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Solar Neutrinos
Fundamental paradigm:
The source of energy in the sun (and in
H-burning stars) makes neutrinos:

4p ® 4He + 2e+ + 2ne +(24.69+2·1.022)MeV

<En> ~ 0.53 MeV, 2% of total energy produced

Hydrogen burning works through:
pp-chain reactions
CNO bi-cycle
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CNO bi-cycle H burning
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Solar neutrino spectra
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The Borexino detector

Outer Detector

Inner Detector

Buffer region

Inner Vessel

•278 t of liquid organic scintillator PC + 
PPO (1.5 g/l)
• (ν,e)-scattering with low threshold 
(~200 keV) In data taking at LNGS since 2007 8



Borexino: water filling
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Borexino: liquid scintillator filling May 2007
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Borexino Expected Solar n Spectrum

Spectrum with irreducible backgrounds
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Data selection for solar neutrino analysis

Muon cuts: muon
induced events 
are removed

FV cut: Events 
in the outermost 
part of the 
scintillator 
volume are 
removed

210Po

11C7Be

14C
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210Po: can be reduced by purification + PSD
11C: can be reduced by off-line tagging
14C: irreducible



Borexino: timeline of activities

• R( 𝐵𝑒)% 	+ D/N
• R(𝑝𝑒𝑝) – first observation
• R( 𝐵)( – first with LS
• R(𝐶𝑁𝑂) – limit

geo- 𝜈 – first robust observation
cosmic muons flux studies
rare processes

filling
LS purification campaign
6 cycles of water extraction

• R 𝑝𝑝 first	in	real	time
• Seasonal	variations	of		R( Be)% 	
• Simultaneous spectroscopy of

pp, 7Be and pep 𝜈
• R( 𝐵)( –improved
• geo- 𝜈
• 𝜈	magnetic	moment
• NSI (under study)
• rare processes

CNO campaign 

External Tank insulation

2017   2018
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Phase I/Phase II

Phase I

Phase II

Phase II: lower 85Kr and 210Bi,
reduced 210Po
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cosmogenic

cosmogenic + 
external



Removing 11C background: Three-Fold Coincidence

µ+12Càµ+11C+n
11Cà11B+e++ne
t=29.4min
Evis=1 – 2 MeV

n diffuses before
capture on H in
~ 250 µs
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The TFC eff. is
92±4% 11C
preserving 64% of 
the total exposure 



Three-fold Coincidence 
at work

background component. In addition, a deeper experimental site could improve

the sensitivity to CNO due to a reduction of the 11C background, which in

Borexino limits the statistics of collected neutrino-like data.

Figure 18: Energy spectrum in Borexino for neutrino-like events in the fiducial volume before

and after the TFC tag to remove
11
C [59].

Neutrinos from 8B decays in the Sun were also measured in Borexino [67].870

The detection threshold was set at 3 MeV. The SSM (GS98-2011) expected rate

is calculated to be 0.51±0.07 counts/day/100tons above threshold. In Borexino

muons crossing the liquid scintillator produce cosmogenic radioactive isotopes.

Some of these isotopes are short-lived, they have a mean-life of the order of 1

sec. or less: 12B,8 He,9 C,9 Li,6 He,8 Li. Others such as 10C(Q�+ = 3.6MeV )875

and 11Be(Q�+ = 11.5MeV ) are long-lived with mean-life of order 20-30 sec.

