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•  Most recent Standard Solar Model (SSM) is named B16 
•  N. Vinyoles et al.,  Astroph. Journ. 835 (2017) 202 

•  previous version was SFII (2011) 

•  Model the evolution of the star from formation until now 4.57 109y 
•  assume equilibrium between gravitation and pressure 

•  Input:  

•  Solar Luminosity and Radius 

•  Homogeneous mixture of H, He and “heavy” elements: Xini, Yini, Zini 

•  αMLT : parameter entering in the description of the convection 

•  Cross sections for nuclear reactions (S factors) 

•  Opacity 

•  Observables: 

•  Helioseismology 

•  Solar Neutrinos 

The Standard Solar Model(s): SSM 
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Each neutrino is labeled 
according to the reaction in 
which it is emitted: 
•  pp-neutrinos 
•  pep-neutrinos 
•  7Be-neutrinos 
•  8B-neutrinos 
•  hep-neutrinos 

MeVeHeeH e 7.262224 4 +++→+ +− υ

The pp chain 
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~99% of the Sun energy 



The CNO cycle 
•  C, N, and O act as catalyzers of the 

same net reaction 

•  The CNO cycle has a strong 
temperature dependence 

•  It becomes dominant for stars 
heavier then the Sun 

•  In the Sun only about 1-2% of 
Energy is produced by CNO cycle 

•  The 3 neutrino species (13N, 15O, 
17F) emitted by the CNO cycle 
reactions have never been observed 
so far. 
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Solar neutrino 
problem 

Study of  the details 
of ν flux 

Why measure solar neutrinos? 
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Astrophysics 
Original motivation of the first 
experiments on solar ν was to 

test Standard Solar Model (SSM)  
 

Particle physics 
Solar ν experiments played a 
major role in the discovery of 

oscillations 



Solar neutrino detectors 
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SuperK,SNO 

Homestake 

Gallex/SAGE 

Borexino 



ν detected Signal Signal/SSM 

Homestake 
7Be, pep, 
CNO, 8B 256  ±  0.23 SNU 0.32 ±  0.05 

Gallex/GNO/
SAGE 

pp,7Be, 
pep,CNO,8B 66.2  ±  3.1 SNU 0.52 ±  0.03 

SK I+II+III+IV 8B F8B=2.345±0.039 106 cm-2 s-1 0.42 ±  0.06 

SNO 8B 
FES=2.04±0.18 106 cm-2 s-1 

FCC=1.67±0.07 106 cm-2 s-1 

Fnc=5.25±0.20 106 cm-2 s-1 

0.36 ±  0.06 
0.30 ±  0.04 
0.94 ±  0.14 

Kamland 
7Be 
8B 

58.2±  9.4 cpd/100t 
0.15 ±  0.02 cpd/100t 

0.66 ±  0.11 
- 

Borexino Phase I 
(new Phase II not 
included here) 

pp (Phase II)      
7Be 
pep 

CNO 
8B 

144 ±  16 cpd/100t 
46.0±  2.2 cpd/100t 
3.1 ±  0.7 cpd/100t 

0.22 ±  0.04 cpd/100t 
<7.9 95% CL cpd/100t 

0.75 ±  0.08 
0.63 ±  0.05 
0.70 ±  0.15 
0.43 ±  0.10 

- 
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50 years of solar neutrino detection 
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Global analysis of  
oscillation data  

I. Esteban et al, JH
EP 01 (2017). 

•  Confirmation of the basic energy production 
mechanism in the Sun 

•  Solar Neutrino Problem was solved: 

•  Evidence of ν oscillations  

•  Interaction of ν with matter MSW 

We learned a lot… 
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Water Chernkov: 
Super-Kamiokande 

Liquid scintillator: 
Borexino 

…but we are still measuring 



  

§  Pee should show a Vacuum-
to-Matter transition 

§  Non Standard Interactions 
could modify Pee in the 
transition region 

§  Precise flux measurements 
of single spectral component 

§  Measure 8B with low 
threshold 

§  Have good accuracy for the 
lowest 8B energy bin  

1.  Particle Physics interest:  
Precision measurements to confirm LMA-MSW 

Why still measure solar neutrinos? (1/2) 
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Solar ν fluxes are potentially sensitive to the Sun metallicity 

9
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Figure 2. Fractional sound speed difference in the sense
δc/c = (c⊙ − cmod)/cmod. Grey shaded regions corresponds
to errors from the inversion procedure (see text for details).
Red shaded region corresponds to errors from the model vari-
ation which we chose to plot around the AGSS09met central
value (solid red line). An equivalent relative error band holds
around the central value of the GS98 central value (solid blue
line) which we do not plot for the sake of clarity. Dashed line
shows, for comparison, results for the older SFII-GS98 SSM.

traction of the sound speed profile is sensitive to un-
certainties in the measured frequencies, numerical pa-
rameters inherent to the inversion procedure and the
solar model used as a reference model for performing
the inversion. Such detailed analysis was carried out
in Villante et al. (2014), in which the SSM response to
varying input parameters was modelled using power-law
expansions and the three uncertainties related to the ex-
traction of δc/c from observed data were taken directly
from Degl’Innoccenti et al. (1997).
In this work, we use large MC sets of SSMs (Sect. 4)

to account for model errors and correlations instead of
using power-law expansions around a reference model.
The total error from all input parameters in SSMs is il-
lustrated in Fig. 2 as the shaded area embracing the B16-
AGSS09met curve. Note that in comparison to previous
estimates, e.g. Villante et al. (2014), errors are larger
due to the adoption of the larger opacity uncertainty.
It should also be noted that model errors are strongly
correlated across the solar radius.
The total error due to the three error sources linked

to δc/c inversion is shown in Fig. 2 as the grey shaded
area around 0. We have improved the calculation of
two of these error sources in comparison to results in
Degl’Innoccenti et al. (1997). The first one is the error
in δc/c resulting from propagating the errors in the ob-
served frequencies. This is now done on the basis of the
BiSON-13 dataset, a much more modern dataset with
smaller frequency errors. This is not a dominant error
source at any location in the Sun. More importantly,
however, is the dependence of the solar sound speed on
the reference model employed for the inversion. Pre-

GS98 AGSS09met

Case dof χ2 p-value (σ) χ2 p-value (σ)

YS +RCZ only 2 0.9 0.5 6.5 2.1

δc/c only 30 58.0 3.2 76.1 4.5

δc/c no-peak 28 34.7 1.4 50.0 2.7

Φ(7Be) + Φ(8B) 2 0.2 0.3 1.5 0.6

all ν-fluxes 8 6.0 0.5 7.0 0.6

global 40 65.0 2.7 94.2 4.7

global no-peak 38 40.5 0.9 67.2 3.0

Table 5. Comparison of B16 SSMs against different ensem-
bles of solar observables.

viously (Degl’Innoccenti et al. 1997; Basu et al. 2000),
this dependence was estimated by performing sound
speed inversions for a few solar models with different in-
put physics, but with fixed solar composition. Here, in-
stead, we resort to using two sets of 1000 SSMs originally
computed by Bahcall et al. (2006), with one set based
on GS98 and the other one on AGS05 (Asplund et al.
2005) solar compositions. In both cases, composition
uncertainties used for those datasets correspond to the
so-called “conservative” uncertainties and are, in fact,
about twice as large, or more, as those quoted in the cor-
responding spectroscopic results. In addition, all other
input parameters in SSM calculations have been varied.
For these 2000 models, inversions have been carried to
determine the solar sound speed profiles. The dispersion
of the results, as a function of radius, have been used to
derive the dependence of inferred solar sound speed on
the inversion reference model. An alternative, and more
consistent approach, would be to perform inversions for
all the models in our MC simulations, as was done in
Bahcall et al. (2006). This is a very time consuming
procedure because it is not fully automated and we de-
cided not to repeat it in the present paper. But our
approach, just described, makes use of a broad range of
SSMs and ensures a conservative estimate of this error
source. A comparison of our current estimates of un-
certainties with respect to previous estimates is shown
in Fig. 3, where solid and dashed lines depict currently
adopted and older errors respectively.
Using model and inversion uncertainties as described

above, we compare how well the predicted sound speed
profiles of B16-GS98 and B16-AGSS09met agree with
helioseismic inferences. For this, we use the same 30 ra-
dial points employed in Villante et al. (2014). We use
the models in the MC simulations to obtain the covari-
ance matrix for these 30 points and assume inversion
uncertainties at different radii as uncorrelated. We ac-
knowledge the latter is an assumption and we expect to
improve on it in the future. Results are shown in the
second row of Tab. 5. For 30 degrees-of-freedom (dof),
B16-GS98 gives χ2 = 58, or a 3.2σ agreement with data.

