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BOREXINO detector

Ê 280 tons of liquid scintillator

Ê 2212 8-inch PMTs

Ê Active Cherenkov muon veto

Ê Average number of active
channels for this data set: 
1238

Ê DE/E ~ 6% and sx,y,z~11cm
at 1 MeV
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Start data taking: May 2007
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Borexino operations and achievements

5

Filling and 
purification
(distillation)

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

geo- 𝜈 – first robust observation

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

Thermal insulation
and active temperature 
Control system 

2015

CNO campaign 

PHASE-III2016



Solar neutrinos

Aldo Ianni, ICHEP 20206

Zara Bagdasarian, Sheffield seminar 06.07.2020 3

Fusion processes in the Sun 

  

2H+p→3He+γ

3He+3He→4He+2p

3He+4He→7Be+γ

7Be+p→8B+γ

7Li+p→24He

8Be*→24He

pp"ν pep"ν

99.6% 0.4%

hep"ν

7Be"ν

8B"ν

85%

15%

0.13%

2×10-5 %

99.87%

pp chain

pp-I

pp-II

pp-III

7Be+e-→7Li+νe

3He+p→4He+e++νe

p+e-+p→2H+νep+p→2H+e++νe

8B→8Be*+e++νe

  

12C+p→13N+γ

13C+p→14N+γ

14N+p→15O+γ

15N+p→4He+12C

CNO cycle

CNO-ν

15N+p→16O+γ

16O+p→17F+γ

17O+p→14N+4He

99.96% 0.04%

17F→17O+e++νe
15O→15N+e++νe

13N→13C+e++νe

pp chain reaction (�99%) CNO cycle (�1%)

4p →4 He + 2e+ + 2νe
Released energy ~26 MeV

Bethe&Critchfield (1938) Weizsäcker (1937, 1938), Bethe (1939)

Stars are fueled by and evolve through nuclear fu-
sion reactions. For most of their lifetime the key pro-
cess is the fusion of hydrogen into helium, which is
believed to happen in the star’s core through two
theoretically well understood mechanisms. One is
initiated by the direct fusion of two protons into a
deuteron, with the emission of a neutrino (⌫) and a
positron, and is known as the pp chain. The other
is catalysed by the presence of heavier nuclei in the
stellar plasma, such as carbon, nitrogen, and oxygen,
and is therefore known as the CNO cycle (see Fig. 1,
upper plot). Both the pp chain and the CNO cy-
cle are associated with the production of energy and
the emission of a rich spectrum of electron neutri-
nos [1, 2], shown in Fig. 1, lower plot.

Nuclear physics and stellar evolution show that
the relative importance of these mechanisms depends
mostly on stellar mass and on the abundance of el-
ements heavier than helium in the core (“metallic-
ity”). For stars similar to the Sun, but heavier than
about 1.3M� [3], the energy production rate is dom-
inated by the CNO cycle, while the pp chain prevails
in lighter, cooler stars. Due to the large number of
massive stars and their rapid evolution, the CNO cy-
cle is believed to be the primary mechanism for the
stellar conversion of hydrogen into helium in the Uni-
verse.

The CNO cycle is thought to contribute to the en-
ergy production in the Sun at the level of 1%, with a
large uncertainty related to poorly known metallicity.
Metallicity is relevant for two reasons: i) “metals”
directly catalyse the CNO cycle, and ii) they a↵ect
the plasma opacity, indirectly changing the temper-
ature of the core and modifying the evolution of the
Sun and its density profile. We notice, in addition,
that in the Sun the 16O lifetime at the core’s tem-
perature is much longer than the solar age [4]. This
makes the CNO sub-cycle II (see Fig. 1, upper plot)
sub-dominant in the Sun.

Solar neutrinos are the only tool to directly probe
the nuclear reactions in the Sun’s core. In particular,
the CNO neutrino flux depends on the metallic con-
tent of the solar core, which is a tracer of the initial
chemical composition of the Sun at the time of its
formation, being the core essentially decoupled from
the surface by the existence of a radiative zone, with
no mixing. CNO neutrinos are the only probe of that
initial condition.

The neutrinos produced by the solar pp chain have
been extensively studied since the early 70’s lead-
ing to the discovery of matter-enhanced neutrino
flavour conversion [5]. Recently, the Borexino experi-
ment has published a comprehensive study of the pp
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Figure 1: Upper plot : the double CNOcycle in the Sun,
where sub-cycle I is dominant. The colored arrows indi-
cate the reaction rates integrated over the Sun’s volume.
The rate of 17O(↵, p)14N reaction is below the low end
of the color scale (dashed arrow). Lower plot : energy
spectra of solar neutrinos from the pp chain (grey, pp,
pep, 7Be, 8B, and hep) and CNO cycle (in colour). The
two dotted lines indicate electron capture [9, 10, 11]. For
mono-energetic lines the flux is given in cm�2 s�1.

chain [6].
In this paper, we reach another milestone in so-

lar neutrino physics, by reporting on the first direct
detection of the CNOneutrinos produced by the Sun
and by experimentally proving, for the first time, that
the catalysed hydrogen fusion envisaged by Bethe
and Weizsäcker in the 30’s indeed exists [7, 8].
This result provides the first direct experimental

indication of the quantitative relevance of the CNO
cycle in the Sun and paves the way to the solu-
tion of the long standing “solar metallicity prob-
lem” [2], i.e., the scientific puzzle that originated
when a re-determination of the surface metallicity
of the Sun indicated a lower value than previously
assumed: standard solar models incorporating lower
metal abundances (SSM-LZ) [12] meet di�culties in
reproducing the results from helioseismology, which

1

pp chain CNO cycle



Solar neutrinos and energy production

Ê Energy conservation
𝐿⨀

4𝜋(𝐴.𝑈. )C =E
F
𝑎F𝜙FI

𝐿⨀=3.846±0.015 erg/s 

Aldo Ianni, ICHEP 20207



Solar neutrino energy spectrum

Aldo Ianni, ICHEP 20208

Stars are fueled by and evolve through nuclear fu-
sion reactions. For most of their lifetime the key pro-
cess is the fusion of hydrogen into helium, which is
believed to happen in the star’s core through two
theoretically well understood mechanisms. One is
initiated by the direct fusion of two protons into a
deuteron, with the emission of a neutrino (⌫) and a
positron, and is known as the pp chain. The other
is catalysed by the presence of heavier nuclei in the
stellar plasma, such as carbon, nitrogen, and oxygen,
and is therefore known as the CNO cycle (see Fig. 1,
upper plot). Both the pp chain and the CNO cy-
cle are associated with the production of energy and
the emission of a rich spectrum of electron neutri-
nos [1, 2], shown in Fig. 1, lower plot.