In addition, 7Be and 11C are also produced by cosmic rays. However, these

latter isotopes contribute to the background rate below threshold and are not

taken into account for the 8B analysis. A cut of 6.5s after each muon allows to

reject all short-lived cosmogenic background isotopes with a 29.2% fractional880
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Multivariate approach to spectral fit

• (2) Pulse-shape discriminator (PS-LPR) of e+/e-

(11C decays emiting b+ ) based on the
difference of the scintillation time profile for e-

and e+ due to:
Ø 50% of e+ annihilation is delayed by ortho-

positronium formation (t~3 ns);

Ø e+ energy deposit  is not point-like because  of 
the two annihilation gammas;

Originally developed for pep-neutrino analysis (2012) to separate electron spectra 
from overhelming contribution of 11C

The technique consists in combining the likelihoods:
• (1) Energy spectrum with and without the TFC tagging

• (3) Radial distribution (allows to separate external backgrounds from uniformly 
distributed signals);
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Multivariate fit example
L(11Csub)  L(11Ctag)  

L(Rad)  L(PS) 18



Multivariate fit is sensitive to pp, 
7Be and pep contributions

In this plot pep-neutrino 
characteristic shoulder is made 
visible by applying more stringent 
cuts (R<2.8 m and LPS<4.8)

CNO neutrinos are included in the fit, but the sensitivity is limited 
because of energy spectrum degeneracy with similarity to 210Bi 

CNO (MSW/LMA):
HZ: (4.92±0.55) cpd/100t
LZ: (3.52±0.37) cpd/100t
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Results
arXiv : 1707.09279

SystematicsBackgrounds

210Bi, E-scale, response
R(85Kr)<7.5 @ 95%

LS mass

• Data-set: Dec 14th 2011- May 21st 2016
• Total exposure: 1291.51 days x 71.3 tons 
• Fit range: (0.19-2.93) MeV

20



Results highlights
>5s evidence of pep signal 
(including systematics)

Earlier result
(cpd/100t)

Actual result
(cpd/100t) Precision

pp 144±13±10 134±10+6
-10 11à10%

7Be(*) 46.0±1.5+1.6
-1.5 46.3±1.1+0.4

-0.7 4.7à2.7%

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

22à16%

*Result for 7Be 862 keV line is quoted

CNO: 95% C.L. limit on CNO rate : R(CNO)<8.1 cpd/100 t
flux :  φ(CNO)<7.9·108 cm-2s-1

Expected (HZ) 4.92±0.55  (LZ) 3.52±0.37 cpd/100 t  (2σ apart)

Solar luminosity:  Lν
Borexino = (3.9 ± 0.4) x 1033 erg/s, 

is in agreement with measured photon luminosity
Lγ = (3.846 ± 0.015) x 1033 erg/s 
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Improved measurement of 8B
What is improved in analysis:
• better understanding of backgrounds (external 

γs, cosmogenic)
• No FV cut: 1.5 ktons·yr exposure between 

2008 and 2016 (x11.5 of the Phase I analysis)
• Lowest energy threshold among real time 

detectors
• Identified new source of background due to n 

capture on C and Fe
• New estimate of the cosmogenic 11Be

LE          HE

5 MeV 

arXiv:1709.00756
φ(hep)<2.2 × 105 cm-2 s-1 (90% C.L.) 
vs 7.98/8.25 × 103 in HZ/LZ SSM.

> 3 MeV visible energy
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hemisphere (see Figure 1).
The energy response of the model was validated by

comparing data collected with the 241Am-9Be calibra-
tion source with simulations: the relative difference of
the light yield, �LY, varies with radius up to a few % at
the edge of the scintillator volume. The associated uncer-
tainty is 1.6% when computes as the RMS of the �LY
distribution, weighted by the event density. The over-
all error on the Monte Carlo energy response is equal
to 1.9%, which combines the uncertainties on the abso-
lute light yield at the detector center and the relative,
position-dependent variation.

The energy threshold for the analysis is set at 1650
p.e., corresponding to 3.2 MeV electron energy, with de-
tection efficiency of 50% in the whole volume, as shown
in Figure 2. The threshold is higher than the one used in
our previous analysis (1494 p.e.) to take into account the
higher light collection efficiency for events at high radius
in the upper hemisphere, as illustrated in Figure 1. This
region was previously excluded by a volume cut at 3 m
radius. The upper limit is set at 8500 p.e. (⇠17 MeV
electron energy), to fully accept 8B neutrino-induced re-
coil electrons.