Sound speed 

Why still measure solar neutrinos? (2/2) 
2.  Astrophysics interest:  the metallicity puzzle 

�  Since 2001: a new 3D analysis of spectroscopic data from photosphere 
indicates lower values of surface solar metallicity (LZ) 

�  But solar models reproducing these new LZ values disagree with 
helioseismology data 
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ν flux GS98 
(HZ) 

AGSS09met 
(LZ) 

cm-2 s-1 Δ 

pp 5.98 (1±0.006) 6.03 (1±0.005) x 1010 +0.8% 
pep 1.44 (1±0.01) 1.46(1±0.009) x 108 +1.4% 
7Be 4.93 (1±0.06) 4.50 (1±0.06) x 109 -8.7% 
8B 5.46 (1±0.12) 4.50 (1±0.12) x 106 -18% 

13N 2.78 (1±0.15) 2.04 (1±0.14) x 108 -27% 
15O 2.05 (1±0.17) 1.44 (1±0.16) x 108 -24% 



Super-Kamiokande	
�  Super-Kamiokande detector 
◦  Located at Kamioka, Japan 

�  1000 m under Ikenoyama mountain 

�  2700 m water equivalent  

◦  50 kton ultra pure water tank 
�  More than 11,000 20-inch PMTs for ID 

�  22.5 kton for the fiducial volume 

◦  Water Cherenkov technique 
�  Energy, direction, particle ID 

�  Over 20 years of solar neutrino 
observation 

39.3 m	

41
.4

 m
	 ν
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Observed 8B solar neutrino signal	

SK 
phase	

Energy 
[MeV(kin)]	

Live time 
[days]	

8B Flux 
[×106/cm2/s]	

SK I	 4.5-19.5	 1496	 2.38±0.02±0.08	

SK II	 6.5-19.5	 791	 2.41±0.05±0.16	

SK III	 4.0-19.5	 548	 2.40±0.04±0.05	

SK IV	 3.5-19.5	 2365 
2645	

2.32±0.02±0.04 
under preparation	

All SK	 5200	 2.355±0.033	

•  89k solar neutrino events 
observed (until March 2017) 

•  Measured 8B fluxes are 
consistent within uncertainties 

MC: 5.25×106/cm2/s 
DATA/MC = 0.4486±0.0062 

(stat+syst) 
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Preliminary	



All SK phases 
are combined 
without regard 
to energy 
resolution or 
systematics in 
this figure. 

SK spectrum is consistent within 

1 σ with the MSW upturn obtained with oscillation params from Solar Global Analysis 

2 σ with the MSW upturn obtained with oscillation params from Solar+Kamland Analysis 

Statistical error only	

5480 days 

Solar+KamLAND 
Solar global 
Quadratic 
Exponential	

best fits: 
χ2/ndf = 75.5/80 

1σ 
2σ 
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SK energy spectrum	

Preliminary	



8B solar neutrino yearly flux	

No correlation with the 11 years solar activity is observed: 
Super-K solar rate measurements are fully consistent with a 
constant solar neutrino flux: χ2/ndf = 15.5/19 (Prob. = 68.9%) 

•  Sun spot numbers are 
strongly correlated 
with the solar activity 
cycle (~11 years). 

•  SK has observed 8B 
solar neutrinos for 
more than 1.5 cycles. 

•  Data taken until 
March 2016 is used. Preliminary	

SK-I	

SK-II	

SK-III	

SK-IV	
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SK Periodic modulation	

Preliminary	

�  In 2003, SK collaboration inspected time 
variations of SK-I 8B ν flux (Phys. Rev. D 68, 
092002 (2003)) using Lomb-Scargle (LS) 
method and found none. 

�  Others have observed a significant peak at 
9.42 year-1, e.g. Astropart. Phys. 82, 86-92 (2016), 
using Generalized Lomb-Scargle (GLS). 

�  SK has recently reanalyzed both SK-I and 
SK-IV using GLS: 
◦  5-days binning 

◦  same energy range (4.5-19.5MeVkin) 

◦  similar live time: SK-I: 1496d, SK-IV: 1664d 

�  Search region [5-15] year-1  

�  Maximum peak at 9.42 year-1 found in SK-I  
but not in SK-IV	

Phys. Rev. D 68, 092002 (2003) 
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SK-I 



16 

Water Tank: 

γ and n shield 

μ water Č detector 

208 PMTs in water 

2100 m3 

Scintillator: 

278 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 r: 4.25 m 

Outer r: 5.50 m 

(radon barrier) 

The Borexino Detector 
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3800m w.e. of rock shielding  



Phase 2 Solar neutrinos 

•  pp  ν: 1st observation (Nature 2014) 

•  seasonal modulation of 7Be ν  
(Astr.Phys. 92 (2017) 21)  

•  First simultaneous precision spectroscopy of pp, 7Be 
and pep solar ν (arXiV:1707.09279) 

•  Update on 8B neutrinos (arXiV:1709.00756) 

•  Update on ν eff. mag. moment  
(arXiv:1707.09355)  

May  
2007 

May  
2010 

Oct.  
2011 

Purification Preparation 

Borexino data taking campaign 
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Apr  
2018 

SOX 

now calibrations 

Phase 1 

Solar neutrinos 

•  7Be ν : 1st observation + 
precise measurement 
(5%); Day/Night 
asymmetry;  

•  pep ν : 1st observation;  

•  8B ν with low 
threshold;  

•  CNO ν : best limit;  
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NEW! 

NEW! 

NEW! 

NEW! 



So, what we see is only the energy carried away by the electron,  
NOT the total neutrino energy 

Borexino’s solar neutrino signals 
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νx + e- à νx + e-   

pep ν

7Be ν
pp ν

CNO

8B ν

Elastic scattering on electrons 



14C (β-)  

210Po (α) 

11C (β++2γ) 

7Be ν’s 

1 MeV 

85Kr (β-) 

210Bi (β-) 
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External γ 

Basic data selection 
1.  Raw spectrum 
2.  Muon cut 
3.  Fiducial Volume cut 

The Borexino Energy spectrum 



Number of collected 
photons  
[photoelectron yield ~ 
500 p.e./MeV] 

For each scintillation event Borexino records 

Time of arrival each 
photons   

Energy  

Position  

E
5%~

E
σ(E)

E
10cm~

x
σ(x)

Pulse-shape 
discrimination  α, β-, β+

Borexino performance 
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count rate in 7Be region 
[215,715]keV 

30d binning 
December June 

September 

March 

Eccentricity ε = (1.74 ± 0.45)% 
Period T = (367 ± 10) days 
Phase Φ = (-18 ± 24) days 

Seasonal Modulation 
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Borexino does indeed observe neutrinos from the Sun! 

Expected yearly modulation due to Earth’s orbit 
eccentricity ε= 1.67% 

Time [days]
0 50 100 150 200 250 300

Re
lat

ive
 R

ate

0.85

0.9

0.95

1

1.05

1.1

1.15

Figure 3: Measured monthly event rate [cpd/100 ton] relative to the
average rate of �-like events passing selection cuts. Data from di↵er-
ent years are cumulated. The line is the expected variation according
to eq. 2, parametrizing the e↵ect of the Earth’s orbit around the Sun.
Time bins are 30.43 days long.

3.1. Fit to the Event Rate

Due to Earth’s orbital eccentricity (✏ = 0.0167), the
total count rate is expected to vary as

R(t) = R

0

+R


1 + ✏ cos

2⇡

T

(t� �)

�
2

(2)

where T is the period (one year), � is the phase relative to
the perihelion, R is the average neutrino interaction rate
and R

0

is the time independent background rate. This
formalism is consistent with the MSW solution in which
are no additional time modulations, at the 7Be energies
[24].