Nuclear physics and stellar evolution show that
the relative importance of these mechanisms depends
mostly on stellar mass and on the abundance of el-
ements heavier than helium in the core (“metallic-
ity”). For stars similar to the Sun, but heavier than
about 1.3M� [3], the energy production rate is dom-
inated by the CNO cycle, while the pp chain prevails
in lighter, cooler stars. Due to the large number of
massive stars and their rapid evolution, the CNO cy-
cle is believed to be the primary mechanism for the
stellar conversion of hydrogen into helium in the Uni-
verse.

The CNO cycle is thought to contribute to the en-
ergy production in the Sun at the level of 1%, with a
large uncertainty related to poorly known metallicity.
Metallicity is relevant for two reasons: i) “metals”
directly catalyse the CNO cycle, and ii) they a↵ect
the plasma opacity, indirectly changing the temper-
ature of the core and modifying the evolution of the
Sun and its density profile. We notice, in addition,
that in the Sun the 16O lifetime at the core’s tem-
perature is much longer than the solar age [4]. This
makes the CNO sub-cycle II (see Fig. 1, upper plot)
sub-dominant in the Sun.

Solar neutrinos are the only tool to directly probe
the nuclear reactions in the Sun’s core. In particular,
the CNO neutrino flux depends on the metallic con-
tent of the solar core, which is a tracer of the initial
chemical composition of the Sun at the time of its
formation, being the core essentially decoupled from
the surface by the existence of a radiative zone, with
no mixing. CNO neutrinos are the only probe of that
initial condition.

The neutrinos produced by the solar pp chain have
been extensively studied since the early 70’s lead-
ing to the discovery of matter-enhanced neutrino
flavour conversion [5]. Recently, the Borexino experi-
ment has published a comprehensive study of the pp
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Figure 1: Upper plot : the double CNOcycle in the Sun,
where sub-cycle I is dominant. The colored arrows indi-
cate the reaction rates integrated over the Sun’s volume.
The rate of 17O(↵, p)14N reaction is below the low end
of the color scale (dashed arrow). Lower plot : energy
spectra of solar neutrinos from the pp chain (grey, pp,
pep, 7Be, 8B, and hep) and CNO cycle (in colour). The
two dotted lines indicate electron capture [9, 10, 11]. For
mono-energetic lines the flux is given in cm�2 s�1.

chain [6].
In this paper, we reach another milestone in so-

lar neutrino physics, by reporting on the first direct
detection of the CNOneutrinos produced by the Sun
and by experimentally proving, for the first time, that
the catalysed hydrogen fusion envisaged by Bethe
and Weizsäcker in the 30’s indeed exists [7, 8].
This result provides the first direct experimental

indication of the quantitative relevance of the CNO
cycle in the Sun and paves the way to the solu-
tion of the long standing “solar metallicity prob-
lem” [2], i.e., the scientific puzzle that originated
when a re-determination of the surface metallicity
of the Sun indicated a lower value than previously
assumed: standard solar models incorporating lower
metal abundances (SSM-LZ) [12] meet di�culties in
reproducing the results from helioseismology, which
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Borexino achievements on solar neutrinos

n
source

SSM-HZ/SSM-LZ
[cm-2 s-1]

Borexino rate
[cpd/100tons]

Borexino flux
[cm-2 s-1]

pp 5.98(1±0.006)x1010

6.03(1±0.006)x1010
134+12

-14 6.1(1±0.10)x1010

pep 1.44(1±0.01)x108

1.46(1±0.01)x108
2.43+0.39

-0.42
2.65+0.39

-0.43

1.27(1±0.17)x108

1.39(1±0.16)x108

7Be 4.93(1±0.06)x109

4.50(1±0.06)x109
48.3+1.2

-1.3 5.0(1±0.027)x109

8B 5.46(1±0.12)x106

4.50(1±0.12)x106
0.223+0.016

-0.017 5.68(1±0.076)x108

hep 7.98(1±0.30)x103

8.25(1±0.30)x103
<0.002 (90% C.L.) <2.2x105

CNO 4.88(1±0.16)x108

3.51(1±0.14)x108 ? ?
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Challenge for CNO solar neutrino observation
in Borexino

• Expected signal rate: 3 – 5 cpd/100ton

• Main background: 210Bi  

• Strong correlation between CNO, pep, and 210Bi

• Expected S/B ~ 0.2 – 0.3
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Figure 2: Energy distribution of Borexino events (black
points) and spectral fit (magenta). CNO-⌫, 210Bi , and
pep-⌫ are highlighted in solid red, dashed blue, and dot-
ted green, respectively. All other components are in
grey. The yellow band represents the region with the
largest signal-to-background ratio for CNO-⌫.

trons is a rather featureless continuous distribution
that extends up to 1517 keV (see Fig. 2). In this
work, the three CNO neutrino components (Fig. 1)
were treated as a single contribution by fixing the ra-
tio between them according to the SSM prediction.
Several backgrounds contribute to the same energy
interval with a rate comparable to or larger than the
signal. An elaborate multivariate fit, needed to disen-
tangle all the contributions, follows a procedure sim-
ilar to that adopted in [6, 15, 20] and described in
Appendix.

