour displayed on sensitivity plots.  
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Conclusions 
�  Borexino detector is taking data since 2007 and is now its 

phase II. 
◦  The background levels are unprecedented and are still 

improving. 
�  Phase I brought fundamental results over a broad range of 

solar neutrinos (7Be, 8B, pep, CNO limits) and geo neutrinos. 
�  First Phase II result: pp-neutrino flux  
◦  to be released this year. 

�  Phase II next goal will be a measurement of CNO fluxes. 
◦  along with more stringent measurement of 7Be, 8B, pep, and geo. 

�  SOX project will test the Reactor Anomaly region for 
oscillations into sterile neutrinos. 
◦  a 51Cr and a 144Ce-144Pr sources will be placed under the 

detector in 2015-16. 
◦  after solar run: eventually place Ce source inside. 
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Energy production in the sun 

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

12C + p⇥ 13N (1.2)
13N⇥ 13C + e+ + �e(2.22 MeV) (1.3)

13C + p⇥ 14N (1.4)
14N + p⇥ 15O (1.5)

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

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

15N + p⇥ 16O (1.8)
16O + p⇥ 17F (1.9)

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

15O⇥ 15N + e+ + �e(2.75 MeV) (1.13)

5

PP-chain  
>99% energy production 

5 νspecies 

CNO-cycle  
<1% energy production 

3 νspecies 
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