Radial fits to the energy spectra in two sub-ranges are
independently performed. A low energy range (LE), with
[1650, 2950] p.e., including events from natural radioac-
tivity, and a high energy range (HE), with [2950, 8500]
p.e., dominated by external �-rays following neutron cap-
ture processes on the SSS, as discussed in Sections IV and
V. In Borexino, the energy deposited by natural, long-
lived radioactivity never exceeds 5 MeV (the Q-value of
the �-decay of 208Tl), since the scintillation signal from
↵’s of higher kinetic energy are quenched and fall be-
low the analysis threshold. Of the residual backgrounds
surviving selection cuts (see Section IV) only cosmogenic
11Be and �’s from neutron capture reactions make it into
both energy windows. The signal detection efficiency as-
sociated to the energy cuts is evaluated by simulating
neutrino events distributed uniformly throughout the ac-
tive volume. The fractional number of events selected
within the LE and HE ranges, converted to the recoil
electron energy scale, is shown in Figure 2.

IV. DATA SELECTION

This work is based on data collected between January
2008 and December 2016 and corresponds to 2062.4 live
days of data, inclusive of the 388.6 live days of data used
in the previous measurement. Data collected during de-
tector operations such as scintillator purification and cal-
ibrations are omitted.

Results from the HE sample use data from the entire
active volume, while the LE sample requires a spatial cut
to remove the top layer of scintillator. This is motivated
by the presence of PPO from the scintillator leak in the
upper buffer fluid volume, which may cause events from
this region to be reconstructed with energy at ⇠3 MeV
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FIG. 2. Detection efficiencies and associated uncertainties
(due to the electron energy scale determination) of the LE
([1650, 2950] p.e., red line) and HE ([2950, 8500] p.e., blue
line) ranges as a function of electron energy. The detection
efficiency equals 1 up to the 8500 p.e. upper edge of the HE
range.

threshold. The z-cut to remove leak-related events was
conservatively set at 2.5 m. The impact of this cut is in-
vestigated as a potential source of systematic uncertainty
(see Section VI).

The active mass is evaluated with a toy Monte Carlo
approach, by measuring the fraction of events falling
within the scintillator volume for a set generated in
a volume that includes it. The time-averaged mass
is 266.0±5.3 ton, and assumes a scintillator density of
0.8802 g/cm3 [18]. The total exposure is 1,519 t·y, a
⇠11.5-fold increase with respect to our previous analy-
sis. The mass fraction for the LE sample, after the z-cut
at 2.5 m is 0.857±0.006, obtained using a full optical
simulation that includes effects from the spatial recon-
struction of events.

Data are selected with the following cuts, already dis-
cussed in reference [19]:

• neutron cut : a 2 ms veto is applied after each muon
detected by both ID and OD, to remove cosmogenic
neutron captures on carbon in the scintillator and
in the buffer;

• fast cosmogenics cut : a 6.5 s veto is applied after
each muon crossing the scintillator to remove cos-
mogenic isotopes with life times between a few ms
and 1.2 s (12B, 8He, 9C, 9Li, 8B, 6He, and 7Li);

• run start/break cut : a 6.5 s veto is applied at the
beginning of each run to remove fast cosmogenic
activity from muons missed during run restart;

• 10C cut : a spherical volume of 0.8 m radius around
all muon-induced neutron captures is vetoed for
120 s to reject cosmogenic 10C (⌧=27.8 s);

• 214Bi-Po cut : 214Bi and 214Po delayed coincident
decays (214Po-⌧=236 µs) are identified and rejected
with ⇠100% efficiency.
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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.

Figure 12 shows the fraction of the 8B neutrino spec-
trum generating scattered electrons falling in the LE, HE,
and combined LE+HE ranges. The corresponding neu-
trino mean energies are 7.9 MeV, 9.9 MeV, and 8.7 MeV
respectively.