In this approach, the event rate as a function of the
time is fit with the function defined in equation 2. Fig-
ure 3 shows the folded, monthly event rate relative to the
average rate measured in Borexino, with t = 0, 365 repre-
senting perihelia. Data from the same months in successive
years are added into the same bin. Having normalized to 1
the overall mean value, the data are compared with Eq. 2
and show good agreement with a yearly modulation with
the expected amplitude and phase. The no modulation hy-
pothesis is excluded at 3.91 � (99.99% C.L.) by comparing
the �

2 obtained with and without an annual periodicity.
To extract the modulation parameters, we perform a �

2

fit of the data with 30.43-day bins, without folding multi-
ple years on top of each other. Figure 4 shows the event
rate (in cpd/100 ton) along with the best fit. From [2], the
expected neutrino average rate in this energy range is ⇠32
cpd/100 ton. The fit returns an average neutrino rate of
R = 33 ± 3 (cpd/100 ton), within 1� of the expected one
(�2

/ndof = 0.68, ndof = 42). The best-fit eccentricity is
✏ = 0.0174 ± 0.0045, which corresponds to an amplitude
of the modulation of (7.1± 1.9)%, and the best-fit period
is T = 367 ± 10 days. Both values are in agreement with

the expected values of 6.7% and of T = 365.25 days. The
fit returns a phase of � = �18± 24 days. The robustness
of the fit has been studied by varying the bin size between
7 and 30 days, by shifting the energy range for selected
events, and with and without ↵ � � mlp ine�ciency. Fit
results are found not to vary greatly and are all in agree-
ment with the expected modulation due to the Earth’s or-
bit eccentricity. The resulting systematic uncertainty on
the eccentricity is 10%.

Time [days]
0 200 400 600 800 1000 1200 1400

cp
d/1

00
 to

n

32

34
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38

40

42

44

46

48
50

Figure 4: Measured rate of �-like events passing selection cuts in
30.43-days long bins starting from Dec 11, 2011. The red line is
resulting function from the fit with the Eq. 2.

3.2. The Lomb-Scargle method

The second approach uses the Lomb-Scargle method.
This extension of the Fourier Transform is well suited for
our conditions since it can treat data sets that are not
evenly distributed in time. In the Lomb-Scargle formalism,
the Normalized Spectral Power Density, P (f), also known
as the Lomb-Scargle periodogram and derived for N data
points (R

1

. . . Rj . . . RN ) at specific times tj , is evaluated
and plotted for each frequency f as:

P (f) =
1

2�2

( ⇥
⌃j(Rj �R) cos!(tj � ⌧)

⇤
2

⌃j cos2 !(tj � ⌧)

+

⇥
⌃j(Rj �R) sin!(tj � ⌧)

⇤
2

⌃j sin
2

!(tj � ⌧)

)
(3)

R =
R

1

+R

2

+R

3

+ ...+RN

N

=
1

N

NX

j=1

Rj

�

2 =
1

N � 1

NX

j=1

�
Rj �R

�
2

tan 2!⌧ =

P
j sin 2!tjP
j cos 2!tj

5

Confirmed 
by Lomb-

Scargle 



  

improved 
knowledge of 
energy 
response over a 
wide energy 
range (including 
non linearities, 
non 
uniformities, ...) 

this analysis 
190-2930 keV 

7Be, pep 
analyses  
(phase-I) 

pp 
analysis 

New wide energy range analysis  

PIC 2017 – Solar Neutrinos D. D'Angelo 22 

Data-set: Dec 14th 2011- May 21st 2016; 

Total exposure: 1291.51 days x 71.3 tons;  



Maximize a binned likelihood 
through a multivariate approach  

)()()()()( ϑϑϑϑϑ
prLPSradtagsub LLLLL −⋅⋅⋅=

Monte Carlo  
•  Full simulation of energy loss, detector 

geometry, optical photons (scintill. & 
Cherenkov), PMTs & electronics response. 

•  Tuned with calibration data taken during 
Phase 1 è sub% accuracy (arXiv:1704.02291) 

•  Included known time variations of the 
detector (vessel shape, PMT status) 

•  Only free parameters:  

•  solar ν and background rate 

Analytical 
•  Analytical model to link E to Np, Npe  

(including scintillation and Cherenkov light) 

•  Models the E resolution 

•  Free fit parameters: 

•  solar ν and background rate 

•  6 model parameters: Light Yield, 2 
resolution param., position & width of 
210Po peak, start of the 11C spectrum 

•  Possibility to descrive unknown time variations 

Energy 

Radial distr. 
(ext. gammas) 

Pulse shape 
(11C) Fit strategy 
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~250μs 
nCC ++→+ 1112 µµ

MeVdpn 2.2γ+→+eeBC ν++→ +1111
~30min	

Fight 11C: Three-Fold Coincidence (TFC) 

24 D. D'Angelo 

  

Threefold coincidence

Multivariate Fit (Likelihood)

–  radial distribution

–  β
+/-

 pulse shape discrimination

–  TFC subtracted spectrum 

(~50% exposure)

–  Complementary spectrum

[1]

μ + 
12

C → μ + 
11

C + n

[2]

11

C → 
11

B + e
+ 

+ ν
e  

(~30 min)

[3]

H + n → D + γ

2.2 Mev (250 μs )

Β

+
/-
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neutron 
capture 
point 

The likelihood that an event is 11C is computed from: 

1.  Space-time distance from the μ-track 

2.  Space-time distance from the neutron and from 
the n-projection on the track 

3.  neutron multiplicity 

4.  Muon dE/dx 

Improved alghorithm: 
 11C tagging efficiency (92±4)% 
~64% of exposure preserved 

11C rate 
(28.5 ± 0.5)  

cpd/100t 



Identified a new pulse-shape variable: PS-LPR 
[the normalized output likelihood of the position reconstruction algorithm] 

The scintillation time profile is different for 
e- and e+ for two reasons: 

1.  in 50% of the case e+ annihilation is 
delayed by ortho-positronium 
formation (t~3ns) 

2.  e+ energy deposit  is not point-like 
because  of the two annihilation 
gammas 

Fight 11C: Pulse Shape Discrimination 
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11C decays β+ ! 



Multivariate fit example (MC) 
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FIG. 1. Multivariate fit results (an example obtained with the MC method) for the TFC-subtracted (left) and the TFC-tagged
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order unexpected e↵ects or unforeseen variations of the
detector response in time.
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Radial distribution PS_LPr distribution 

Energy spectrum (TFC subtracted) Energy spectrum (TFC tagged) 

Energy estimator: Nhits  



Zoom to the low energy region (200-830) keV 

Energy estimator: npmts_dt2  

Example using the analytical fit 
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Rates Borexino results 
(cpd/100t) 

expected HZ 
cpd/100t 

expected LZ 
cpd/100t 

pp 134 ± 10+6
-10 131.0 ±  2.4 132.1 ±  2.4 

7Be(862+384 keV) 48.3 ± 1.1+0.4
-0.7 47.8  ±  2.9 43.7  ±  2.6 

pep (HZ-CNO) 2.43 ± 0.36+0.15
-0.22 2.74  ±  0.05 2.78  ± 0.05 

pep (LZ-CNO) 2.65 ± 0.36+0.15
-0.24 2.74  ±  0.05 2.78  ±  0.05 

Fluxes Borexino results 
(cm-2s-1) 

expected HZ 
(cm-2s-1) 

expected LZ  
(cm-2s-1) 

pp (6.1 ± 0.5+0.3
-0.5) 1010 5.98 (1± 0.006) 1010 6.03 (1± 0.005) 1010 

7Be(862+384 keV) (4.99 ± 0.13+0.07
-0.10) 109 4.93 (1± 0.06) 109 4.50 (1± 0.06) 109 

pep (HZ-CNO) (1.27 ± 0.19+0.08
-0.12) 108 1.44 (1± 0.009) 108 1.46 (1± 0.009) 108 

pep (LZ-CNO) (1.39 ± 0.19+0.08
-0.13) 108 1.44 (1± 0.009) 108 1.46 (1± 0.009) 108 

Whole energy range fit results 
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The final numbers are the average values obtained in different fit conditions; 
differences are quoted as systematic error.  