The CNO analysis is a↵ected by two additional
complications: the similarity between the CNO-⌫ re-
coil electron and the 210Bi �� spectra and the strong
correlation of both with the pep-⌫ recoil electron
spectrum. In addition, the data are polluted by cos-
mogenic 11C in the high energy part of the CNO
spectrum. The three-fold-coincidence (TFC) tagging
technique for 11C described in [15] is essential to make
the CNOdetection possible.

As discussed at length in [21], the sensitivity to
CNO neutrinos is low unless the 210Bi and pep-⌫ rates
are constrained in the fit. The pep-⌫ rate can be
constrained at the level of 1.4% using the solar lu-
minosity1, robust assumptions on the pp to pep neu-
trino rate ratio, existing solar neutrino data [22, 23],
and the most recent oscillation parameters [24]. The
other main background for the CNO-⌫ measurement
comes from the � decays of 210Bi [21]. Bismuth-210
has a short half-life (5.013 days) but its decay rate is

1The luminosity of the Sun depends very weakly on
CNOneutrinos, so the constraint is robust independently of
any reasonable assumption on the role of CNOneutrinos in the
Sun.

supported by 210Pb through the sequence:

210Pb
��

������!
22.3 years

210Bi
��

���!
5 days

210Po
↵������!

138.4 days

206Pb .

(1)
We note that the endpoint energy of the 210Pb �-
decay is 63.5 keV, well below the analysis threshold
(320 keV). Therefore, the determination of the 210Bi
content must rely on measuring 210Po [25]. The ↵
particles from 210Podecay, selected event-by-event by
means of pulse-shape discrimination, are ideal tracers
of 210Bi , although the technique works only if secular
equilibrium in sequence (1) is achieved. It is hence
crucial to understand under what conditions such an
equilibrium is established.

Since 2007, the data have shown that out-of-
equilibrium components of 210Powere present in the
fiducial volume. A dedicated e↵ort was implemented
to study and ultimately remove these components,
reaching su�cient equilibrium in one sub-volume of
the detector, which made the result reported in this
paper possible. We distinguish between a scintilla-

tor
210Po component (210PoS) sourced by 210Pb in

the liquid and assumed to be stable in time and
in equilibrium with 210Bi, and a vessel component
(210PoV).2 The origin of 210PoV for this dataset is
understood to be 210Pb deposited on the inner sur-
faces of the vessel. The daughter 210Po may detach
and move into the scintillator by di↵usion or following
slow convective currents. It is important to note that,
as explained in details below, there is no evidence of
210Pb itself leaching out from those surfaces, because
the rate of 210Bi observed in the scintillator has not
significantly changed over several years.

The di↵usion coe�cient of radon in the scintilla-
tor is of the order of 2⇥ 10�9m2/s [26]. Taking this
value to be similar for polonium, the average distance
travelled by a 210Po atom in one half-life is of the or-
der of 20 cm, significantly less than the minimum dis-
tance between the vessel and the FV (approximately
1m). We can conclude that the e↵ect of di↵usion is
negligible for both 210Po and 210Bi . However, Borex-
ino data show that slow convective currents caused
by temperature gradients and variations may indeed
carry the 210Po into the FV. The same e↵ect does not
occur for the short-lived 210Bi , which decays before
reaching the FV.

Prior to 2016, Borexino was neither equipped with
thermal insulation nor active temperature control.
Convective currents were substantial, because of sea-
sonal temperature variations and human activities af-

2Another component of 210Po , well visible in the data after
the initial filling of 2007 and the purification campaigns of 2011,
has completely decayed away and is not relevant here.
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Figure 2: Energy distribution of Borexino events (black
points) and spectral fit (magenta). CNO-⌫, 210Bi , and
pep-⌫ are highlighted in solid red, dashed blue, and dot-
ted green, respectively. All other components are in
grey. The yellow band represents the region with the
largest signal-to-background ratio for CNO-⌫.

trons is a rather featureless continuous distribution
that extends up to 1517 keV (see Fig. 2). In this
work, the three CNO neutrino components (Fig. 1)
were treated as a single contribution by fixing the ra-
tio between them according to the SSM prediction.
Several backgrounds contribute to the same energy
interval with a rate comparable to or larger than the
signal. An elaborate multivariate fit, needed to disen-
tangle all the contributions, follows a procedure sim-
ilar to that adopted in [6, 15, 20] and described in
Appendix.

The CNO analysis is a↵ected by two additional
complications: the similarity between the CNO-⌫ re-
coil electron and the 210Bi �� spectra and the strong
correlation of both with the pep-⌫ recoil electron
spectrum. In addition, the data are polluted by cos-
mogenic 11C in the high energy part of the CNO
spectrum. The three-fold-coincidence (TFC) tagging
technique for 11C described in [15] is essential to make
the CNOdetection possible.

As discussed at length in [21], the sensitivity to
CNO neutrinos is low unless the 210Bi and pep-⌫ rates
are constrained in the fit. The pep-⌫ rate can be
constrained at the level of 1.4% using the solar lu-
minosity1, robust assumptions on the pp to pep neu-
trino rate ratio, existing solar neutrino data [22, 23],
and the most recent oscillation parameters [24]. The
other main background for the CNO-⌫ measurement
comes from the � decays of 210Bi [21]. Bismuth-210
has a short half-life (5.013 days) but its decay rate is

1The luminosity of the Sun depends very weakly on
CNOneutrinos, so the constraint is robust independently of
any reasonable assumption on the role of CNOneutrinos in the
Sun.

supported by 210Pb through the sequence:

210Pb
��

������!
22.3 years

210Bi
��

���!
5 days

210Po
↵������!

138.4 days

206Pb .

