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Solar Neutrinos

Fundamental paradigm:
The source of energy in the sun makes neutrinos:

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

Hydrogen burning works through:
pp-chain reactions
CNO bi-cycle
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The pp-chain
• 26.2 MeV effective thermal 

energy/termination (pp-I)
• 9.2x1037 hydrogen/sec
• 612x106 ton/sec of H into He
• assuming 10% of solar mass 

involved in energy production: 
timescale ~ 1010 years

• Dominant in 1st generation stars
• 2nd generation stars might have a 

different mechanism at work

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)
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• A different hydrogen burning mechanism in 2nd generation stars may 
involve light elements such as carbon and nitrogen 

• This idea was originally introduced independently by von Weizsaker 
and Bethe between 1937 and 1939

• Idea based on the fact that second or third generation stars contain 
some «heavy» elements such as 12C

• 12C can indirectly induce fusion of 4 protons to form helium

• The total energy released is the same as for the pp-chain
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The CN cycle 

• 𝑝 + !
"#𝐶 	→ $

"%𝑁 + 	𝛾
• $
"%𝑁 → !

"%𝐶 + 𝑒& + 𝜈'	(≤ 1.199	𝑀𝑒𝑉, 𝜏~860	𝑠)
• 𝑝 + !

"%𝐶 	→ $
"(𝑁 + 	𝛾

• 𝑝 + $
"(𝑁 	→ )

"*𝑂 + 	𝛾
• )
"*𝑂 → $

"*𝑁 + 𝑒& + 𝜈'(≤ 1.732	𝑀𝑒𝑉, 𝜏~180	𝑠)

• 𝑝 + $
"*𝑁	 → = !

"#𝐶 + 	𝛼
)
"!𝑂 + 𝛾

 • This cycle consumes only hydrogen
• It starts and ends with 12C which is used as a catalyst
• It transforms 4p into helium producing the same energy as
     from the pp-chain
• It produces two electron neutrinos
• More efficient at higher internal energy
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The CNO bi-cycle

• 𝑝 + $
"*𝑁	 → = !

"#𝐶 + 	𝛼
)
"!𝑂 + 𝛾	

• 𝑝 + )
"!𝑂	 → +

"$𝐹 + 	γ
• +
"$𝐹 → )

"$𝑂 + 𝑒& + 𝜈' (≤ 1.740	𝑀𝑒𝑉, 𝜏~90	𝑠)

• 𝑝 + )
"$𝑂	 → = $

"(𝑁	 + 	𝛼
+
")𝐹 + 𝛾

• The relative probability of (p,a) to (p,g) in the sun
     is of order 2x103

• !
"#𝑁	produces $

"%𝑂	 and carbon again
• This branch

• Negligible contribution to energy production
• Important for nucleosynthesis of 16O and 17O
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The CNO «cold» bi-cycle

!
"#𝐶

$
"%𝑁
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"$𝑂

)
"*𝑂 +

"$𝐹

$
"*𝑁 )

"!𝑂
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b
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(p,g) (p,g)
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Solar neutrinos and energy production:
fundamental paradigm

• Energy conservation

𝐿⨀
4𝜋(𝐴. 𝑈. )#

=G
-

𝑎-𝜙-.

	 𝐿⨀=3.846±0.015 erg/s

At solar temperature
• 𝜖// 	 ∝ 	𝑇(	
• 𝜖012 	 ∝ 	𝑇")

8
Can we probe this idea through solar neutrino observations ?
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Solar neutrino spectra

9

A. Serenelli et al, Astrophys.J. 835 (2017) no.2, 202

See Francesco Villante at this meeting for further details
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Detecting Solar Neutrinos: interaction channels

• Electron capture: ne+(A,Z-1)®(A,Z)+e- (s~10-42cm2)
– charged-current interaction
– can be associated with a correlated delayed event from the produced (A,Z) nucleus

• Elastic Scattering: nx + e- ®nx + e- (s~10-44cm2)
– charged/neutral-current interaction
– Specific signature for monenergetic neutrinos

• ne + d ® e- + p + p (En ³ 1.44 MeV) (s~10-42cm2)
• nx + d ®nx + p + n (En ³ 2.74 MeV)

– Associated with n+d®3H+g(6.25 MeV) or 
n+35Cl®36Cl+∑g(8.6 MeV) 
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Solar Neutrino Experiments: past and present

11

Detector Target mass Threshold
[MeV]

Data taking

Homestake 615 tons
C2Cl4

0.814 1967-1994

Kamiokande II/III 3kton H2O 9/7.5 / 7.0 1986-1995

SAGE 50tons
molted metal Ga

0.233 1990-2007

GALLEX 30.3tons GaCl3-HCl 0.233 1991-1997

GNO 30.3tons GaCl3-HCl 0.233 1998-2003

Super-Kamiokande 22.5ktons 5
7
4.5
3.5
3.5
Gd loading 0.01%
Gd loading 0.03%

1996-2001
2003-2005
2006-2008
2008-2018
2019-2020
2020-2022 
2022-present

SNO 1kton D2O 6.75/5/6/3.5 1999-2006

Borexino 300ton C9H12 0.2 MeV 2007-2019

SNO+ 780 tons of LAB 0.2 MeV 2023-present



Detection of solar neutrinos: exploited reactions
• ne + 37Cl ➝ e- + 37Ar (Eth = 0.814 MeV) 

• ne + 71Ga ➝ e- + 71Ge (Eth = 0.233 MeV)

• nx + e- ➝ nx + e-  (𝜎.!'~9 N 10
3(*𝑐𝑚# 4"

5'6~6 𝜎.#,%')

• ne + d ➝ e- + p + p (Eth = 1.442 MeV)

• nx + d ➝ nx + n + p (Eth = 2.224 MeV)

• ne + 13C ➝ e- + 13N (Eth = 2.22 MeV) 
12Aldo Ianni - Neutrino Frontiers 2024



Solar Neutrino Problem (SNP)

Neutrino energy [MeV]
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Backgrounds: 
classification of radio-isotopes

• Primordial: longlived, 238U, 87Rb, 40K, 232Th…

• Cosmogenic: produced by cosmic rays (primary and secondary) 
interactions, 14C, 3H, 7Be, 11C, 39Ar, …

• Antropogenic: produced by nuclear tests, 85Kr, 90Sr, 131I, 137Cs…

14Aldo Ianni - Neutrino Frontiers 2024



238U radioactive 
chain

• 238U is one of the longlived radioactive 
elements on Earth

• T1/2 = 4.47x109 anni
• 238U--> 206Pb+8a+6b+51.7MeV
• 222Rn (noble gas) ->  214Bi (3.2MeV b with 

many g-rays)

15Aldo Ianni - Neutrino Frontiers 2024



232Th radioactive 
chain

• 232Th is another of the long-lived 
radioactive elements on Earth

• T1/2 = 14x109 years
• 232Th--> 208Pb+6a+4b+42.8MeV
• 232Th -> 208Tl (2.6 MeV  g-ray 

largest in natural radioactivity + 
5 MeV b) 

16Aldo Ianni - Neutrino Frontiers 2024



Bi-Po tagging

• Exploit b-a decay sequence to infer 238U and 232Th contamination to 
very low levels (~ 10-6 µBq/kg) assuming secular equilibrium

An example from Borexino: 238U from 214Bi-214Po correlated events:  (7±2) ´ 10-18 g/g

Aldo Ianni - Neutrino Frontiers 2024 17



• Build at 6000 m.w.e.
• 1kton D2O in 12m acrylic
      vessel
• 9456 20cm PMTs
• 55% coverage
• 7kton H2O shielding with
      91 PMTs
• 3 phases

• Pure D2O
• Salt
• 40 vertical Neutral
      Current Detectors

Aldo Ianni - Neutrino Frontiers 2024 18



A few considerations on SNO

• Probe at the same time CC, ES, and NC
• 𝜙.!