CNO rate 
fixed to 
HZ- or 
LZ-value 



Phase I  Phase II 
Uncertainty  
reduction 

 
   

 pp 144 ± 13±10 134 ± 10+6
-10 0.78 

 7Be(862keV) 46.0 ± 1.5+1.6
-1.5 46.3 ± 1.1+0.4

-0.7 0.57 

 pep 3.1 ± 0.6 ± 0.3 

(HZ) 2.43 ± 0.36+0.15
-0.22 

 
(LZ) 2.65 ± 0.36+0.15

-0.24 

0.61 

IPhase
IIPhase

Improvement of the new analysis 
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Background 
species 

Rate  
(cpd/100t) 

14C (Bq/100t) 40.0±2.0 
85Kr 6.8±1.8 
210Bi 17.5±1.9 
11C 26.8±0.2 

210Po 260.0±3.0 

Ext 40K 1.0±0.6 

Ext 214Bi 1.9±0.3 

Ext 208Tl 3.3±0.1 

factor 4.6 reduction with respect to Phase-I 

factor 2.3 reduction with respect to Phase-I 

Borexino Phase-II backgrounds 

39Ar, 40K below detection limit 

232Th (from 212Bi-Po) < 5.7 10-19 g/g 95% C.L. 

238U  (from 214Bi-Po) < 9.4 10-20 g/g 95% C.L. 
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Borexino’s core is the  
radio-cleanest spot on Earth:  
over 10 orders of magnitude  

below typical radioactivity levels 



Two methods to take into 
account pile-up: 

•  Effects of non perfect 
modelling of the detector 
response; 

•  Uncertainty on theoretical 
input spectra (210Bi) 

85Kr constrained to be 
<7.5cpd/100t (95% C.L.) from 
Kr-Rb  delayed coincidences 

Sources of systematic errors 
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Applying more stringent cuts on FV and on 
the pulse-shape variable PS_LPR  we can 
actually see the pep n shoulder! 

5σ evidence of pep signal 
(including systematic errors) 

Evidence of pep νsignal 
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which can simulate all processes following the interac-
tion of a particle in the detector (energy deposits includ-
ing ionization quenching in the scintillator, scintillation
and Cherenkov light production, photon propagation and
detection, response of the electronics chain) including all
known characteristics of the apparatus (geometry, prop-
erties of the materials, number of working channels) and
their evolution in time. All the MC input parameters
have been chosen or optimized using samples of data
independent from the ones used in the present analy-
sis (laboratory measurements and Borexino calibrations
with radioactive sources [15]) and the simulation of the
variables relevant for the present analysis has reached
sub-percent precision [14].

Once the MC input parameters have been tuned,
events are generated according to the theoretical sig-
nal and background energy spectra and processed as real
data [18]. 210Po decays are simulated according to their
actual spatial and time distributions, obtained from ex-
perimental data by tagging 210Po with a novel pulse-
shape discrimination method based on a MultiLayer Per-
ceptron (MLP) algorithm [19]. For every species, three
dimensional histograms are built for each of the energy

estimators (Nh, Np and N

dt1(2)
p ), the reconstructed ra-

dius, and the PS-LPR variable. When properly binned
and normalized, these histograms represent the PDF’s
used in the fit. In the MC approach, there are no free fit
parameters except for the interaction rates of all species.
The goodness of the fit demonstrates simultaneously the
accuracy of the MC simulation as well as the stability of
the detector response over the period of five years.

The interaction rates of pp, 7Be, and pep ⌫’s are ob-
tained from the fit together with the decay rates of
85Kr, 210Po, 210Bi, 11C, and external backgrounds (208Tl,
214Bi, and 40K � rays).

In the MC approach, the MC-based pile-up spec-
trum [14] is included in the fit with a constraint of
(137.5± 2.8 cpd/100 t) on the 14C-14C contribution based
on an independent measurement of the 14C rate [9]. In
the analytical approach, pile-up is taken into account
with the convolution of each spectral component with the
solicited-trigger spectrum [9]. Alternatively, the analyti-
cal fit uses a synthetic pile-up spectrum [9] built directly
from data. The di↵erences between these methods are
quoted in the systematic error (see Table III).

In order to break the degeneracy between the 210Bi
and the CNO ⌫ spectral shapes we constrain the CNO
⌫ interaction rate to the HZ-SSM predictions, including
MSW-LMA oscillations (4.92 ± 0.56 cpd/100 t) [4] [20].
The analysis is repeated constraining the CNO ⌫ rate to
the LZ-SSM predictions (3.52 ± 0.37 cpd/100 t) and in
case of di↵erence the two results are quoted separately.
The contribution of 8B ⌫’s is small in the energy region
of interest for this analysis: it has been fixed to the HZ-
metallicity rate 0.46 cpd/100 t.

The interaction rates of solar neutrinos and the decay
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FIG. 4. TFC-subtracted energy spectrum zoomed between
800 keV and 2700 keV after applying stringent selection cuts
on the radial distribution (R< 2.4m) and on the pulse-
shape variable distribution (PS-LPR <4.8): the characteristic
Compton-like shoulder in the electron-recoil spectrum visible
in the plot is due to pep ⌫ interactions.

rates of background species, obtained by averaging the
results of the analytical and MC approaches, are sum-
marized in Tables I and II, respectively.

An example of the multivariate fit (with the MC ap-
proach) is shown in Fig. 1 (TFC-subtracted and TFC-
tagged energy spectra), and in Fig. 2 (radial distribution
and PS-LPR pulse-shape distribution).

The details of the fit at low energies (between ⇠ 230
and 830 keV) can be appreciated in Fig. 3. In this ex-
ample, obtained with the analytical fit procedure, the
pile-up is not present since it is taken into account with
the convolution method mentioned above.

To recognize the pep ⌫ contribution to the measured
electron-recoil spectrum, the TFC-subtracted spectrum,
zoomed into the highest energy region (between 800 keV
and 2700 keV), is shown after applying stringent selec-
tion cuts on the radial distribution (R< 2.4m) and on
the pulse-shape variable distribution (PS-LPR<4.8) (see
Fig. 4): the characteristic Compton-like shoulder due to
pep ⌫ interactions becomes clearly visible.

An extensive study of the systematic errors has been
performed and the results are summarized in Table III.

Di↵erences between the results of the analytical and
the MC fits are quoted as systematic errors. Further
systematic uncertainties associated with the fitting pro-
cedure were studied by performing the fit in many dif-
ferent configurations (varying the energy estimator, the
number and width of the bins, as well as the fit range).



From Borexino new flux 
measurements: 

R = 0.18 ± 0.02 

•  The competition between pp-I and pp-II 
branches of the pp chain is given by the ratio: 

•  From the pp and 7Be fluxes it is possible to 
determine the ratio R  

•  An important experimental test of the solar 
fusion 

•  Theoretical predictions: 

R(HZ)= 0.18 ± 0.01 

R(LZ)= 0.16 ± 0.01 

A probe of solar fusion 
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R ≡
3He+ 4He
3He+ 3He

=
2Φ( 7Be)

Φ(pp)−Φ( 7Be)



“Hint” towards High Metallicity? 

•  p-value (HZ)= 0.87 
•  p-value (LZ)= 0.11 

Global fit of all solar, Kamland 
reactors, and new Borexino 
results 

02.093.0
Φ(B)
Φ(B)

03.001.1
Φ(Be)
Φ(Be)

HZ

HZ
Be

±==

±==

Bf

f

Implications for solar metallicity 
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•  Note: only 1 σ theorethical uncertainty 
in the plot 

•  Important to reduce the theorethical 
uncertainty 

0.6 0.8 1.0 1.2
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HZ (GS98)
LZ (AGSS09met)

B16 SSM (± 1σ):

Allowed regions:
68.27% C.L.
95.45% C.L.
99.73% C.L.



95% Data analysis result •  Problem: CNO is highly 
correlated to pep and 210Bi 
background  

•  Strategy: constrain the ratio 
pp/pep to 47.7±1.2 
•  Include oscillations LMA-MSW 

•  Toy MC study of the 
sensitivity: 95% CL is  

 9  cpd/100t for LZ 

      10 cpd/100t for HZ 

•  Previous limit (Phase I): 
7.9 cpd/100t 
(but with pep fixed!) 

injected CNO-HZ: 
(4.91±0.56) cpd/100t 
Including systematics 

Limits on CNO ν 
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Borexino result Expected HZ Expected LZ 

CNO ν < 8.1 95%C.L 
cpd/100tν 

4.91±0.56 
cpd/100t 

3.62±0.37 
cpd/100t 



•  Enlarged FV (most of scintillator) 

•  Data of Phase I+II: 2008 è 2016 

•  Exposure:1.5 kt y 

•  Fit of radial distributions in two energy 
ranges: 

Updated 8B neutrino flux 
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Radial Fit of the LE Sample 

26 

log-L fit to account for empty bins 
Equivalent χ2/ndf = 31.3 / 36 
 
Emanation rate ~0.47 cpd / 100 t 
Excluding the emanation component: χ2/ndf = 
91.6 / 36 
 
Bulk 208Tl vs 8B-ν correlation coefficient = -0.299 
 
Number of gammas: 351±31 (predicted ~150) 
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FIG. 10. Fit of the event radial distribution in the HE range.