(1)
We note that the endpoint energy of the 210Pb �-
decay is 63.5 keV, well below the analysis threshold
(320 keV). Therefore, the determination of the 210Bi
content must rely on measuring 210Po [25]. The ↵
particles from 210Podecay, selected event-by-event by
means of pulse-shape discrimination, are ideal tracers
of 210Bi , although the technique works only if secular
equilibrium in sequence (1) is achieved. It is hence
crucial to understand under what conditions such an
equilibrium is established.

Since 2007, the data have shown that out-of-
equilibrium components of 210Powere present in the
fiducial volume. A dedicated e↵ort was implemented
to study and ultimately remove these components,
reaching su�cient equilibrium in one sub-volume of
the detector, which made the result reported in this
paper possible. We distinguish between a scintilla-

tor
210Po component (210PoS) sourced by 210Pb in

the liquid and assumed to be stable in time and
in equilibrium with 210Bi, and a vessel component
(210PoV).2 The origin of 210PoV for this dataset is
understood to be 210Pb deposited on the inner sur-
faces of the vessel. The daughter 210Po may detach
and move into the scintillator by di↵usion or following
slow convective currents. It is important to note that,
as explained in details below, there is no evidence of
210Pb itself leaching out from those surfaces, because
the rate of 210Bi observed in the scintillator has not
significantly changed over several years.

The di↵usion coe�cient of radon in the scintilla-
tor is of the order of 2⇥ 10�9m2/s [26]. Taking this
value to be similar for polonium, the average distance
travelled by a 210Po atom in one half-life is of the or-
der of 20 cm, significantly less than the minimum dis-
tance between the vessel and the FV (approximately
1m). We can conclude that the e↵ect of di↵usion is
negligible for both 210Po and 210Bi . However, Borex-
ino data show that slow convective currents caused
by temperature gradients and variations may indeed
carry the 210Po into the FV. The same e↵ect does not
occur for the short-lived 210Bi , which decays before
reaching the FV.

Prior to 2016, Borexino was neither equipped with
thermal insulation nor active temperature control.
Convective currents were substantial, because of sea-
sonal temperature variations and human activities af-

2Another component of 210Po , well visible in the data after
the initial filling of 2007 and the purification campaigns of 2011,
has completely decayed away and is not relevant here.
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Strategy to observe CNO solar neutrinos
in Borexino

Ê Mitigate correlation with 210Bi by reducing covenction currents
which might take 210Bi and 210Po from nylon vessel into the 
fiducial volume
• Thermal insulation and active temperature control system to

establish a constant in time temperature gradient (DT/ Dz ~ 0.50C/m)

Ê Exploit PSD discrimination to determine 210Po in inner volume
• 210Po consists of an intrinsic component in equilibrium with 210Bi and 

in an «external» component carried by convective currents
• Estimated migration length obtained from 210Po radial distribution is

of the order of 1m

Aldo Ianni, ICHEP 202011



Thermal insulation and temperature control

Aldo Ianni, ICHEP 202012

Figure 7: The Borexino Water Tank after the comple-
tion of the thermal insulation and the active tempera-
ture control system deployment.

ties in the underground Hall and to seasonal e↵ects.
A significant upgrade of the detector in this respect
was carried out.
Between May and December 2015, 900m2 of ther-

mal insulation was installed on the outside of the
Borexino Water Tank. In addition, the system used
to recirculate water inside the WT was stopped in
July 2015 to contribute to the inner detector thermal
stability and allow its fluid to vertically stratify.
The thermal insulation consists of two layers: an

outer 10 cm layer of Ultimate Tech Roll 2.0 mineral
wool (thermal conductivity at 10�C of 0.033W/m/K)
and an inner 10 cm layer of Ultimate Protect wired
Mat 4.0 mineral wool reinforced with Al foil 65 g/cm2

with glass grid on one side (thermal conductivity at
10�C of 0.030W/mK). The thermal insulation ma-
terial is anchored to the WT with 20m long nails
on a metal plate attached to the tank (5 nails/m2).
In addition, an active temperature control system
(ATCS) was completed in January 2016. In Figure 7
the Borexino WT is shown wrapped in thermal insu-
lation.
A system of 66 probes with 0.07�C resolution, the

position of which is shown in Fig. 8, monitors the
temperature of Borexino. They are arranged as fol-
lows: 14 protruding 0.5m radially inward into the
SSS (ReB probes) and in operation since October
2014, measure the temperature of the outer part of
the bu↵er liquid (OB); 14 mounted 0.5m radially
outward from the SSS (ReW probes) and in oper-
ation since April 2015, measure the temperature of
the water; 20 installed between the insulation layer
and the external surface of the WT (WT probes)
are in operation since May 2015; 4 located inside a
pit underneath the Borexino WT are in operation
since October 2015; 14 on the Borexino detector WT
dome installed in early 2016. The average temper-

Figure 8: Distribution of temperature probes around
and inside the Borexino detector. For simplicity, the
probes on the WT dome and in the pit below the de-
tector are not shown.

ature since 2016 of the floor underneath the detec-
tor in contact with the rock is 7.5�C, while at the
top of the detector it is 15.8�C. This temperature
di↵erence corresponds to a naturally-driven gradient
�T/�z > 0 ⇠ 0.5�C/m. Ensuring this gradient does
not decrease it is the key to reducing convective cur-
rents, scintillator mixing, and consequently stabiliz-
ing the 210Po background for the CNO analysis.

Out of the last 14 probes, three are part of the
Active Temperature Control System (ATCS) kept in
operation during the present data taking. The ATCS
consists of a water based system made with copper
tube coils installed on the upper part of the detector’s
dome. The coils are in contact with the WT steel,
with the addition of an Al layer to enhance the ther-
mal coupling. A 3 kW electric heater, a circulation
pump, a temperature controller, and an expansion
tank are connected to the coils. The ATCS trims the
natural thermal gradient and is essential to eliminate
convection motion.