00 	≤ 𝜙.!
47

• 𝜙.&
10 ≤ 𝜙.!

775

174 4 Solar Neutrino Experiments
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Figure 4.20 Flux of 8B solar
neutrinos from SNO-I and SK-I
that have been detected as !x=",#
vs. the fraction detected as !e. The
solid red line is from SK-I. The
dashed red line is from SNO-I ES.
The vertical solid line is from
SNO-I cc. Ellipses are the 1,2,3$
contours after combining SNO
with SK.

phase SNO obtained [285], searching for 8B solar neutrinos:
%cc

SNO = (1.75 ± 0.07(stat)+0.12
−0.11(syst) ± 0.05(theor)) × 106 cm−2s−1

%ES
SNO = (2.39 ± 0.34(stat)+0.16

−0.14(syst)) × 106 cm−2s−1
(4.16)

where the theoretical uncertainty is related to the uncertainty on the cc cross
section. As it is expected in the case of flavor change it turns out that %cc

SNO <
%ES

SNO. In particular, the difference of the ES and cc fluxes is calculated to be (0.64 ±
0.4) × 106 cm−2s−1, that is, 1.6$, assuming the systematic errors are normally dis-
tributed. If %cc

SNO is compared with the first SK-I result in Table 4.4 from 2001,
the difference is 0.63 ± 0.17, that is, 3.7$. "is was a significant result support-
ing the hypothesis of flavor change solar neutrino propagation. In Figure 4.20 we
show the result obtained by combining the data from SK-I and SNO first phase
(SNO-I). "e best fit from the combined analysis is determined to be %x=",# =
4.0+1.1

−1.0 × 106 cm−2s−1. "is is the first measurement of solar !e transition to !",# .
We underline that a 3$ significance was only possible by combining SNO-I with
SK-I data for the SNO-I uncertainty on ES events was too large in 2001.

In 2002 the SNO collaboration reported about the first nc measurement
[286]. "e detection threshold was set at 5 MeV and the fiducial volume radius
was 5.5 m. "e neutron detection efficiency from capture on deuterons was
determined to be about 30% with a 252Cf calibration source. "is efficiency
becomes about 14% for events above threshold and inside the fiducial volume.
"e primary background source for neutron-like events in this phase is the
photodisintegration of deuteron from the radioactivity of 214Bi and 208Tl from
238U and 232", respectively, in the D2O. "e contamination of 238U and 232"
in the D2O was determined to be smaller than the goal levels, which were
< 4.5 ⋅ 10−14 g(U)/g(D2O) and < 3.7 ⋅ 10−14 g(")/g(D2O). A second source of
background is due to photodisintegration events in the shielding water and in
the AV. "is source produces a factor of about two smaller background than the

SK ES

SNO CC

In 2001 combining SK and SNO data it was
possible to establish a flavor change in solar
neutrino propagation

4.6 SNO 177

Figure 4.22 Flux of 8B solar
neutrinos from SNO-I, which have
been detected as !x=",# against
the fraction detected as !e. The
dashed red line is for ES
interactions. The dotted blue line
is for nc interactions. The vertical
solid line is for cc interactions.
Ellipses are the 1,2,3$ contours
after combining SNO results on
cc, ES, and nc.
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Table 4.6 Energy-unconstrained fluxes in units of 106 cm−2s−1 from SNO-I/II/III.

Detector
phase

Live
days !cc !ES !nc

Threshold
(MeV)

SNO-I 306 – – 6.42+1.57
−1.57(stat)+0.55

−0.58(syst) 5.0

SNO-II 391 1.68+0.06
−0.06(stat)+0.08

−0.09(syst) 2.35+0.22
−0.22(stat)+0.15

−0.15(syst) 4.94+0.21
−0.21(stat)+0.38

−0.34(syst) 5.5

SNO-III 385 1.67+0.05
−0.04(stat)+0.07

−0.08(syst) 1.77+0.24
−0.21(stat)+0.09

−0.10(syst) 5.54+0.33
−0.31(stat)+0.36

−0.34(syst) 6.0

Source: Ahrmim et al. 2013 [283]. Reproduced with permission of American Physical Society.

Table 4.7 Day–night asymmetry measurement in SNO.

Signal
ASNO

DN
Anc ≠ 0

ASNO
DN

Anc = 0

cc −0.056 ± 0.074 ± 0.053 −0.015 ± 0.058 ± 0.027
ES 0.146 ± 0.198 ± 0.033 0.070 ± 0.197 ± 0.054
nc 0.042 ± 0.086 ± 0.072 0

Source: Ahrmim et al. 2005 [288]. Reproduced with permission of American
Physical Society.

results on the day–night asymmetry is reported with and without the constraint
on Anc [288]. No significant day–night asymmetry is observed in SNO.

In SNO the solar neutrino survival probability is studied by means of the
parameterization [287]:

Pd
ee(E!) = c0 + c1(E! − 10) + c2(E! − 10)2. (4.18)

SNO NC
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How to detect sub-MeV solar neutrinos 
in real time 
• Due to radioactivity in high purity water (~ 10-15-14 g(U,Th)/g) in Cherenkov 

detector it is not possible to measure neutrinos below 3.5 MeV
• Make use of an organic liquid scintillator

ü 1998: start idea within Borexino collaboration
• Material reach in hydrogen and electrons

• Good for neutrino-electron ES and inverse-beta decay
• Scintillator = solvent(bulk) + solute

• Solvent needs to be transparent (low light quenching), high radio-purity
• Light yield ~ 104 photons/MeV

• Np.e.~104 e-6/10 0.25 0.9 0.3 = 370 p.e./MeV
• Energy resolution ~ 0.05/√Te

Aldo Ianni - Neutrino Frontiers 2024 20



What level of radio-purity ?