The HE and LE radial fits are shown in Fig. 10 and619

Fig. 11, and the corresponding �2/dof, excluding empty620

bins, of 30.4/35 (HE) and 31.3/36 (LE). The emanation621
208Tl rate is measured at 0.47±0.06 cpd. It is worth622

mentioning that its exclusion from the LE fit leads to a623

�2/dof of 91.6/36.624

The number of external neutron capture-induced625

events from the fit is 351±31 and 335±117 for the HE626

and LE ranges, respectively. In both cases the best-fit627

number is ⇠2 times larger than predicted by simulations,628

still within less than 2 �, including model uncertainties.629

The best-fit normalization of the bulk

208Tl component630

for the LE dataset is close to the central value expected631

from the rate of 212BiPo coincidences. The weak anti-632

correlation coefficient (�0.299) between 8B neutrinos and633
208Tl substantiates the ability of the fit to discriminate634

between these two distributions.635

The best-fit rate of 8B neutrinos, after subtraction of636

residual backgrounds itemized in table I, is 0.133±0.013637

cpd/100 t for the LE energy range and 0.087+0.010
�0.008638

cpd/100 t for the HE window. The total rate above 1650639

p.e. is 0.220+0.016
�0.015 cpd/100 t.640

The result from the fit is stable (within 1 �stat) to641

changes of the histogram binning and to a ±3% linear642

distortion of the simulated radius. A slight decrease in643

the normalized �2 was observed by multiplying the sim-644

ulated radius by 1.015, improving the agreement at large645

radii, small enough to raise any issue with the radius in646

the model.647

The fitted 8B neutrino rates were tested to be stable to648

changes of the response function used for de-convolving649

(convolving) the 212Bi (208Tl) spatial distribution, deter-650

mining the radial profile of the emanation

208Tl compo-651

nent Fig. 5. Its stability was specifically tested with a652

response function simulating events located 6 cm away653

from the IV, inside the scintillator, and no appreciable654

effect was observed.655

Finally, we tested the fit stability against variations of656

the radial shape of the neutron capture �’s component,657

assuming the limiting cases of neutrons exclusively cap-658

turing on the SSS or the buffer fluid, shown in Figure 8.659

A smaller normalized �2 is obtained when considering660
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FIG. 11. Fit of the event radial distribution in the LE range.

neutron captures on SSS only, but the 8B neutrino rate661

is stable within statistical uncertainty.662

The systematic sources mostly affecting the result are663

the determination of the active mass and the uncertainty664

on the energy scale (both discussed in section IV), and665

the z-cut applied in the LE range. To quantify the ef-666

fect of the latter, we performed the fit with a modified667

z-cut, ±0.5 m around the chosen value (2.5 m). Th other668

systematic effects were evaluated with Monte Carlo sim-669

ulations. Subdominant sources of systematic uncertainty670

relate to the scintillator density and to the live time es-671

timation. Systematic uncertainties for the LE and HE672

ranges are collected in Table IV.673

TABLE IV. Systematic sources and percentage uncertainties
of the measured rates in the LE, HE, and LE+HE ranges.

LE HE LE+HE
Source � � �

Active mass 2.0 2.0 2.0
Energy scale 0.5 4.9 1.7
z-cut 0.7 0.0 0.4
Live time 0.05 0.05 0.05
Scintillator density 0.5 0.5 0.5
Total 2.2 5.3 2.7

In summary, the final 8B solar neutrino rates in the
LE, HE, and combined energy regions are:

RLE = 0.133+0.013
�0.013 (stat)

+0.003
�0.003 (syst) cpd/100 t,

RHE = 0.087+0.010
�0.008 (stat)

+0.005
�0.005 (syst) cpd/100 t,

RLE+HE = 0.220+0.016
�0.015 (stat)

+0.006
�0.006 (syst) cpd/100 t.

The precision on the LE+HE 8B rate measurement is674

⇠8%, improved by more than a factor 2 with respect to675

our previous result [19].676
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The HE and LE radial fits are shown in Fig. 10 and619

Fig. 11, and the corresponding �2/dof, excluding empty620

bins, of 30.4/35 (HE) and 31.3/36 (LE). The emanation621
208Tl rate is measured at 0.47±0.06 cpd. It is worth622

mentioning that its exclusion from the LE fit leads to a623

�2/dof of 91.6/36.624

The number of external neutron capture-induced625

events from the fit is 351±31 and 335±117 for the HE626

and LE ranges, respectively. In both cases the best-fit627

number is ⇠2 times larger than predicted by simulations,628

still within less than 2 �, including model uncertainties.629

The best-fit normalization of the bulk

208Tl component630

for the LE dataset is close to the central value expected631

from the rate of 212BiPo coincidences. The weak anti-632

correlation coefficient (�0.299) between 8B neutrinos and633
208Tl substantiates the ability of the fit to discriminate634

between these two distributions.635

The best-fit rate of 8B neutrinos, after subtraction of636

residual backgrounds itemized in table I, is 0.133±0.013637

cpd/100 t for the LE energy range and 0.087+0.010
�0.008638

cpd/100 t for the HE window. The total rate above 1650639

p.e. is 0.220+0.016
�0.015 cpd/100 t.640

The result from the fit is stable (within 1 �stat) to641

changes of the histogram binning and to a ±3% linear642

distortion of the simulated radius. A slight decrease in643

the normalized �2 was observed by multiplying the sim-644

ulated radius by 1.015, improving the agreement at large645

radii, small enough to raise any issue with the radius in646

the model.647

The fitted 8B neutrino rates were tested to be stable to648

changes of the response function used for de-convolving649

(convolving) the 212Bi (208Tl) spatial distribution, deter-650

mining the radial profile of the emanation

208Tl compo-651

nent Fig. 5. Its stability was specifically tested with a652

response function simulating events located 6 cm away653

from the IV, inside the scintillator, and no appreciable654

effect was observed.655

Finally, we tested the fit stability against variations of656

the radial shape of the neutron capture �’s component,657

assuming the limiting cases of neutrons exclusively cap-658

turing on the SSS or the buffer fluid, shown in Figure 8.659

A smaller normalized �2 is obtained when considering660
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neutron captures on SSS only, but the 8B neutrino rate661

is stable within statistical uncertainty.662

The systematic sources mostly affecting the result are663

the determination of the active mass and the uncertainty664

on the energy scale (both discussed in section IV), and665

the z-cut applied in the LE range. To quantify the ef-666

fect of the latter, we performed the fit with a modified667

z-cut, ±0.5 m around the chosen value (2.5 m). Th other668

systematic effects were evaluated with Monte Carlo sim-669

ulations. Subdominant sources of systematic uncertainty670

relate to the scintillator density and to the live time es-671

timation. Systematic uncertainties for the LE and HE672

ranges are collected in Table IV.673

TABLE IV. Systematic sources and percentage uncertainties
of the measured rates in the LE, HE, and LE+HE ranges.

LE HE LE+HE
Source � � �

Active mass 2.0 2.0 2.0
Energy scale 0.5 4.9 1.7
z-cut 0.7 0.0 0.4
Live time 0.05 0.05 0.05
Scintillator density 0.5 0.5 0.5
Total 2.2 5.3 2.7

In summary, the final 8B solar neutrino rates in the
LE, HE, and combined energy regions are:

RLE = 0.133+0.013
�0.013 (stat)

+0.003
�0.003 (syst) cpd/100 t,

RHE = 0.087+0.010
�0.008 (stat)

+0.005
�0.005 (syst) cpd/100 t,

RLE+HE = 0.220+0.016
�0.015 (stat)

+0.006
�0.006 (syst) cpd/100 t.