The Outer Detector head tank (a 70-liter vessel
connected with the 1346m3 volume of the SSS) is
used as a sensitive detector thermometer. After the
thermal insulation system installation the head tank
had to be refilled with 289 kg of PC because of the
detector overall cooling and corresponding shrinkage.
Calibration established the sensitivity of this ther-
mometer to be of the order of 10�2 �C per 100mm
change of fluid height.

The deployment of both the thermal insulation and
the temperature control systems were quickly e↵ec-
tive in stabilizing the inner detector temperature.
As of 2016 the heat loss due to the thermal insu-

9

Figure 7: The Borexino Water Tank after the comple-
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position of which is shown in Fig. 8, monitors the
temperature of Borexino. They are arranged as fol-
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Figure 8: Distribution of temperature probes around
and inside the Borexino detector. For simplicity, the
probes on the WT dome and in the pit below the de-
tector are not shown.
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with the addition of an Al layer to enhance the ther-
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tank are connected to the coils. The ATCS trims the
natural thermal gradient and is essential to eliminate
convection motion.

The Outer Detector head tank (a 70-liter vessel
connected with the 1346m3 volume of the SSS) is
used as a sensitive detector thermometer. After the
thermal insulation system installation the head tank
had to be refilled with 289 kg of PC because of the
detector overall cooling and corresponding shrinkage.
Calibration established the sensitivity of this ther-
mometer to be of the order of 10�2 �C per 100mm
change of fluid height.

The deployment of both the thermal insulation and
the temperature control systems were quickly e↵ec-
tive in stabilizing the inner detector temperature.
As of 2016 the heat loss due to the thermal insu-
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Figure 9: Temperature as a function of time in di↵erent
volumes of the Borexino detector. The vertical dashed
lines show: the activation of the temperature control
system on the dome of the Water Tank, the set-point
change, and the activation of the air control system in
the experimental Hall.

lation system was equal to 247W. Yet, changes of
the experimental Hall temperature induced residuals
variations in the top bu↵er probes of the order of
0.3�C/6 months. To further reduce these e↵ects an
active system to control the seasonal changes of the
air temperature entering the experimental Hall and
surrounding the Borexino WT was designed and in-
stalled in 2019. It consists of a 70 kW electrical heater
installed inside the inlet air duct, which has a capac-
ity 12000m3/h (in normal conditions). The heater is
deployed just a few meters before the Hall main door.
The temperature control is based on a master/slave
architecture with a master PID controller that acts
on a second slave PID controller. Probes deployed
around the WT monitor the temperature of the air.
After commissioning, a set point temperature for the
master PID of 14.5�C is chosen. This system controls
the temperature of the inlet air within approximately
0.05�C.
The thermal insulation, active temperature control

of the detector, and the Hall C air temperature con-
trol have enabled remarkable temperature stability
of the detector. Figure 9 shows the temperature time
profile read by all probes since 2016. A stable tem-
perature gradient was clearly established as needed
to avoid mixing of the scintillator.

C The Low Polonium Field and its

properties

After the completion of the thermal insulation
(Phase-III), the Bismuth-210 background activity is
measured from the 210Po activity assuming secular
equilibrium of the A = 210 chain. The measured
210Po rate is the sum of two contributions: a scin-

Figure 10: The rate of 210Po in cylinders of 3m radius
and 10 cm height located along the z axis from -2m to
2m, as a function of time with 1 month binning. The
dashed lines indicate the z coordinate of the fiducial
volume. The markers show the positions of the center
of the LPoF obtained with two fit methods: paraboloid
(red) and spline (white). Both fit methods follow the
dark blue minimum of the 210Po activity well.

tillator
210Po component supported by the 210Pb in

the liquid (210PoS), which we assume to be stable
in time and equal to the intrinsic rate of 210Bi in
the scintillator, and a vessel component (210PoV).
The latter has a 3D di↵usive-like structure given by
polonium detaching from the Inner Vessel and mi-
grating into the fiducial volume. The origin of this
component is the 210Pb contamination of the ves-
sel. The 210Po migration process is driven by resid-
ual convective currents. A rough estimation of the
migration length �mig obtained by fitting the spa-
tial distribution of 210Po, is found to range between
50 and 100 cm, which corresponds to a migration co-
e�cient Dmig = (1.0 ± 0.4) ⇥ 10�9 m2 s�1 (where
we have used the relation �mig =

p
Dmig⌧Po with

the 210Po lifetime, ⌧Po=199.7 days). This value is
slightly lower than the di↵usion coe�cient Ddi↵ ⇠
1.5⇥10�9m2 s�1 (corresponding to a di↵usion length
�di↵ ⇠ 20 cm), predicted by the Stokes-Einstein for-
mula [46] and observed for heavy atoms in hydrocar-
bons [26]. We interpret this di↵erence as due to the
presence of residual convective motions in Phase-III.
These motions are localized in small regions and cre-
ate a di↵usive-like structure with an e↵ective migra-
tion length �mig & �di↵ .