• Goal: observe 7Be solar neutrinos (energy ~ 0.86 MeV)
• s ~ 5x10-45 cm2 and f ~ 5x109 cm-2s-1

• Use 100 tons of C9H12 with 4.2x1031 electrons
• Expected events ~ 70 cpd 
• With 100% PSD and 10-16 g/g of 238U and 232Th: ~76 cpd
•  S/B ~ 1 requires extreme radio-purity level

ü ≤ 10-16 g(U,Th)/g which means order of ≤ 10-4 µBq/kg

Aldo Ianni - Neutrino Frontiers 2024 21
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Beyond U and Th: 39Ar, 85Kr, 210Pb, 222Rn

Asking for 1cpd/100tons 
[0.1 µBq/m3 in LS] it implies:
1. System sealed against 222Rn ~10-4 Bq/ton

2. 0.4 ppm 39Ar in N2

3. 0.2 ppt 85Kr in N2

210Pb and 210Po are 
often found not in equlibrium
due to a different chemistry

All spectra normalized to 1

Aldo Ianni - Neutrino Frontiers 2024



Borexino experiment overview



Borexino: liquid scintillator filling

24



Borexino Expected Solar n Spectrum 

Spectrum with irreducible backgrounds

14C

Aldo Ianni - Neutrino Frontiers 2024 25



Borexino operations and achievements

26

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
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Borexino radio-purity

Isotope Spec. 
in LS

After filling After 
purification

238U ≤ 10-16 g/g (5.3±0.3) 10-18 g/g ≤ 9.4 10-20 g/g
232Th ≤ 10-16 g/g (3.8±0.8) 10-18 g/g < 5.7 10-19 g/g
14C/12C ≤ 10-18 (2.7±0.1) 10-18 g/g no change
40K ≤ 10-18 g/g ≤ 0.4 10-18 g/g
85Kr ≤  1 

cpd/100ton
30± 5 cpd/100ton ≤ 5 cpd/100ton

39Ar ≤  1 
cpd/100ton

<< 85Kr << 85Kr

210Po not 
specified

~ 8000 
cpd/100ton

no change

210Bi not 
specified

~ 20-70 
cpd/100ton

20±5 cpd/100ton

27

ABX ~ 40 cpd/100ton
in 7Be ROI

ABX ~ 5x10-9 Bq/kg
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µ + 12C→ µ + n+ 11C

29



Remove 11C and 210Po
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Multivariate fit example: 
simultaneous fit of pp, 7Be and pep

L(11Csub)  L(11Ctag)  

L(Rad)  L(PS) 31Aldo Ianni - Neutrino Frontiers 2024



Borexino vs Solar Standard Model

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(BX)=0.178+0.027-0.023

32

See Francesco Villante at this meeting for further 
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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

Initial considerations on 210Po and 210Bi for CNO 

observation in liquid scintillators: 

Phys.Lett.B 701 (2011) 336-341

33
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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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Convective currents can carry radioactive isotopes from the nylon vessel into
the Fiducial Mass

for θð0; π=3Þ d ¼ 100 cm, θðπ=3; 2π=3Þ d ¼ 80 cm, and
for θð2π=3; πÞ d ¼ 60 cm. Additionally, because of the
proximity of hot end caps (see Fig. 14), these regions
were removed by a conelike cut in the top and bottom
of the detector as presented in Fig. 17. The corresponding
volume is changing in time and has a mean value of
ð141.83$ 0.55Þ ton, almost twice as large as the one used
for the 7Be-ν interaction rate measurement (75 ton).
Figure 17 shows an example of the ρ-z projection of this
FV in comparison with the 75 ton one.
The temperature-dependent density ρPCðTÞ of pure

pseudocumene, expressed in g=cm3, is given by [50]
ρPCðTÞ ¼ ð0.89179$ 0.00003Þ− ð8.015$ 0.009Þ10−4×T,
where T is the temperature in degrees Celsius. For a PCþ
PPO mixture the density ρmixðTÞ½g=cm3' is ρmix ¼ ρPCðTÞ·
ð1þ ð0.316$ 0.001ÞηPPOÞ, where ηPPO is the concentra-
tion of dissolved PPO in g=cm3. Using the average values
of the temperature of the scintillator of Borexino of T ¼
ð15.0$ 0.5Þ °C and the concentration of the dissolved PPO
of ηPPO ¼ 1.45$ 0.05 g=cm3, we obtain a scintillator
density of 0.8802$ 0.0004 g=cm3. Taking into account
the chemical composition of the scintillator (including the
1.1% isotopic abundance of 13C), we get the number of
target electrons of ð3.307$0.003Þ×1031electrons=100ton.

1. Dynamical reconstruction of the vessel shape

In this section we describe a method to reconstruct the IV
shape and position based on the events due to the vessel
radioactive contaminants.
The IV profile is determined by using background events

reconstructed on its surface and identified as due to 210Bi

decay. Figure 18 shows the z-x distribution of these events
in the energy region 800–900 keV. Assuming azimuthal
symmetry, the dependence of the reconstructed radius R on
the θ angle is fitted (see Fig. 19) with a 2D analytical
function (red line) having a Gaussian width. The function
itself is either a high-order polynomial or a Fourier series
function. The end points are fixed in the fit at R ¼ 4.25 m
because the end caps are hold in place by rigid supports,
whereas the total length of the vessel profile is included as a
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FIG. 17 (color online). ρ-z projection of the IV as of May 3,
2009 (black curve). The blue curve shows the shape of the 75 ton
FV used for the measurement of the 7Be-ν interaction rate. The
red curve illustrates the profile of the FV used for the 7Be-ν
annual modulation analysis.
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FIG. 18 (color online). z-x distribution (jyj < 0.5 m) of the
events in the energy region 800–900 keV, which are mainly due to
210Bi contaminating the IV surface. The color axis represents the
number of events per 0.0144 m3 in a pixel of 0.12 m × 1.00 m ×
0.12 m (x × y × z). This spatial distribution reveals the IV shift
and deformation with respect to its nominal spherical position
shown in solid black line.

FIG. 19 (color online). R–cosðθÞ distribution of the events in
the energy region 800–900 keV from November 2007 used for
the IV shape reconstruction. The best-fit vessel shape is shown in
a solid red line. The dotted red line represents the nominal
spherical vessel with R ¼ 4.25 m.
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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 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-
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mal coupling. A 3 kW electric heater, a circulation
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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
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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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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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CNO solar neutrinos

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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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.

3

• 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 (remove 11C) 

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

Null hypothesis (CNO=0) rejected 
at 5.1s
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Cherenkov vs Scintillation in a LS
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Figure 2. Time-of-flight corrected hit times of 7Be solar neutrino
recoil electrons (0.54 MeV to 0.74 MeV) as obtained from the
Borexino MC. The left y-axis shows the scintillation light (blue),
where the area is normalized to 1. The Cherenkov light (red) is
shown on the right y-axis and the area is normalized to the number
of Cherenkov hits relative to scintillation (⇠0.4%). The scintillation
light profile also includes photons that have been produced in the
Cherenkov process, but have been absorbed and re-emitted by the LS.

MC. For both 1st and 2nd hits separately, CID cos↵
distributions are produced by summing over the hits of all
selected events.

The number of solar neutrinos Nsolar�⌫ is extracted through
a �2-fit of the CID cos↵ data spectrum to the MC PDFs of the
solar neutrino signal and �� background. The test statistics is
defined as follows:

�2(Nsolar�⌫) =

NX

n=1

IX

i=1

0
BBBBBBBBBBBBB@

✓
(cos↵)D

n,i � (cos↵)M
n,i
�
Nsolar�⌫,�rdir, gvcorr

ch
�◆2

(�D
n,i)2 + (�M

n,i)2

+
(gvcorr

ch � 0.108 ns m�1)2

(0.039 ns m�1)2

1
CCCCA , (1)

with the hit index n = 1, 2 and the angular index i from 1 to
the total number of bins I = 60 in the range -1< cos↵ <+1.
(cos↵)D

n,i and (cos↵)M
n,i are the cos↵ values for the ith bin of

the nth hit of data and MC, respectively, and, �D
n,i and �M

n,i are
their corresponding statistical errors. The parameters �rdir and
gvcorr

ch are su�cient to parameterize the di↵erences between
data and MC. Their values are small and have no impact on
the event-based algorithms of Borexino. The parameter �rdir
takes into account a systematic shift in the reconstructed
vertex position of the recoil electron with respect to the initial
electron direction, which is correlated to the solar neutrino
direction. It is not visible on an event-by-event basis, but is
observed in MC and has an influence on the summed CID
cos↵ distribution of solar neutrinos. The value of �rdir in data
cannot be determined by Borexino calibrations and hence is
left free to vary in the fit. The parameter gvcorr

ch is an e↵ective
correction of the group velocity for Cherenkov photons
relative to scintillation photons and is treated as a nuisance
parameter with a Gaussian pull-term in the fit, based on
gamma calibration data as explained below. This
correction term reflects the remaining uncertainty on the