The precision on the LE+HE 8B rate measurement is674

⇠8%, improved by more than a factor 2 with respect to675

our previous result [19].676

LE: 3.2-6MeVkin 
Mean νenergy: 7.9 MeV 
HE: 6-17MeVkin 
Mean νenergy: 9.9 MeV 

IN2P3 

Solar Neutrino Flux and Survival Probability  

28 

SuperKamiokande 2.345 ±0.014 ±0.036 x 106 cm-2 s-1 
 

Previous Bx 2.4 ±0.4  x106 cm-2 s-1 

This measurement 2.55 ±0.18 ±0.07 x 106 cm-2 s-1 

Equivalent unoscillated flux 

pp 
7Be 

pep 
8B 

SSM: B16(G98) 

p-values: 
Bx only: 0.998 
All exp: 0.956 



From the measured interacton 
rates and assuming HZ-SSM 
fluxes we get: 

•  Pee(pp)=0.57±0.10 

•  Pee(7Be,862keV)=0.53±0.05 

•  Pee(pep)=0.43±0.11 

•  Pee(8B, 8.7MeV)=0.36±0.08 
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FIG. 12. The 8B neutrino energy spectrum (black) and the
portions of the same spectrum contributing to the LE (red),
HE (blue), and LE+HE (green) energy windows used in this
analysis. No flavor transformation is assumed. The error
bands are obtained by combining statistical and systematic
uncertainties of the measured rates.

VII. 8B NEUTRINO FLUX AND SURVIVAL677

PROBABILITY678

The measured 8B solar neutrino rate in the LE+HE679

range is in good agreement with 0.211±0.025 cpd/100t,680

i.e. that expected from the B16 SSM [24] with high681

metallicity (GS98 [27]), and assuming MSW+LMA682

flavor transformation. The equivalent flavor-stable683
8B neutrino flux inferred from this measure-684

ment is 2.55+0.19
�0.17(stat)

+0.10
�0.06(syst)⇥106 cm�2s�1, in685

good agreement with the previous Borexino re-686

sult of 2.4±0.4⇥106 cm�2s�1 [19] and with the687

high-precision measurement by SuperKamiokande,688

2.345±0.014(stat)±0.036(syst)⇥106 cm�2 s�1 [48]).689

Figure 12 shows the fraction of the 8B neutrino spec-690

trum generating scattered electrons falling in the LE, HE,691

and combined LE+HE ranges. The corresponding neu-692

trino mean energies are 7.9 MeV, 9.9 MeV, and 8.7 MeV693

respectively.694

For each range, we calculate the average electron neu-695

trino survival probability, P̄ee, according to the MSW-696

LMA model and following the same procedure used697

in [19]. This is shown, together with P̄ee for other so-698

lar neutrino sources, in Figure 13. We find P̄ee in the699

LE+HE range, including the uncertainty on the solar700

neutrino flux, equal to 0.36±0.08, in good agreement with701

the expected value (0.335±0.008). The 8B neutrino rates702

for the LE and HE ranges are fully compatible (albeit703

with weak discrimination power) with the presence of an704

“upturn” of P̄ee in the transition region between matter705

and vacuum flavor conversion predicted by MSW-LMA.706

It is interesting to alternatively consider the low metal-707

licity solar model AGSS09met [26], which predicts almost708

identical (to the percent level) pp and pep neutrino fluxes709

and significantly reduced 7Be and 8B neutrino fluxes by710

⇠18% with respect to high metallicity models. Figure 14711712713

shows P̄ee for the low-Z case. The average electron neu-714
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FIG. 13. Electron neutrino survival probability as func-
tion of the neutrino energy, evaluated for the 8B neutrino
source assuming the high-Z B16(GS98) SSM [24, 27] and the
flavor conversion parameters from the MSW-LMA solution
(�m2

12=7.50⇥10�5 eV2, tan2
✓12=0.441, and tan2

✓13=0.022
[47]). Dots represent the Borexino results from pp (red), 7Be
(blue), pep (azure), and 8B neutrino measurements (black for
the LE+HE range, and grey for the separate sub-ranges). pp

and 8B dots are set at the mean energy of detected neutrinos,
weighted on the detection range in electron recoil energy. The
error bars include experimental and theoretical uncertainties.
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FIG. 14. Electron neutrino survival probability as function of
the neutrino energy and Borexino measurements, assuming
the low-Z B16(AGSS09met) SSM [24, 26]. Color codes and
explanation are the same of Figure 13.

trino survival probability for the LE+HE 8B solar neu-715

trino increases in this case to 0.487±0.09. The ensemble716

of solar neutrino measurements by Borexino show some717

tension with low-Z solar models.718

The combination of solar neutrino measurements by719

Borexino (8B from this work, pp and 7Be from [28]),720

by SuperKamiokande [48] and by SNO [20] prefers the721

high-Z solar model at ⇠2 � (p-value = 0.956), while it is722

less compatible with the low-Z model (⇠0.6 �, p-value =723

0.465). Using Borexino data only, the high-Z solar model724

*oscillation parameters from: I.Esteban, MC.Gonzalez-Concha, 
M.Maltoni, I.Martinez-Soler and T.Schwetz, Journal of High Energy 
Physics 01 (2017) 

pp 7Be pep 
8B 

Survival probability meas. by Borexino 
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Borexino only 
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•  In addition to the weak-interaction term σWI, 
there appears an additional electro-
magnetic  term σEM, proportional to NMM:

        r0 = 1.818 x 10-13 cm (electron radius)
•  µeff: for a mixture of mass eigenstates
•  1-photon exchange + ν flips helicity (WI 

and EM terms do not interfere)
•  For Te << Eν: σTOTAL ~ 1/Te, the spectrum of 

the scattered electron is influenced mostly at 
low energies.

σ(e--ν scattering)with NMM > 0

7Be-ν: strong change of the shape
 MAJOR SENSITIVTY TO NMM
pp-ν: the change of the shape is almost 
equivalent to the change of only normalization
CONSTRAINING PP FLUX HELPS!

ν(7Be) (384 keV,861 keV),
 µeff = 5 x 10-11 µB 

ν(7Be), µeff = 0

ν(pp), µeff = 5 x 10-11 µB
ν(pp), µeff = 0

Difference
for pp shapes 

dσEM
4

constrained from an independent measurement using a
delayed coincidence, but the combination of a very low
branching ratio of 0.4%, low tagging efficiency (⇠18%),
and a relatively low 85Kr rate lead to very low statistics
in the coincidence branch [21]. As a result, constrain-
ing 85Kr doesn’t improve the sensitivity. On the other
hand, the correlation between the magnetic moment and
the pp-neutrino flux can be constrained by applying the
results from radiochemical experiments, which are inde-
pendent to the electromagnetic properties of neutrinos,
to the sum of the neutrino fluxes detected in Borexino.

The radiochemical constraints are based on the results
from [28]. The measured neutrino signal in gallium ex-
periments expressed in Solar Neutrino Units (SNU) is:

R =

X

i

RGa

i

=

X

i

�

i

ˆ 1

E

th

s✓
i

(E)P
ee

(E)�(E)dE =

=

X

i

�

i
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i

>= 66.1± 3.1 SNU, (3)

where R is the total neutrino rate, R
i

is the contribu-
tion of the i-th solar neutrino flux to the total rate, �

i

is
the neutrino flux from i-th reaction, s✓

i

(E) is the shape of
the corresponding neutrino spectrum in the Sun, P

ee

(E)

is the electron neutrino survival probability for neutrinos
with energy E, and �(E) is the total cross-section of the
neutrino interaction with Ga which has a threshold of
E

th

=233 keV.
If applied to Borexino the radiochemical constraint

takes the form:

X

i

RBrx

i

RSSM

i

RGa

i

= (66.1± 3.1± �
R

± �
FV

) SNU (4)

where the expected gallium rates RGa

i

are estimated
using new survival probabilities of P

ee

based on recent
values from [? ] (therefore giving a new estimate
for < �✓

i

>), R

Brx

i

R

SSM

i

is the ratio of the corresponding
Borexino measured rate to its SSM prediction within the
MSW/LMA oscillation scenario. We used the same SSM
predictions for Borexino and the gallium experiments to
avoid rescaling the gallium expected rates. The total de-
viation from the measured value should naturally include
the additional theoretical error �

R

' 4% from the uncer-
tainty in estimating the single rates contributing to the
gallium experiments, and the uncertainty of the Borexino
FV selection �

FV

' 1%.
Applying the radiochemical constraint (4) to the fit

as an additional penalty term the analysis of the like-
lihood profile gives a limit of µeff

⌫

< 2.6 · 10�11µ
B

at
90% C.L. for the effective magnetic moment of neutri-
nos using the “standard” fit conditions (230 ns time win-
dow energy variable, synthetic pile-up, high metallicity
SSM and fixing the energy scale and resolution param-
eters). Without radiochemical constraints the limit is
weaker µeff

⌫

< 4.0 · 10�11µ
B

at 90% C.L. and is not used
in the present analysis. An example of the spectral fit is
presented in Fig. 1.
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FIG. 1. Spectral fit with the neutrino effective moment fixed
at µeff

⌫ = 2.8⇥10�11µB (note the scale is double logarithmic
to underline the contributions at lower energies).
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FIG. 2. Resulting weighted likelihood profile used to esti-
mate the limit on the neutrino magnetic moment. The profile
doesn’t follow the gaussian distribution as it is flatter initially
and goes to zero faster than the normal distribution. The
limit corresponds to 90% of the total area under the curve.
Note that unphysical values of µeff

⌫ < 0 are not considered.