For each range, we calculate the average electron neu-
trino survival probability, P̄ee, according to the MSW-
LMA model and following the same procedure used
in [19]. This is shown, together with P̄ee for other so-
lar neutrino sources, in Figure 13. We find P̄ee in the
LE+HE range, including the uncertainty on the solar
neutrino flux, equal to 0.36±0.08, in good agreement with
the expected value (0.335±0.008). The 8B neutrino rates
for the LE and HE ranges are fully compatible (albeit
with weak discrimination power) with the presence of an
“upturn” of P̄ee in the transition region between matter
and vacuum flavor conversion predicted by MSW-LMA.

It is interesting to alternatively consider the low metal-
licity solar model AGSS09met [26], which predicts almost
identical (to the percent level) pp and pep neutrino fluxes
and significantly reduced 7Be and 8B neutrino fluxes by
⇠18% with respect to high metallicity models. Figure 14
shows P̄ee for the low-Z case. The average electron neu-
trino survival probability for the LE+HE 8B solar neu-
trino increases in this case to 0.479±0.09. The ensemble
of solar neutrino measurements by Borexino show some
tension with low-Z solar models.

The combination of solar neutrino measurements by
Borexino (8B from this work, pp and 7Be from [28]),
by SuperKamiokande [14] and by SNO [20] prefers the
high-Z solar model at ⇠2 � (p-value = 0.956), while
it is less compatible with the low-Z model (⇠0.6 �,
p-value = 0.465). Using Borexino data only, the high-Z
solar model is preferred at 3.1 �, while the low-Z
one is compatible at 0.3 � only. The discrimination
between the two models solely based on 8B, pp, and 7Be
neutrino rates is limited by SSM uncertainties. It is
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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.

noteworthy that a measurement of CNO solar neutrinos
with 10-15% precision, whose flux predictions vary by
⇠30% between high-Z and low-Z models, has the poten-
tial to definitively settle the solar metallicity controversy.
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FIG. 10. Fit of the event radial distribution in the HE range,
[2950, 8500] p.e..
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FIG. 11. Fit of the event radial distribution in the LE range,
[1650, 2950] p.e..

from the rate of 212BiPo coincidences. The weak anti-
correlation coefficient (�0.299) between 8B neutrinos and
208Tl substantiates the ability of the fit to discriminate
between these two distributions.

The best-fit rate of 8B neutrinos, after subtraction of
residual backgrounds itemized in table III, is 0.133±0.013
cpd/100 t for the LE energy range and 0.087+0.008

�0.010
cpd/100 t for the HE window. The total rate above 1650
p.e. is 0.220+0.015

�0.016 cpd/100 t.
The result from the fit is stable (within 1 �stat) to

changes of the histogram binning and to a ±3% linear
distortion of the simulated radius. A slight decrease in
the normalized �2 was observed by multiplying the sim-
ulated radius by 1.015, improving the agreement at large
radii, small enough to raise any issue with the radius in
the model.

The fitted 8B neutrino interaction rates were tested to
be stable to changes of the response function used for de-
convolving (convolving) the 212Bi (208Tl) spatial distri-
bution, determining the radial profile of the emanation
208Tl component (see Fig. 5). Its stability was specifi-
cally tested with a response function simulating events
located 6 cm away from the IV, inside the scintillator,
and no appreciable effect was observed.

Finally, we tested the fit stability against variations of

the radial shape of the neutron capture �-rays compo-
nent, assuming the limiting cases of neutrons exclusively
capturing on the SSS or the buffer fluid, shown in Fig-
ure 8. A smaller normalized �2 is obtained when consid-
ering neutron captures on SSS only, but the 8B neutrino
rate is stable within statistical uncertainty.