Figure 3. Angular correlation of photon hits expressed in terms of
the directional angle ↵ given by the reconstructed vertex of the solar
neutrino event and the position of the Sun. An electron recoiling o↵
a solar neutrino in the detector produces isotropic scintillation light
(blue arrows) uncorrelated to the Sun, as well as a Cherenkov cone
(orange arrows) in the solar direction. In this example, the first two
event hits are both Cherenkov photons and their respective directional
angles are ↵1 and ↵2. The direction of Cherenkov and scintillation
photons of radioactive background events are not correlated to the
position of the Sun.

e↵ective Cherenkov wavelength spectrum and the
wavelength-dependent refractive index implemented in the
detector MC. These can a↵ect the relative group velocities of
scintillation and Cherenkov photons and thus change their
e↵ective ratio for the first few photon hits used in the analysis.

We have performed a calibration of the e↵ective
Cherenkov group velocity correction using the available
gamma calibration sources from Borexino’s 2009 calibration
campaign [19]. Due to the known positions of the gamma
sources from CCD cameras, the initial directions of the
gamma rays can be reconstructed. The Cherenkov photons
from the Compton-scattered electrons can be correlated to the
reconstructed gamma direction similar to the CID analysis.
This calibration results in a value of gvcorr

ch = (0.108 ±
0.039) ns m�1. Since the calibration has been performed at the
end of Phase-I data-taking and sub-nanosecond stability of
e↵ective PMT timing cannot be guaranteed for long time
periods, this measurement is considered valid only for
Phase-I. Note that Cherenkov photons from background PDFs
are not influenced by �rdir and gvcorr

ch as the direction of both
Cherenkov and scintillation light are uncorrelated to the
position of the Sun. Both �rdir and gvcorr

ch are explained in
more detail in [41]. Note that in future LS detectors, the
uncertainties arising from both parameters might be
substantially reduced by the deployment of a dedicated
electron Cherenkov source.

Further systematic e↵ects have been investigated: the
choice of the histogram binning, the number of early PMT Nth

hits, and the influence of the number and distribution of active
PMTs. In total, they contribute a relative systematic
uncertainty of 8.7% on the Nsolar�⌫ result. Other sources of
uncertainty, such as the e↵ect of a non-uniform distribution of
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Figure 4. (a) The sum of the ��2 profiles of the 1st and 2nd hits from the fit as a function of the observed number of solar neutrinos Nsolar�⌫, with
(blue solid curve) and without (blue dotted curve) the systematic uncertainty. The no-neutrino signal hypothesis Nsolar�⌫ = 0, can be rejected with
��2 > 25, > 5� C.L. The 68% C.I. (blue shaded band) from the ��2 profile gives Nsolar�⌫ = 10887+2386

�2103(stat.) ± 947(syst.). The best fit gives a
�2/nd f = 124.6/117. The 68% C.I. of the expected solar neutrino signal based on the Standard Solar Model (SSM) predictions [42] is shown as
an orange band. (b) The cos↵ distributions of the 1st hits of all the selected events (black points) compared with the best fit curve (magenta) of
the resulting number of solar neutrinos plus background. The MC PDFs of pure neutrino signal (red) and � background (blue) used in the fit are
shown as well, normalized to the same 19904 events. For illustration purposes, the histograms are shown with 10 bins instead of the 60 bins as
used in the final fit.

radioactive background in the fiducial volume have been
studied, but found to be negligible (more details in [41]).

Results: Figure 4(a) shows the ��2 between data and the
best fit as a function of the number of solar neutrino events
Nsolar�⌫. We show the ��2 profile both with and without the
systematic uncertainty of 8.7%. The agreement between the
best fit and data is given by �2/nd f = 124.6/117
(p�value = 0.30), based on the histograms of the first two
PMT hits of all events, with 60 bins each. The resulting best
fit for the number of solar neutrino events is Nsolar�⌫ =
10887+2386

�2103(stat.) ± 947(syst.) (68% C.I.) out of the 19904
selected events, and consists of 7Be, pep, and CNO neutrinos.
Figure 4(a) also shows the 68% confidence intervals for the
measured Nsolar�⌫ and the expected value according to the
Standard Solar Model (SSM) [42, 43], represented by the blue
and orange bands, respectively. The SSM has varied
predictions on the so-called “metallicity”, i.e. the amount of
metals heavier than 4He in the Sun. Since this a↵ects the
expected number of solar neutrinos in Borexino, the di↵erence
between the low and high metallicity model predictions are
included as a systematic uncertainty. The measured number of
solar neutrinos is well in agreement with the SSM expectation
of NSSM = 10187+541

�1127. The background-only hypothesis can
be excluded with ��2 > 25, which corresponds to a >5�
detection of sub-MeV solar neutrinos using the CID method.
Figure 4(b) shows the measured cos↵ distribution for the first
PMT hits of the data events together with the best fit and the
neutrino-only and background-only cos↵ distributions. For
illustration purposes, this is shown for 10 bins instead of the
60 bins used in the final fit.

Using the CID measurement of Nsolar�⌫, the 7Be
interaction rate R(7Be)CID has been calculated as
R(7Be)CID = 51.6+13.9

�12.5 cpd/100 t for the full 7Be neutrino
energy (0.384 MeV and 0.862 MeV monoenergetic lines). For
this the pep and CNO neutrino rates have been fixed to their
SSM predictions [43]. The small errors arising from pep and
CNO neutrino predictions are included in the systematic

uncertainty [41]. This 7Be rate is well in agreement with
the results of the Phase-I spectroscopy R(7Be) =
47.9±2.3 cpd/100 t where the pep and CNO neutrino rates
were fixed to their SSM predictions as well [38].

Conclusions: For the first time, we have measured
sub-MeV solar neutrinos using their directional Cherenkov
light, through the CID method in a traditional, large-scale LS
detector. While this measurement on its own features
relatively large statistical and systematic uncertainties, it still
provides experimental proof that the directional information
of Cherenkov light is accessible even for sub-MeV neutrinos
in a high light-yield LS medium. In future analyses the CID
measurement could be combined with a standard spectral fit,
and thus help to disentangle neutrino signal and backgrounds.
This might be interesting especially if there is a degeneracy of
signal and background energy spectra, as is the case for the
210Bi background and CNO solar neutrinos [2] in Borexino.
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Figure 1: (a) CID best fit illustration (red) and a pure background hypothesis (blue) for the first 4 hits
in all phases. (b) Likelihood profile of the CNO-a rate from spectral fit using the CID constraint without
(black dotted) and with (black solid) systematic errors. Grey dashed line shows the profile without the CID
constraint [5, 9].

for Cherenkov light using 7Be-a. Using Bayesian statistics, the CNO rate with CID only is
7.2+2.8

�2.7(stat. + syst.) cpd/100 t and the no-CNO hypothesis is rejected at the 5.3f level. At the end,
we demonstrate that the directional information coming from Cherenkov radiation (Phase-I+II+III)
can be effectively combined with the spectral information (Phase-III) coming from scintillation, to
obtain the final and best result of Borexino on CNO-a: 6.7+1.2

�0.8 (stat. + syst.) cpd/100 t [9].
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Figure 2. Time-of-flight corrected hit times of 7Be solar neutrino
recoil electrons (0.54 MeV to 0.74 MeV) as obtained from the
Borexino MC. The left y-axis shows the scintillation light (blue),
where the area is normalized to 1. The Cherenkov light (red) is
shown on the right y-axis and the area is normalized to the number
of Cherenkov hits relative to scintillation (⇠0.4%). The scintillation
light profile also includes photons that have been produced in the
Cherenkov process, but have been absorbed and re-emitted by the LS.