III. SYSTEMATICS STUDY

The systematics have been checked following the ap-
proach developed for other Borexino data analyses [24,
29]. The main contributions to the systematics comes
from the difference in results depending on the choice of
energy estimator and the approach used for the pile-up
modelling. The energy estimators used in the analysis
are the number of PMTs triggered within a time window
of 230 and 400 ns. The pile-up can be reproduced by ei-
ther convolving the model spectra with the data acquired
from the random trigger in the corresponding time win-

As neutrinos are massive, they can also have a MM 
An EW term could show up in ν-e scattering 

[effective as it refers to the 
admixture of mass eigenstates 

reaching Earth]  

Fit with 
different 
values of 
μeff 

low energy 
ν are 
sensitive 
(7Be, pp) 

4

constrained from an independent measurement using a
delayed coincidence, but the combination of a very low
branching ratio of 0.4%, low tagging efficiency (⇠18%),
and a relatively low 85Kr rate lead to very low statistics
in the coincidence branch [21]. As a result, constrain-
ing 85Kr doesn’t improve the sensitivity. On the other
hand, the correlation between the magnetic moment and
the pp-neutrino flux can be constrained by applying the
results from radiochemical experiments, which are inde-
pendent to the electromagnetic properties of neutrinos,
to the sum of the neutrino fluxes detected in Borexino.

The radiochemical constraints are based on the results
from [28]. The measured neutrino signal in gallium ex-
periments expressed in Solar Neutrino Units (SNU) is:
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where R is the total neutrino rate, R
i

is the contribu-
tion of the i-th solar neutrino flux to the total rate, �

i

is
the neutrino flux from i-th reaction, s✓

i

(E) is the shape of
the corresponding neutrino spectrum in the Sun, P

ee

(E)

is the electron neutrino survival probability for neutrinos
with energy E, and �(E) is the total cross-section of the
neutrino interaction with Ga which has a threshold of
E

th

=233 keV.
If applied to Borexino the radiochemical constraint

takes the form:

X

i
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i

RSSM
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RGa
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= (66.1± 3.1± �
R

± �
FV

) SNU (4)

where the expected gallium rates RGa

i

are estimated
using new survival probabilities of P

ee

based on recent
values from [? ] (therefore giving a new estimate
for < �✓

i

>), R

Brx

i

R

SSM

i

is the ratio of the corresponding
Borexino measured rate to its SSM prediction within the
MSW/LMA oscillation scenario. We used the same SSM
predictions for Borexino and the gallium experiments to
avoid rescaling the gallium expected rates. The total de-
viation from the measured value should naturally include
the additional theoretical error �

R

' 4% from the uncer-
tainty in estimating the single rates contributing to the
gallium experiments, and the uncertainty of the Borexino
FV selection �

FV

' 1%.
Applying the radiochemical constraint (4) to the fit

as an additional penalty term the analysis of the like-
lihood profile gives a limit of µeff

⌫

< 2.6 · 10�11µ
B

at
90% C.L. for the effective magnetic moment of neutri-
nos using the “standard” fit conditions (230 ns time win-
dow energy variable, synthetic pile-up, high metallicity
SSM and fixing the energy scale and resolution param-
eters). Without radiochemical constraints the limit is
weaker µeff

⌫

< 4.0 · 10�11µ
B

at 90% C.L. and is not used
in the present analysis. An example of the spectral fit is
presented in Fig. 1.
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FIG. 1. Spectral fit with the neutrino effective moment fixed
at µeff

⌫ = 2.8⇥10�11µB (note the scale is double logarithmic
to underline the contributions at lower energies).
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FIG. 2. Resulting weighted likelihood profile used to esti-
mate the limit on the neutrino magnetic moment. The profile
doesn’t follow the gaussian distribution as it is flatter initially
and goes to zero faster than the normal distribution. The
limit corresponds to 90% of the total area under the curve.
Note that unphysical values of µeff

⌫ < 0 are not considered.

III. SYSTEMATICS STUDY

The systematics have been checked following the ap-
proach developed for other Borexino data analyses [24,
29]. The main contributions to the systematics comes
from the difference in results depending on the choice of
energy estimator and the approach used for the pile-up
modelling. The energy estimators used in the analysis
are the number of PMTs triggered within a time window
of 230 and 400 ns. The pile-up can be reproduced by ei-
ther convolving the model spectra with the data acquired
from the random trigger in the corresponding time win-

likelihood 
profile 

μeff < 2.8x10-11μB at 90% C.L. 
about 2x lower than phase-I 

best limit for μeff 



Conclusions 
�  Two-fold interest in solar neutrino detection: 

1.  Particle physics: test the LMA-MSW model vs. alternatives (e.g. NSI) 

2.  Astrophysics: hunt for CNO neutrinos and try to solve the Solar 
metallicity puzzle 

�  Super-Kamiokande and Borexino have entered a precision 
spectroscopy phase: 

◦  SK is increasing precision on low energy 8B 

◦  Borexino Phase-II whole-range analysis: 
�  7Be flux at 2.5% uncertainty (stat+sys) 

�  5σ evidence of pep neutrinos 

�  Stay tuned for more results! 
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ADDITIONAL 
MATERIAL 
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Solar neutrinos on Earth 
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Luminosity of the Sun:  
3.846 · 1026 Watt 

Distance Earth-Sun:  
~1.5 · 1011 m 

•  Neutrino rate emitted by the Sun: Nν=	
1.8	·1038	ν/s 

•  only electron flavor neutrinos  
are produced in the Sun 

•  How many do reach the Earth? 

400 12 Connections Between Physics and Astrophysics of Neutrinos

Table 12.1 The nuclear
fusion reactions in the CNO
cycle

Reaction Q (MeV)

p +12 C →13 N+ γ 1.94
13N →13 C+ e+ + νe 1.20

p +13 C →14 N+ γ 7.55

p +14 N →15 O+ γ 7.29
15O8 →15 N+ e+ + νe 1.73

p +15 N →12 C+4 He 4.96

A star with roughly the solar mass, when hydrogen is exhausted, tends to con-
tract, and to increase its density; this happens because the radiation produced by the
fusion reactions is no longer able to balance the gravitational pressure. During the
contraction phase, gravitational energy is converted into kinetic energy of nuclei: the
temperature increases and further fusion reactions may be ignited.

A critical point is the carbon formation. In a star composed mainly of 4He nuclei,
8Be is continuously formed. 8Be has a mass which is slightly larger than twice the
4He mass, that is, 4He +4 He →8 Be; Q = −0.09MeV. Once 8Be is formed, it
splits again into two 4He nuclei. When the 4He density is extremely high, a fusion
reaction forming carbonnuclei in an excited state occurswith a resonant cross section:
4He+8Be →12

6 C∗. The excited state C∗ immediately decays to the ground state. The
carbon abundance in theUniverse is relatively high, and it may also be present in stars
that have not exhausted the proton cycle. In the presence of protons, the nucleus 12C
acts as a catalyst for another cycle, similar to the proton–proton cycle, that produces
energy transforming protons into helium nuclei: the CNO cycle (Table12.1). At the
end of the process, one has 12C + 4p →12 C +4 He + 2e+ + 3γ + 2νe with a
total energy released of about 26 MeV. The 12

6 C nucleus is strongly bound and is
the starting point for the formation in massive stars of heavier nuclei through fusion,
Sect. 12.9.