The systematic sources mostly affecting the result are
the determination of the active mass and the uncertainty
on the energy scale (both discussed in section IV), and
the z-cut applied in the LE range. To quantify the effect
of the latter, we performed the fit with a modified z-
cut, ±0.5 m around the chosen value (2.5 m). The other
systematic effects were evaluated with Monte Carlo sim-
ulations. Subdominant sources of systematic uncertainty
relate to the scintillator density and to the live time es-
timation. Systematic uncertainties for the LE and HE
ranges are collected in Table IV.

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 +0.08
�0.010 (stat)

+0.005
�0.005 (syst) cpd/100 t,

RLE+HE = 0.220+0.015
�0.016 (stat)

+0.006
�0.006 (syst) cpd/100 t.

The precision on the LE+HE 8B rate measurement is
⇠8%, improved by more than a factor 2 with respect to
our previous result [19].

VII.
8
B NEUTRINO FLUX AND SURVIVAL

PROBABILITY

The measured 8B solar neutrino rate in the LE+HE
range is in good agreement with 0.211±0.025 cpd/100t,
i.e. that expected from the B16 SSM [24] with high
metallicity (GS98 [27]), and assuming MSW+LMA
flavor transformation. The equivalent flavor-stable
8B neutrino flux inferred from this measure-
ment is 2.55+0.17

�0.19(stat)
+0.07
�0.07(syst)⇥106 cm�2s�1, in

good agreement with the previous Borexino re-
sult of 2.4±0.4⇥106 cm�2s�1 [19] and with the
high-precision measurement by SuperKamiokande,
2.345±0.014(stat)±0.036(syst)⇥106 cm�2 s�1 [14]).



MSW-LMA : electron neutrino 
survival probability

High metallicity SSM Low metallicity SSM

MSW error band is 1σ
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Borexino vs SSM

• Global fit to all solar + Kamland data 
(including the new 7Be result from BX)

• a hint towards the HM :
LZ is excluded by BX only data at 93% CL

• theoretical errors are dominating

02.093.0
Φ(B)
Φ(B)

03.001.1
Φ(Be)
Φ(Be)

HZ

HZ
Be

±==

±==

Bf

f R(HZ)=0.180±0.011
R(LZ)=0.161±0.010

From the pp and 7Be fluxes measurement

R(BRX)=0.178+0.027
-0.023 24

See also A. Serenelli this meeting



Seasonal modulations of 
7Be neutrino flux

Astroparticle Physics 92 (2017) 21–29

ROI is around 7Be shoulder

The duration of the astronomical year is measured from 
underground using neutrino!

)
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Borexino: next goals
• Goals:

– Main: attempt to measure CNO neutrinos with present
data

– Geo-neutrinos: update previous results
– Rare processes: supernova (watch), neutrino 

magnetic moment, …
– Calibration
– Preparation for a Water Extraction purification with an 

upgraded plant
• See F. Calaprice at TAUP 2017

– measure CNO neutrinos
26



Strategy for a CNO measurement
• Main background is 210Bi
• With present data: attempt to measure 210Bi supported component 

from internal 210Pb
– We have observed 210Po leaching out the nylon vessel and 

moving into the FV due to convection motions
– Reduce convection into FV and let 210Po decay to determine

supported contribution from 210Pb
– Supported 210Po activity determines/constraints 210Bi

27

a/b PSD determines 210Po 
activity

supported component + 
residual surface convection

Rpo = (A-B)e-t/t + B



CNO neutrino sensitivity
Depends on 210Bi background. 
We assume that 210Bi will be measured with 10-20% accuracy
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Thermal insulation to 
reduce convection motion
inside the FV

Thermal insulation
(summer 2015)

29

Supported component



Borexino: next future prospect
• Borexino has measured all neutrinos from the 

pp-chain
NEXT:
• Exploit thermal insulation to determine/constraint

210Bi
• Improve present thermal insulation
• Set-up underground plants to make water 

extraction with new purification system
• Plan calibration campaing
• Plan new results on geo-neutrinos and rare 

processes
30