MC. For both 1st and 2nd hits separately, CID cos↵
distributions are produced by summing over the hits of all
selected events.

The number of solar neutrinos Nsolar�⌫ is extracted through
a �2-fit of the CID cos↵ data spectrum to the MC PDFs of the
solar neutrino signal and �� background. The test statistics is
defined as follows:

�2(Nsolar�⌫) =

NX

n=1

IX

i=1

0
BBBBBBBBBBBBB@
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with the hit index n = 1, 2 and the angular index i from 1 to
the total number of bins I = 60 in the range -1< cos↵ <+1.
(cos↵)D

n,i and (cos↵)M
n,i are the cos↵ values for the ith bin of

the nth hit of data and MC, respectively, and, �D
n,i and �M

n,i are
their corresponding statistical errors. The parameters �rdir and
gvcorr

ch are su�cient to parameterize the di↵erences between
data and MC. Their values are small and have no impact on
the event-based algorithms of Borexino. The parameter �rdir
takes into account a systematic shift in the reconstructed
vertex position of the recoil electron with respect to the initial
electron direction, which is correlated to the solar neutrino
direction. It is not visible on an event-by-event basis, but is
observed in MC and has an influence on the summed CID
cos↵ distribution of solar neutrinos. The value of �rdir in data
cannot be determined by Borexino calibrations and hence is
left free to vary in the fit. The parameter gvcorr

ch is an e↵ective
correction of the group velocity for Cherenkov photons
relative to scintillation photons and is treated as a nuisance
parameter with a Gaussian pull-term in the fit, based on
gamma calibration data as explained below. This
correction term reflects the remaining uncertainty on the

Figure 3. Angular correlation of photon hits expressed in terms of
the directional angle ↵ given by the reconstructed vertex of the solar
neutrino event and the position of the Sun. An electron recoiling o↵
a solar neutrino in the detector produces isotropic scintillation light
(blue arrows) uncorrelated to the Sun, as well as a Cherenkov cone
(orange arrows) in the solar direction. In this example, the first two
event hits are both Cherenkov photons and their respective directional
angles are ↵1 and ↵2. The direction of Cherenkov and scintillation
photons of radioactive background events are not correlated to the
position of the Sun.

e↵ective Cherenkov wavelength spectrum and the
wavelength-dependent refractive index implemented in the
detector MC. These can a↵ect the relative group velocities of
scintillation and Cherenkov photons and thus change their
e↵ective ratio for the first few photon hits used in the analysis.

We have performed a calibration of the e↵ective
Cherenkov group velocity correction using the available
gamma calibration sources from Borexino’s 2009 calibration
campaign [19]. Due to the known positions of the gamma
sources from CCD cameras, the initial directions of the
gamma rays can be reconstructed. The Cherenkov photons
from the Compton-scattered electrons can be correlated to the
reconstructed gamma direction similar to the CID analysis.
This calibration results in a value of gvcorr

ch = (0.108 ±
0.039) ns m�1. Since the calibration has been performed at the
end of Phase-I data-taking and sub-nanosecond stability of
e↵ective PMT timing cannot be guaranteed for long time
periods, this measurement is considered valid only for
Phase-I. Note that Cherenkov photons from background PDFs
are not influenced by �rdir and gvcorr

ch as the direction of both
Cherenkov and scintillation light are uncorrelated to the
position of the Sun. Both �rdir and gvcorr

ch are explained in
more detail in [41]. Note that in future LS detectors, the
uncertainties arising from both parameters might be
substantially reduced by the deployment of a dedicated
electron Cherenkov source.

Further systematic e↵ects have been investigated: the
choice of the histogram binning, the number of early PMT Nth

hits, and the influence of the number and distribution of active
PMTs. In total, they contribute a relative systematic
uncertainty of 8.7% on the Nsolar�⌫ result. Other sources of
uncertainty, such as the e↵ect of a non-uniform distribution of

4

7Be MC
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CNO neutrinos from Borexino

214Bi constraint

Directionality

Combined
No CNO excluded at 8s
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Solar neutrinos: observations vs theory

41

Sorgente Flusso
[cm-2s-1]
SSM-HZ

Flusso
[cm-2s-1]
SSM-LZ

Flusso
[cm-2s-1]
Data

pp (BX) 5.98(1±0.006)×1010 6.03(1±0.005)×1010 6.1(1±0.10)×1010

w/o luminosity constraint

pep (BX) 1.44(1±0.009)×108 1.46(1±0.009)×108 1.27(1±0.17)×108 (HZ CNO)
1.39(1±0.15)×108 (LZ CNO)

7Be (BX) 4.93(1±0.06)×109 4.50(1±0.06)×109 4.99(1±0.03)×109

8B (SK+SNO) 5.46(1±0.12)×106 4.50(1±0.12)×106 5.35(1±0.03)×106

CNO (BX) 4.88(1±0.11)×108 3.51(1±0.10)×108 6.7+1.2-0.7×108

p-value
(pp, Be, B)

0.96 0.43
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SNO+

J. Maneira (LIP)                                                  Solar Neutrinos: Recent Results and Prospects - Neutrino 2024 - Milano

T H E  S N O +  E X P E R I M E N T

13

Repurposing the Sudbury Neutrino Observatory (SNO) detector
2 km underground 

~70 muons/day

Acrylic Vessel (AV) 
12 m diameter

Rope system 
Hold-up and -down 

Low Radioactivity

Ultra-Pure 
 Water 

~9300 PMTs

Target Material 
1. Water: 905 tonnes 
2. LAB Scintillator: 780 tonnes 
3. Tellurium loading: +3.9 tonnes

Purification plant

R E F.  6

From J. Maneira at Neutrino 2024 Aldo Ianni - Neutrino Frontiers 2024 42



8B neutrinos from ES and CC in SNO+

J. Maneira (LIP)                                                  Solar Neutrinos: Recent Results and Prospects - Neutrino 2024 - Milano

S O L A R  N E U T R I N O S ,  S C I N T.  P H A S E

18

• Analysis of  8B ES interactions in 
138.9 live days of  scint. data 

• Fitted oscillation parameters 
compatible with global fits

P O S T E R  2 5 5  / A .  I N Á C I O ,  R .  H U N T- S T O K E S

P O S T E R  5 4 4  /  D .  C O O K M A N

• Strict fiducial volume cut opens prospects for 
future sensitivity < 3 MeV ! 