12.2 The Standard Solar Model and Neutrinos

The Sun has been converting hydrogen into helium for roughly 4.5 × 109 years.
The value of the solar mass and of the emitted power indicate that the process will
continue for about as many years. The process shown in Fig. 12.1 produces energy,
Eq. (12.3), and two neutrinos which escape from the Sun, carrying away a fraction
of the released energy. The kinetic energy of the other particles is the source of the
thermal energy. The flux of solar neutrinos that reaches the Earth is then given by

Φνe ≃ 1

4πD2
⊙

2L⊙
(Q − ⟨Eν⟩)

= 6 × 1010cm−2s−1 (12.4)

Energy released  
in the reaction:  

~26.7 MeV 

2 neutrinos  
produced per reaction 

Energy carried away by ν: 
 ~0.3MeV 

MeVeHeeH e 7.262224 4 +++→+ +− υ



The 210Bi issue 
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The Borexino Signal
The Borexino PMTs detect the scintillation light 
produced by electrons scattered by neutrinos

This signal is indistinguishable from the natural 
radioactivity (β- and γ components)

For α and β+ we can apply the pulse shape 
discrimination

Crucial point: 
Extreme low background required!!!

Beta-like spectrum

Contaminants: Phase-I

CNO and 210Bi spectra  
are quasi-degenerate 



An important issue: the similarity between pep, CNO and 210Bi spectral shapes  

correlation 
between 210Bi 
and pep 

correlation 
between 210Bi 
and CNO 

correlation 
between pep 
and CNO 

It critically affects our 
capability to measure the pep 
neutrino rate and to set a 
limit on the CNO neutrino 
rate, because it induces 
strong correlations in the fit. 

The 210Bi background 
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Attempting 210Bi constrain  
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4 Radon equilibrium measurement in the air S143 

before the measurements and during the measurements tM, because these periods of 
time are not negligible relative to short life times of radon daughters (218Po – 3 min, 
214Pb – 26.8 min and 214Bi – 19.9 min). 

 

 
Fig. 3 – Radioactive decay scheme of radon 222Rn and the progenies of interest for gamma 

spectrometry measurements indexed as 1, 2 and 3. 

 
Fig. 4 – Method algorithm for radon progenies determination. 

After the time tU elapsed from the beginning to stopping of suction the 
number of radon progeny atoms 218Po, 214Pb and 214Bi collected on the filter paper 
N1, N2 and N3 change according to differential equations (4-6) if one consider the 
approximation that on the beginning of suction there were no radon progenies on 
the filter paper N1(0) = 0, N2(0) = 0, N3(0) = 0: 

 1
1 1 1

d
d U

N
C v N

t
= ε − λ  (4) 

 2
2 1 1 2 2

d
d U

N
C v N N

t
= ε + λ − λ  (5) 

 3
3 2 2 3 3

d
d U

N
C v N N

t
= ε + λ − λ  (6) 

Assuming secular equilibrium, we could constrain 210Bi from its daughter: 210Po 

We need 10% precision or better 
We need stability 

  17

210Po decay and 210Bi constraint
Expected CNO rate (MSW-LMA):
–  High metallicity: ~5.3 cpd/100t
–  Low metallicity:  ~3.7 cpd/100t

Stategy:
–  Needs of an independent constraint on 210Bi 
rate (remove correlation with CNO spectrum):

 210Pb (long lived) → 210Bi (β)→ 210Po (α) 

–  210Po can be measured with high efficiency 
pulse shape discrimination
–  210Bi can be extracted through the temporal fit 

210Po homogeneity is required:

Thermal insulation for 
preventing convective 
motions (since May 2015)

–  Total rate
–  Unsupported 210Po
–  Supported 210Po

Picture must 
be updated

Borexino Insulation
(Picture: Yury Suvorov)

210Po is a clearαpeak 



The 210Po instabilities 

�  However we have faced the 
equilibrium was broken so far. 

�  Temperature changes induced 
fluctuations in the 210Po rate 
◦  Possibly due to convective 

currents 
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Opera Magnet  
Shutdown 



Understanding the Temperature 

�  65 new calibrated T probes, 
internal and external. 

�  0.1°C absolute accuracy. 
�  0.01°C resolution stability. 
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Insulation of the Water Tank 
�  Big effort: 20cm Mineral wool + 

reflective layer around the whole 
detector. 

�  May -> Dec 2015 

�  Active T control to be activated at 
need. 
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Temperature stabilization 
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Bottom 

Top 

2015 May:  
first  

insulation  
ring 

2015 Jul:  
water 
loop 
OFF 

2015 Dec: 
insulation 
complete 

2017 Jan: 
active 

temperature 
control  



Effect of stabilization on 210Po 
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Top 

Bottom 

210Po 
rate 

2015 May:  
first  
insulation  
ring 

2015 Dec: 
insulation 
complete 

2017 Jan: 
active 

temperature 
control  

Summer 
2014 

Summer 
2015 

Summer 
2016 

Sum
m

er 2017 



PSD (e+/e-) 

3.  Boosted Decision Tree (BDT) 
parameter with discrimination 
capability 
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e+/e-  discrimination 

e- 

e+ 
Distribution of scintillation 
time signal for e+ delayed 
with rispect to e-  
[Phys. Rev. C 83, 0105504] 
 
- Ortho-positronium formation 
in 50% cases, 3 ns mean life 
- different event topology 

We use such difference to 
discriminate e+/e- events 
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e+/e-  discrimination 

e- 

e+ 
Distribution of scintillation 
time signal for e+ delayed 
with rispect to e-  
[Phys. Rev. C 83, 0105504] 
 
- Ortho-positronium formation 
in 50% cases, 3 ns mean life 
- different event topology 

We use such difference to 
discriminate e+/e- events 

1.  e+ (such as 11C) forms ortho-
positronium in ~50% cases. 

2.  e+ different pulse shape w. r. t. e- 



PSD (α/β) 
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α-β Statistical Subtraction (210Po) 

Scintillation light in time 

α – β discrimination with  Gatti's 
parameter

– Trained on 214Bi – 214Po 
coincidences

– Study of new high efficiency PSD 
based on neural networks  

Projection

  

α-β Statistical Subtraction (210Po) 

Scintillation light in time 

α – β discrimination with  Gatti's 
parameter

– Trained on 214Bi – 214Po 
coincidences

– Study of new high efficiency PSD 
based on neural networks  

Projection

  

α-β Statistical Subtraction (210Po) 

Scintillation light in time 

α – β discrimination with  Gatti's 
parameter

– Trained on 214Bi – 214Po 
coincidences

– Study of new high efficiency PSD 
based on neural networks  

Projection

²  Bin-by-bin statistical subtraction 

²  Formerly based on Gatti filter 

²  Now improving with Multi-Layer-
Perceptron algorithm  



Borexino calibration	
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1.  MC tuned with several γ sources:  
Energy scale uncertainty in the range 0.2÷2 MeV 
down to 1.5% 

2.  Rn source in 184 spots: 
Fiducial Volume uncertainty down 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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Calibrations will be repeated before end of Phase-2 (2017) 
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Abruzzo, Italy 
120 km from Rome 

Laboratori 
Nazionali del  
Gran Sasso 

 
1400m of rock 

shielding  
~3800 m.w.e. Borexino Detector and Plants 

External Labs 

Experimental site 
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•  Matter effect in ν oscillation 

•  Regeneration effect during night (ν traverse the Earth) 

•  LMA-MSW: no effect for 7Be, measurable effect for 8B 
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SK Coll. Phys. Rev. D 94 052010 (2016) 

Borexino Coll.,  Phys. Lett. B707 (2012) 22. 

Day-Night Asymmetry 
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11146	ID	PMTs	
(40%	coverage)	

5182	ID	PMTs	
(19%	coverage)	

11129	ID	PMTs	
(40%	coverage)	

(Total	E)	
(Kine@c	E)	

1996	 1997	 1998	 1999	 2000	 2001	 2002	 2003	 2004	 2005	 2006	 2007	 2008	 2009	 2010	 2011	

Acrylic (front) 
+ FRP (back)	

Electronics	
Upgrade	

SK-I	 SK-II	 SK-III	 SK-IV	

		5.0	MeV	
~4.5	MeV	

		7.0	MeV	
~6.5	MeV	

		5.0	MeV	
~4.5	MeV	

<		4.0	MeV	
<~3.5	MeV	

Target	

~4.5	MeV	
~4.0	MeV	
Current		

Phases of Super-Kamiokande 
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