The ↵’s from 210Po decays are selected event-
by-event with a highly e�cient ↵/� pulse shape
discrimination neural network method based on
a Multi-layer Perceptron (MLP) [47]. The re-
sulting three-dimensional 210Po activity distribution
(Fig. 4), named the Low Polonium Field (LPoF), ex-
hibits an e↵ective migration profile with an almost
stable minimum located above the detector equator
(dark blue regions in Fig. 10). The qualitative shape
and approximate position of the LPoF is reproduced
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210Po background in Borexino

Aldo Ianni, ICHEP 202013

Figure 3: 210Po rate in Borexino in cpd per 100 t (rainbow color scale) as a function of time in small cubes of about
3 tonnes each ordered from the bottom, “0”, to the top, “58”, along the vertical direction (Latest update: May 2020).
All cubes are selected inside a sphere of radius r = 3m. The red curve with its red scale on the right represents the
average temperature in the innermost region surrounding the nylon vessel. The dashed vertical lines indicate the most
important milestones of the temperature stabilisation program: 1. Beginning of the “Insulation Program”; 2. Turning
o↵ of the water recirculation system in the Water Tank; 3. First operation of the active temperature control system; 4.
Change of the active control set point; 5. Installation and commissioning of the Hall C temperature control system. The
white vertical bands represent di↵erent DAQ interruptions due to technical issues.

fecting the temperature of the experimental Hall at
the Gran Sasso Laboratory. The large fluctuations of
the 210Po activity in the FV induced by these cur-
rents are shown in Fig. 3, where the 210Po rate in dif-
ferent detector positions is plotted as a function of
time. It is evident that before 2016 the 210Po counts
in the FV were both high (> 100 cpd per 100 t)
and highly unstable, on time scales shorter than the
210Po half-life, because of sizeable fluid movements,
which prevented the separation of PoS from PoV.

In order to eliminate convection, a stable posi-
tive vertical thermal gradient needs to be established.
The Borexino installation atop a cold floor in contact
with the rock, acting as an infinite thermal sink, of-
fers a unique opportunity to achieve such a gradient,
once the detector is insulated against instabilities of
the experimental Hall air temperature.

To tackle this problem, thermal insulation of
the detector was completed in December 2015 and
an active temperature control system was installed
in January 2016 [27]. The insulating material
placed around the WT (thermal conductivity about
0.03W/m/K) significantly increased the total ther-
mal resistance against temperature variations in the
experimental Hall. The active control system reli-
ably compensates for any change in the WT dome
temperature with precision of 0.07 �C.

The temperature of the rock beneath the detector

is 7.5�C, while the top of the detector has a typical
temperature of 15.8�C, that establishes a stable pos-
itive gradient of the order of about 0.5 �C per meter.
A long-lasting vertical stratification implies a small

vertical convection. In addition, the insulation
smooths out lateral temperature gradients, which fur-
ther decrease fluid velocity and vertical mixing. A
residual seasonal modulation of the order of 0.3�C/6
months is still visible in the detector and in the rock
below it, but its e↵ect is small for the purpose of this
paper.
This extensive e↵ort to improve thermal stabil-

ity paid o↵: the 210Po rate initially decreased and
reached its lowest value in a region that we named
Low Polonium Field (LPoF), in the upper detector
hemisphere around z ' +80 cm. The existence of this
volume is compatible with fluid dynamics simulation
results obtained in [28]. This region is understood to
be almost free of 210PoV delivered by convective cur-
rents. This fact is also highlighted in Fig. 3, where
the LPoF is identified as a clearly visible and rela-
tively stable blue region starting to appear in May
2017.

210
Bi constraint

The amount of 210Bi in the scintillator is determined
from the minimum value of the 210Po rate in the
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• 210Po rate in Borexino in 
cpd/100tons from bottom to top

• 3 tons cubes within 3m sphere

1. Beginning of thermal
insulation

2. Water re-circulation loop in
Water Tank off

3. Active temperature control 
system on

4. Change set point in the active
control system

5. Air temperature control 
system in underground Hall

R(210Pomin) = R(210Bi) + R(210PoVessel) 



210Bi constraint

Ø 210Bi uniformity and time stability
• 210Bi from liquid scintillator must be uniform in FV and

stable in time

Ø Select b-like events in specific energy window
• study radial and angular

distribution
• study time stability

Aldo Ianni, ICHEP 202014

Figure 12: Angular power spectrum of observed �
events (black points) compared with 104 uniformly dis-
tributed events from Monte Carlo simulations at one
(dark pink) and two � C.L. (pink). Data are compati-
ble with a uniform distribution within the uncertainty
of 0.59 cpd per 100 t . Inset : Angular distribution of
the � events in an optimized energy window.

cal simulations, performed using as input the velocity
field obtained from 210Po movements during the pre-
insulation time, confirm this hypothesis.

A more conservative approach, which uses heuristic
arguments based on the e↵ective migration of ions
as measured from LPoF, suggests that 210Bi at the
beginning of Phase-III (mid-2016) must be uniform
at least within a volume scale of about 20m3. This
argument is also verified by means of fluid dynamics
numerical simulations.

All the a priori arguments and qualitative studies
described above are confirmed a posteriori by look-
ing at the � event rate in optimized energy windows
where the 210Bi signal-to-background ratio is maxi-
mal. The observed non-uniformity is then conserva-
tively assigned only to 210Bi , contributing about 15%
to the overall rate in the selected energy window.

In order to test the spatial uniformity of the 210Bi
rate in the fiducial volume and to associate a sys-
tematic uncertainty to its possible non-uniformity, we
split the spatial distribution into radial and angular
components.

Figure 12 shows the angular power spectrum of ob-
served � events (black points). The dark pink and
pink bands are the allowed 1� and 2� regions re-
spectively, obtained from 104 Monte Carlo simula-
tions of uniformly distributed events. The analysis
is performed with the HEALPix [29] software pack-
age, available, e.g., for cosmic microwave background
analysis.

Figure 13 shows the linear fit to the r3 distribution
of the � events, expected to be flat for uniform spatial
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Figure 13: Normalized radial distribution of � events
r/r0 (black points), where r0 =2.5m is the radius of the
sphere surrounding the analysis fiducial volume. The
linear fit of the data (red solid line) is shown along with
the 1� (yellow) and 2� (green) C.L. bands. The data are
compatible with a uniform distribution within 0.52 cpd
per 100 t .

distribution, from which we determine the allowed
residual non-uniformity along the radial direction.