• 232Th still dominates 3-5 MeV regions, but 
multisite discriminant will help

J. Maneira (LIP)                                                  Solar Neutrinos: Recent Results and Prospects - Neutrino 2024 - Milano

C H A R G E D  C U R R E N T  O N  C A R B O N - 1 3

19

• As yet unobserved reaction of  electron 
neutrinos on Carbon-13 

• Only 1.1% isotopic abundance, but cross 
section ~12× higher than ES at 8B ν energies 
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SNO+ Preliminary

 ES (MC) νB 8

C, Prompt (MC)13 CC on eνB 8 

νe +13 C → e− +13 N
13N → e+ + νe +13 C

• Cosmogenic backgrounds from 11Be: 
negligible at SNOLAB depth 

• Dominant accidental backgrounds 
determined by data-driven method 

• Randomly pick fake prompt , then search 
for delayed signal candidates

Prompt e- energy = E (νe) - 2.2 MeV

Delayed 
e+  annihilation 
[1.01, 2.2] MeVτ = 862.6 s

P O S T E R  4 1 6  /  G .  M I LT O N

"# 13#

$$

13%

"#

$%

13#

$$
!

!

Delayed e+ 
annihilation  
[1.01,2.20] MeV 

Prompt e- energy = E(#!) − 2.2	)*+

! = 862.6 s

8B solar neutrino 
energy =	E($!)

R E F.  1 0

J. Maneira (LIP)                                                  Solar Neutrinos: Recent Results and Prospects - Neutrino 2024 - Milano

C C  O N  C A R B O N - 1 3 ,  R E S U L T S

20

• Cuts optimised prior to “blind box” opening: 
• Fiducial volume: R< 5.3 m 
• Prompt energy:  5.0 < E (e-) < 15.0 MeV 
• Delayed energy: 1.14 < E (e+) < 2.2 MeV 
• ΔR < 0.36 m 
• 0.01 < ΔT < 24 min  
• Likelihood ratio analysis 

• Wider cuts on Delayed energy, ΔR, ΔT 
• Likelihood ratio discriminant> 4
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p-value: 1%

EXPECTED BOX L I KE L IHOOD

BACKGROUND 0 . 3 1 0 . 1 7

S IGNAL 1 . 8 3 1 . 7 9

150.51 live days

2 events found !

Indicative of  a signal from  
13C CC interactions !
P O S T E R  4 1 6  /  G .  M I LT O N

ES Ianni, Montanino, Villante, Phys.Lett.B 627 (2005) 38-48
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Conclusions

• 56 years of solar neutrino observations

• Fundamental results on neutrino physics and astrophysics

• More to come with SuperKamiokande and SNO+

• Future observations with HyperKamiokande, DUNE, and JUNO

• Observation of solar neutrinos with dark matter detectors already started 
through neutrino-nucleus coherent scattering (see IDM 2024)
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Thank you!
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Added material
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Paradigm of the Luminosity Constraint

Spiro and Vignaud, 1990

4𝑝	 →
#
$𝐻𝑒 + 2𝜈%% + 26.20	𝑀𝑒𝑉

#
$𝐻𝑒 + 𝜈%% + 𝜈&' + 25.60	𝑀𝑒𝑉

#
$𝐻𝑒 + 𝜈%% + 𝜈& + 19.70	𝑀𝑒𝑉

(!"#
$)	+$

= 8.4946 O 10,, -'.
/0$1

= ∑2 𝑎2𝜙2=19.7	𝑀𝑒𝑉	𝜙& + 25.6	𝑀𝑒𝑉𝜙&' +
#3.#	-'.

#
𝜙%% − 𝜙&' − 𝜙&

1 = 0.922 fpp + 0.07 fBe + 0.00004 fB   with fi = fi / fSSM
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Luminosity constraints and CNO neutrinos
3
,#𝐶 𝑝, 𝛾 	 !,5𝑁

𝑀 3
,#𝐶 + 𝑀 ,

,𝐻 − 𝑀 !
,5𝑁 = 1.944	𝑀𝑒𝑉

!
,5𝑁 → 3

,5𝐶 + 𝑒6 + 𝜈'
𝑀 !

,5𝑁 − 𝑀 3
,5𝐶 − 𝐸7 = 2.22	𝑀𝑒𝑉 − 0.707	𝑀𝑒𝑉 = 1.513	𝑀𝑒𝑉	

𝑎8 = 3.457	𝑀𝑒𝑉

3
,5𝐶 𝑝, 𝛾 	 !,$𝑁

𝑀 3
,5𝐶 + 𝑀 ,

,𝐻 − 𝑀 !
,$𝑁 = 7.551	𝑀𝑒𝑉

!
,$𝑁 𝑝, 𝛾 	 ",9𝑂	

𝑀 !
,$𝑁 + 𝑀 ,

,𝐻 − 𝑀 "
,9𝑂 = 7.297	𝑀𝑒𝑉

"
,9𝑂 → !

,9𝑁 + 𝑒6 + 𝜈'
𝑀 "

,9𝑂 − 𝑀 !
,9𝑁 − 𝐸7 = 2.754	𝑀𝑒𝑉 − 0.996	𝑀𝑒𝑉 = 1.758	𝑀𝑒𝑉	

!
,9𝑁 𝑝, 𝛼 	 3,#𝐶	

𝑀 !
,9𝑁 + 𝑀 ,

,𝐻 − 𝑀 #
$𝐻𝑒 − 𝑀 3

,#𝐶 = 4.966	𝑀𝑒𝑉
𝑎: = 21.571	𝑀𝑒𝑉
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Luminosity constraint refined
Bahcall, 2002; Vissani et al 2020

1H(p,e+ne)2H and 1H(p e-, ne)2H have time scale of order 1010 yr and 1012 yr, respectively

2H(p,g)3He and 3He(3He,2p)4He have time scale of order 10-8 yr and 105 yr, respectively

So both 2H and 3He are in kinetic equilibrium, dn/dt = 0. This implies that:

𝑅%% +	𝑅%'% = 	𝑅55 + 𝑅5$ + 𝑅5,	 𝑤𝑖𝑡ℎ	 𝑅2; =
<	= %&> 2 >(;)

,6A%&
	 𝑡ℎ𝑒	𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛	𝑟𝑎𝑡𝑒 

(!"#
$)	+$

= 	𝑎%%𝜙%% + 𝑎%'%𝜙%'% +
B''
#

𝜙%% + 𝜙%% − 𝜙C'% − 𝜙&' − 𝜙& + 𝑎C'%𝜙C'% + 𝑎5$ + 𝑎'! 𝜙&' + 𝑎5$ + 𝑎,! 𝜙&
+	𝑎8𝜙8 + 𝑎:𝜙:

1 = 0.922𝑓%% + 0.002𝑓%'% + 0.073𝑓&' + 0.00004𝑓& + 0.0011𝑓8 + 0.0052𝑓:

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)
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PRD 62.013002(2000)

analysis of the theoretical and experimental uncertainties ba-
sically follows the approach developed in !42", with the nec-
essary updates to take into account the BP98 SSM predic-
tions and the energy spectrum information. Technical details
about error estimates are given in the Appendix.
We conclude this section by comparing the standard #no

oscillation$ predictions with the experimental data for the Cl,
Ga, and SK total rates. Figure 1 shows the 99% C.L. error
ellipses for data and expectations in the planes charted by the
#Cl, Ga$, #SK, Ga$, and #SK, Cl$ total rates. The distance
between observations and standard predictions makes the so-
lar neutrino problem#s$ evident. At present, such information
is the main evidence for solar neutrino physics beyond the
standard electroweak model; however, since the theoretical
errors are dominant—as far as total rates are concerned—no
substantial improvements can be expected by a reduction of
the experimental errors. Conversely, decisive information is
expected from the SK spectrum and day-night asymmetry,
but no convincing deviation has emerged from such data yet.
Therefore, it is not surprising that, in oscillation fits, the total
rates mainly determine allowed regions, while the SK spec-
trum and day-night asymmetry determine excluded regions.

III. TWO-FLAVOR MSW OSCILLATIONS

Figure 2 shows the results of our 2% MSW analysis of the
data discussed in the previous section, shown as confidence
level contours in the (&m2,sin22'/cos 2') plane. The choice

of the variable sin22'/cos 2', rather than the usual sin22',
allows an expanded view of the large mixing region. In each
of the six panels, we determine the absolute minimum of the
(2 and then plot the iso-(2 contours at (2!(min

2 "4.61, 5.99,
and 9.21, corresponding to 90%, 95%, and 99% C.L. for two
degrees of freedom #the oscillation parameters$. In fits in-
cluding the total rates, there is a global (2 minimum and two
local mimima; such minima, and the surrounding favored
regions, are usually indicated as MSW solutions at small
mixing angle #SMA$, large mixing angle #LMA$, and low
&m2 #LOW$. Additional information on such solutions is re-
ported in Table II.
Concerning the statistical interpretation of the (2 values, a

remark is in order. One can attach confidence levels to (2

values in two different ways, depending on the choice be-

FIG. 1. The solar neutrino deficit, shown as a discrepancy be-
tween data and expectations in the gallium #Ga$, chlorine #Cl$, and
Super-Kamiokande total event rates. In each plane, the error el-
lipses represent 99% C.L. contours for two degrees of freedom #i.e.,
)(2"9.21). The projection of an ellipse onto one of the axis gives
approximately the #3* range for the corresponding rate. Data and
expectations refer to Table I. The correlation of SSM errors is cal-
culated as in the Appendix.

FIG. 2. Two-generation MSW solutions to the solar neutrino
problem. The upper four panels correspond to the following sepa-
rate fits to data subsets: total rates #Cl$Ga$K$SK$, Super-
Kamiokande night-day asymmetry N!D/N$D , Super-
Kamiokande electron energy spectrum with standard hep neutrino
flux, and Super-Kamiokande spectrum with enhanced (20%) hep
neutrino flux. The two lower panels show the results of global fits to
all data. The thin solid, thick solid, and dashed curves correspond to
(2!(min

2 "4.61, 5.99, and 9.21. The positions of the local (2

minima in fits including the total rates are indicated by dots. See
also Table II.

THREE-FLAVOR MSW SOLUTIONS OF THE SOLAR . . . PHYSICAL REVIEW D 62 013002

013002-3

SuperKamiokande: since 1996

SNO from 1999 to 2006

such ordering, we also find a preference at 90% C.L. for θ23
in the lower octant (with respect to the secondary best fit in
the upper octant) and for δ ≃ 1.24π (with respect to the
CP-conserving value δ ¼ π). Conversely, maximal θ23
mixing is disfavored at ∼1.8σ and the range δ ∈
½0; 0.77π# is disfavored at > 3σ in NO.

D. Results on selected pairs of oscillation variables

By studying selected pairs of variables we can gain
further insights about current unknowns (the mass ordering,
the octant of θ23 and the CP phase δ), and appreciate

their interplay with known features of 3ν oscillations.
We discuss the pairs ðsin2 θ12; δm2Þ, ðsin2 θ23; sin2 θ13Þ,
ðsin2 θ23; jΔm2jÞ, ðsin2 θ23; δÞ, as well as pairs of total νe
and ν̄e events (bi-event plots) as observed in the appearance
channel by T2K and NOvA.
Figure 4 shows the regions separately allowed by solar

and KamLAND neutrino data in the plane charted by
ðsin2 θ12; δm2Þ, assuming fixed sin2 θ13 ¼ 0.02 and NO.
The two regions were somewhat displaced in the past,
leading to a<2σ tension between the best-fit δm2 values [3]
(see, e.g., the analogous Fig. 4 in [38]). The current regions
in Fig. 4 appear to be in very good agreement, largely as a
result of a slightly smaller day-night asymmetry in SK-IV
2970-day solar data, shifting the solar δm2 best fit upwards
and closer to the KamLAND one [31]. We find that this
shift does not alter the combined solar and KamLAND
constraints on θ13, namely, sin2 θ13 ≃ 0.014& 0.015
(see, e.g., Fig. 5 in [38]). Results for IO (not shown)
would be almost identical for all parameters ðδm2; sin2 θ12;
sin2 θ13Þ. In conclusion, solar and KamLAND data are not
only in very good agreement about the ðν1; ν2Þ oscillation
parameters ðδm2; sin2 θ12Þ, but are also consistent with the
measurement sin2 θ13 ≃ 0.02 at SBL reactors.
Figure 5 shows the covariance of the pair ðsin2 θ23;

sin2 θ13Þ for increasingly rich datasets, in both NO (top) and
IO (bottom), with the corresponding χ2 functions separately
minimized for each mass ordering. The θ23 octant ambi-
guity leads to two quasi-degenerate solutions at 1σ, that
generally merge at ∼2σ. The leading appearance amplitude
in LBL accelerators, scaling as sin2 θ23 sin2 θ13, induces an
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FIG. 4. Regions separately allowed by solar and KamLAND
data in the plane ðsin2 θ12; δm2Þ for sin2 θ13 ¼ 0.02 and NO. (The
case of IO, not shown, would be almost identical). The solar ν fit
includes SK-IV 2970-day data [31].
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FIG. 5. Regions allowed in the plane ðsin2 θ23; sin2 θ13Þ for increasingly rich datasets: Solar þ KamLANDþ LBL accelerator data
(left panels), plus SBL reactor data (middle panels), plus atmospheric data (right panels). Top and bottom panels refer, respectively, to
NO and IO as taken separately (i.e., without any relative Δχ2 offset). The error bars in the middle panels show the &2σ range for θ13
arising from SBL reactor data only.

FRANCESCO CAPOZZI et al. PHYS. REV. D 104, 083031 (2021)

083031-6

21 years later

PRD 104.083031(2021)

KamLAND
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Purification of the liquid scintillator
Borexino makes use of three methods to remove impurities 
from the liquid scintillator (U, Th, K, 210Po, 210Bi, 85Kr, 222Rn)
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14C activity estimation

From 2nd cluster events
> 8µs to avoid afterpulses
from PMTs
40 ± 1 Bq

14C/12C = (2.7±0.1) x 10-18

Beta spectrum with shape 
factor: 1+1.24(Qb-T) 
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Spectral measurement of pp neutrinos

pp
14C

Rate pp expected : ~ 131 cpd/100ton
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The Super-
Kamiokande 
experiment

• World leading water Cherenkov detector
• 50 kton of water in total and 32 kton in inner detector
• 22.5kton Fiducial Volume
• 11,146 50cm PMTs with 40% coverage
• Outer detector with 3m water and 1885 20cm PMTs
• Energy scale, angular distribution, and vertex position 

calibrate by a LINAC, injecting e- from 5 to 16 MeV
• 16O(n,p)16N and 16N decay (Qb=10.4 MeV) used for energy 

calibration
• Initial threshold at 5 MeV was reduced to 4 MeV by 

removing convection currents in inner detector, reducing 
Radon propagation

• In 2020 detector loaded with Gd2(SO3)3 at 0.01% wt

4.5 Super-Kamiokande 163
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Figure 4.11 The LINAC calibration system in Super-Kamiokande is shown. The dotted line
shows the fiducial volume. The numbers 1–6 indicate where LINAC calibration data were taken
in SK-II. Source: Cravens et al. 2008 [274]. Reproduced with permission of American Physical
Society.