All these studies show no evidence for a sizeable
non-uniformity of the 210Bi distribution inside the
fiducial volume. In particular, the rate measured
in the LPoF is fully consistent with that measured
in the total fiducial volume. This evidence further
supports a very small systematic uncertainty on the
210Bi independent constraint. Combining in quadra-
ture the uncertainties from the radial (0.52 cpd per
100 t ) and angular (0.59 cpd per 100 t ) components,
we obtain a systematic error associated with the
210Bi spatial uniformity of 0.78 cpd per 100 t .

Finally, we checked the 210Bi rate time stability
applying two methods on the observed rate of �
events in the optimized energy windows: (i) we stud-
ied the range of possible polynomial distortions; (ii)
we performed a Lomb-Scargle spectral decomposi-
tion (see [52] and references therein). We found no
evidence of any relevant time variation besides the
expected annual modulation due to solar neutrinos
(7Be-⌫’s contribute>60% to the � rate in the selected
energy windows). Actually, the fact that we are able
of seeing the tiny 3.3% sinusoidal variation induced
by the eccentricity of the Earth’s orbit around the
Sun, is in itself a further proof of the excellent time
stability of the 210Bi rate.

We note that, even after complete mixing, the true
210Bi rate is not perfectly constant in time, as it must
follow the decay rate of the parent 210Pb (⌧ = 32.7 y).
This e↵ect is not detectable over the ⇠3 years time
period of our analysis, but for substantially longer
periods it could be used for better constraining the
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CNO analysis and result

Figure 5: Left. Counting analysis. The vertical axis is the number of events allowed by the data for CNO-⌫ and
backgrounds in ROI; on the left, the CNO signal is minimum and backgrounds are maximum, while on the right, CNO
is maximum and backgrounds are minimum. It is clear from this figure that CNO cannot be zero. Right. CNO-⌫ rate
negative log-likelihood profile directly from the multivariate fit (dashed black line) and after folding in the systematic
uncertainties (black solid line). Histogram in red: CNO-⌫ rate obtained from the counting analysis. Finally, the blue,
violet, and grey vertical bands show 68% confidence intervals (C.I.) for the SSM-LZ and SSM-HZ [2, 21] predictions and
the Borexino result (corresponding to black solid-line log-likelihood profile), respectively.

pep neutrino rate is constrained to (2.74 ± 0.04) cpd
per 100 t by multiplying the standard likelihood with
a symmetric Gaussian term. The upper limit to
the 210Bi rate obtained from eq. 3 is enforced asym-
metrically by multiplying the likelihood with a half-
Gaussian term, i.e., leaving the 210Bi rate uncon-
strained between 0 and 11.5 cpd per 100 t .

The reference spectral and radial distributions
(PDFs) of each signal and background species to be
used in the multivariate fit are obtained with a com-
plete Geant4-based Monte Carlo simulation [15, 31].

The results of the multivariate fit for data in which
the 11C has been subtracted with the TFC technique
are shown in Fig. 2. The p-value of the fit is good
(0.3) demonstrating the fair agreement between data
and the underlying fit model. The corresponding neg-
ative log-likelihood for CNO-⌫, profiled over the other
neutrino fluxes and background sources, is shown in
Fig. 5 (dashed black line in the right panel). The
best fit value is 7.2 cpd per 100 t with an asymmetric
confidence interval of -1.7 cpd per 100 t and +2.9 cpd
per 100 t (68% C.L., statistical error only), obtained
from the quantile of the likelihood profile.

We have studied several possible sources of sys-
tematic error following an approach similar to the
one used in [6, 15]. We have investigated the impact
of varying fit parameters (fit range and binning) on
the result by performing 2500 fits in di↵erent con-
ditions and found it to be negligible with respect
to the CNO statistical uncertainty. We also consid-
ered the e↵ect of di↵erent theoretical 210Bi shapes

from [32, 33, 34] and found that the CNO result is
robust with respect to the selected one [32]. Di↵er-
ences are included in the systematic error. We have
performed a detailed study of the impact of possible
deviations of the energy scale and resolution from the
Monte Carlo model: non-linearity, non-uniformity,
and variation in the absolute magnitude of the scintil-
lator light yield have been investigated by simulating
several million Monte Carlo pseudo-experiments with
deformed shapes and fitting them with the regular
non-deformed PDFs. The magnitude of the deforma-
tions was chosen to be within the range allowed by
the available calibrations [35] and by two ”standard
candles” (210Po, 11C) present in the data. The over-
all contribution to the total error of all these sources
is -0.5/+0.6 cpd per 100 t.

Other sources of systematic error investigated
in the previous precision measurement of the pp

chain [6], such as, fiducial volume, scintillator den-
sity, and lifetime were found to be negligible with
respect to the large CNO statistical uncertainty.

The log-likelihood profile including all the errors
combined in quadrature is shown in Fig. 5, right
(black solid line). The asymmetry of the profile is
due to the applied half-Gaussian constraint on the
210Bi , see eq. (3). Thanks to this 210Bi constraint,
the profile is relatively steep on the left side of the
minimum. The shallow shape on the right side of the
profile reflects the mild sensitivity to distinguish the
spectral shapes of 210Bi and CNO. From the corre-
sponding profile-likelihood we obtain a 5.1� signifi-
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Figure 2: Energy distribution of Borexino events (black
points) and spectral fit (magenta). CNO-⌫, 210Bi , and
pep-⌫ are highlighted in solid red, dashed blue, and dot-
ted green, respectively. All other components are in
grey. The yellow band represents the region with the
largest signal-to-background ratio for CNO-⌫.

trons is a rather featureless continuous distribution
that extends up to 1517 keV (see Fig. 2). In this
work, the three CNO neutrino components (Fig. 1)
were treated as a single contribution by fixing the ra-
tio between them according to the SSM prediction.
Several backgrounds contribute to the same energy
interval with a rate comparable to or larger than the
signal. An elaborate multivariate fit, needed to disen-
tangle all the contributions, follows a procedure sim-
ilar to that adopted in [6, 15, 20] and described in
Appendix.