3.3 kHz, contributes with 1.8 hits in 50 ns. !e energy scale, angular distribution,
and vertex position resolution are calibrated with an electron linear accelerator
(LINAC).

In Figure 4.11 the LINAC system for calibration of the energy scale in
Super-Kamiokande is shown. !e LINAC injects monoenergetic electrons
with energy ranging from 5 to 16 MeV. !is range matches the energy of solar
neutrinos, which can be detected in Super-Kamiokande. !e uncertainty of the
beam energy is of 20 keV in the whole range covered by the LINAC. LINAC
data were taken at six different positions in the detector. !e energy calibration
by LINAC and the position dependence of the energy scale is supported by
using gamma rays from Ni(n,!)Ni (similarly to the Kamiokande experiment) and
beta decays of 16N (Q" =10.4 MeV) produced by neutrons induced by cosmic
ray stopping muons (16O(n, p)16N) or by a deuterium tritium (D + T → n+4He,
En = 14.1 MeV) neutron generator. Agreements at the level of 1% with Monte
Carlo calculations were obtained.

A major background in Super-Kamiokande is the radioactivity from radon
from U and ! in the water. !e water in the detector comes from natural under-
ground water and it is purified on site. !e U and ! contamination in the water
sets the detection threshold. !e water transparency is an important parameter
together with its radio-purity. !e water transparency changes slightly with
time. !is parameter is monitored by means of the Michel spectrum of electrons
produced by stopping muons. Some 1200 of such electrons are observed every
day. !e peak of the Michel spectrum was kept stable within ±0.5%.

3. Spallation cut
Some cosmic-ray μ’s produce radioactive elements by

breaking up an oxygen nucleus [15]. A spallation event
occurs when these radioactive nuclei eventually decay and
emit β’s and/or γ’s. A spallation likelihood function is made
from the distance of closest approach between the preced-
ing μ track(s) and a solar neutrino candidate, their time
difference, and the charge deposited by the preceding μðsÞ.
By using the likelihood function spallation-like events are
rejected, see [1,16] for details.
When lower energy cosmic-ray μ−’s are captured by 16O

nuclei in the detector, 16N can be produced which decays
with gamma-rays and/or electrons with a half-life of
7.13 sec. In order to reject these events, the correlation
between stopping μ’s in the detector and the remaining
candidate events are checked. The cut criteria for 16N events
is as follows; (1) reconstructed vertex is within 250 cm to the
stopping point of the μ, (2) the time difference is between
100 μ sec and 30 sec.
To measure their impact on the signal efficiency, the

spallation and 16N cuts are applied to events that cannot be
correlated with cosmic-ray muons (e.g. candidates preced-
ing muons instead of muons preceding candidates). This
“random sample” then measures the accidental coinciden-
ces rate between the muons and subsequent candidate
events. The spallation (16N) cut reduces signal efficiency by
about 20% (0.53%).

4. Fiducial volume cut
Events which occur near the wall of the detector

(reconstructed within 2 m from the ID edge) are rejected.
The volume of this fiducial volume is 22.5 kton. Below
4.99 MeV this cut is tightened. Figure 13 shows the r2

ð¼x2 þ y2Þ vs z data vertex distribution for 3.49 to
3.99 MeV, after the above cuts. Each bin shows the rate
(events/day/bin), with blue showing a lower rate and red a

higher rate. We expect solar neutrino events to be uniformly
distributed throughout the detector volume, and the regions
with high event rates are likely dominated by background.
To increase the significance in the final data sample for this
energy region (3.49 to 4.49 MeV), we have reduced the
fiducial volume to the region shown by the black line in the
figure and described by

r2 þ 150

11.754
× jz − 4.25j4 ≤ 150; ð3:1Þ

where the coordinates are given in meters. This function was
chosen in order to approximately follow the contours of
constant event rate. For the energy range of 4.49 to 4.99MeV,
events which have r2 > 180 m2 or z < −7.5 m are cut.

5. Other cuts

Short runs (<5 minutes), runs with hardware and/or
software problems, and calibration runs are not used for this
analysis. Cosmic-ray μ events are removed by rejecting
events with more than 400 hit PMTs, which corresponds to
about 60 MeV for electron type events.

6. Summary

Figure 14 shows the energy spectrum after each reduc-
tion step and Fig. 15 shows the reduction efficiency of the
corresponding steps. The final sample of SK-IV data is
shown by the filled squares and for comparison the SK-III
final sample is superimposed (dashed lines). Above
5.99 MeV, the efficiency for solar neutrinos in the final
sample is almost the same as in SK-III, while for 4.99 to
5.99 MeV, the SK-IV efficiency is better than SK-III. The
reason for the improvement is the removal of a fiducial
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FIG. 13. Vertex distribution for 3.49 to 3.99 MeV data.
Radioactive background leads to a large event rate at the bottom
and large radii. The black line indicates the reduced fiducial
volume in this energy region.
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FIG. 14. Energy spectrum after each reduction step in the
22.5 kton fiducial volume. The open circles (filled inverted
triangles) correspond to the reduction step after the spallation
(ambient) cut. The stars give the spectrum after the external event
cut, and the final SK-IV sample after the tight fiducial volume cut
is given by the filled squares. The dashed line shows the final
sample of SK-III.
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Expected 
events in Super-
Kamiokande

• Rate = Flux(E) × Cross-Section × Target

• For Super-K: 22.5 kton of water

• 8B neutrinos on average ~ 7.6 MeV above 5 MeV

• Flux ~ 5x106 cm2/s, fraction above 5 MeV = 0.7

• Cross-section ~ 6.8x10-44 cm2 @ 7.6 MeV

• Target electrons: (NA/18)×10×22.5×109=7.5×1033

•  ~ 150 cpd/FM

Solar neutrino observation in Super-K
11

ν + e− → ν + e−

Verify neutrino oscillation scenario
•Oscillation parameter determination
•Day/Night and seasonal flux variation,
spectrum distortion.
•Investigate exotic senario
Precise 8B flux measurement is
important for solar metallicity problem

✓Large volume
✓Find solar direction
✓Realtime measurements
✓Precise energy determination
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Extracted solar neutrino signal is
103,219 +495- 491 events

𝑑𝑎𝑡𝑎
𝑡ℎ𝑒𝑜𝑟𝑦

= 0.44486 ± 0.0062

Most precise 8B flux measurement, 1.4%

Day-Night asymmetry = -3.3±1.0±0.5 %

Aldo Ianni - Neutrino Frontiers 2024 55



Aldo Ianni - Neutrino Frontiers 2024 56



Aldo Ianni - Neutrino Frontiers 2024 57



Pulse Shape Discrimination

b

a

Aldo Ianni - Neutrino Frontiers 2024 58