The CNO analysis is a↵ected by two additional
complications: the similarity between the CNO-⌫ re-
coil electron and the 210Bi �� spectra and the strong
correlation of both with the pep-⌫ recoil electron
spectrum. In addition, the data are polluted by cos-
mogenic 11C in the high energy part of the CNO
spectrum. The three-fold-coincidence (TFC) tagging
technique for 11C described in [15] is essential to make
the CNOdetection possible.

As discussed at length in [21], the sensitivity to
CNO neutrinos is low unless the 210Bi and pep-⌫ rates
are constrained in the fit. The pep-⌫ rate can be
constrained at the level of 1.4% using the solar lu-
minosity1, robust assumptions on the pp to pep neu-
trino rate ratio, existing solar neutrino data [22, 23],
and the most recent oscillation parameters [24]. The
other main background for the CNO-⌫ measurement
comes from the � decays of 210Bi [21]. Bismuth-210
has a short half-life (5.013 days) but its decay rate is

1The luminosity of the Sun depends very weakly on
CNOneutrinos, so the constraint is robust independently of
any reasonable assumption on the role of CNOneutrinos in the
Sun.

supported by 210Pb through the sequence:

210Pb
��

������!
22.3 years

210Bi
��

���!
5 days

210Po
↵������!

138.4 days

206Pb .

(1)
We note that the endpoint energy of the 210Pb �-
decay is 63.5 keV, well below the analysis threshold
(320 keV). Therefore, the determination of the 210Bi
content must rely on measuring 210Po [25]. The ↵
particles from 210Podecay, selected event-by-event by
means of pulse-shape discrimination, are ideal tracers
of 210Bi , although the technique works only if secular
equilibrium in sequence (1) is achieved. It is hence
crucial to understand under what conditions such an
equilibrium is established.
Since 2007, the data have shown that out-of-

equilibrium components of 210Powere present in the
fiducial volume. A dedicated e↵ort was implemented
to study and ultimately remove these components,
reaching su�cient equilibrium in one sub-volume of
the detector, which made the result reported in this
paper possible. We distinguish between a scintilla-

tor
210Po component (210PoS) sourced by 210Pb in

the liquid and assumed to be stable in time and
in equilibrium with 210Bi, and a vessel component
(210PoV).2 The origin of 210PoV for this dataset is
understood to be 210Pb deposited on the inner sur-
faces of the vessel. The daughter 210Po may detach
and move into the scintillator by di↵usion or following
slow convective currents. It is important to note that,
as explained in details below, there is no evidence of
210Pb itself leaching out from those surfaces, because
the rate of 210Bi observed in the scintillator has not
significantly changed over several years.
The di↵usion coe�cient of radon in the scintilla-

tor is of the order of 2⇥ 10�9m2/s [26]. Taking this
value to be similar for polonium, the average distance
travelled by a 210Po atom in one half-life is of the or-
der of 20 cm, significantly less than the minimum dis-
tance between the vessel and the FV (approximately
1m). We can conclude that the e↵ect of di↵usion is
negligible for both 210Po and 210Bi . However, Borex-
ino data show that slow convective currents caused
by temperature gradients and variations may indeed
carry the 210Po into the FV. The same e↵ect does not
occur for the short-lived 210Bi , which decays before
reaching the FV.
Prior to 2016, Borexino was neither equipped with

thermal insulation nor active temperature control.
Convective currents were substantial, because of sea-
sonal temperature variations and human activities af-

2Another component of 210Po , well visible in the data after
the initial filling of 2007 and the purification campaigns of 2011,
has completely decayed away and is not relevant here.
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• Energy window: 0.32-2.64 MeV
• Fit energy spectrum and radial distribution
• Free pars: CNO, 85Kr, 11C, 40K, 208Tl, 214Bi, 7Be
• pep constrained to 2.74±0.04 cpd/100ton
• 210Bi constrained ≤ 11.5±1.3 cpd/100ton
• Data set July 2016 – Feb 2020
• 1072 days of livetime
• Selection cuts:

• Muon and muon daughters
• FV (R < 2.8 m && -1.8m<z<2.2m)
• TFC

R(CNO) = 7.2 +2.9 
-1.7  cpd/100ton

Null hypothesis (CNO=0) rejected
at 5.1s



Borexino achievements on solar neutrinos

n source SSM-HZ/SSM-LZ
[cm-2 s-1]

Borexino rate
[cpd/100tons]

Borexino flux
[cm-2 s-1]

pp 5.98(1±0.006)x1010

6.03(1±0.006)x1010
134+12

-14 6.1(1±0.10)x1010

pep 1.44(1±0.01)x108

1.46(1±0.01)x108
2.43+0.39

-0.42
2.65+0.39

-0.43

1.27(1±0.17)x108

1.39(1±0.16)x108

7Be 4.93(1±0.06)x109

4.50(1±0.06)x109
48.3+1.2

-1.3 5.0(1±0.027)x109

8B 5.46(1±0.12)x106

4.50(1±0.12)x106
0.223+0.016

-0.017 5.68(1±0.076)x108

hep 7.98(1±0.30)x103

8.25(1±0.30)x103
<0.002 (90% C.L.) <2.2x105

CNO 4.88(1±0.16)x108

3.51(1±0.14)x108 7.2+2.9
-1.7 7.0+3.0

-2.0 x108
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Conclusions

Ê Borexino 12 years of data taking

Ê Full spectroscopy of solar neutrinos from pp-chain
• pp at 10%; 7Be at 2.7%; pep observed at 5s; 8B at 8% above 3MeV

Ê Detection of geo-neutrinos at > 5s with 98% evidence of signal from
the Mantle

Ê Annual modulation of muons and 7Be rates

Ê No evidence for Day-night asymmetry for 7Be neutrinos

Ê Rare events (some strong bounds)

ÊObservation of CNO neutrinos (this talk!)
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