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Solar neutrino 
producion

• Nuclear fusion net reaction: 4H → He + 2e- + 2𝜈
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pp vs CNO Competition
pp chain

(99%)

CNO cycle
(1%)

Dominant in the sun
T

core 
~ 15 x 106 K

- dominant in stars 1.3 heavier 
than Sun
- crucial for the solar  
metallicity  problem (Z>He) :
High (HZ) vs Low  (LZ) Solar neutrinos: astro & particle physics

4H → He + 2e- +2 v
e

vs.

Solar neutrinos Borexino The importance of CNO Data analysis CNO strategy The Bismuth background constraint CNO results Conclusions

Neutrinos from the Sun
Sun is powered by nuclear fusion reactions: ��H ! �He + . . .

A.S. Eddington Observatory �� (����), Nature (����)

The pp chain
Bethe & Critchfield (����)

p + p ! �H + e++ ⌫e p + e� + p ! �H+ ⌫e

�H + p ! �He + �
��.��% �.��%

�He + �He ! �He + �p �He + �He ! �Be + � hep⌫

��.�% ��.�%
�.� ⇥ ����%

�Be + e� ! �Li+ ⌫e �Be + p ! �B + �

��.��% �.��%

�Li + p ! �He� �B ! �Be⇤ + e++ ⌫e

�Be ! � �He

The CNO cycle
Weizsäcker (����, ����), Bethe (����)
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Who wins this competition?

• It depends on the temperature
and elemental abundance of the 
star
• In the Sun, the pp-chain does 99% 

of the job
• CNO solar neutrinos are hard to spot

and so far undetected

• The CNO cycle becomes dominat 
above ~ 1.3 M☉
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Why do we care about CNO?
Relative e�ficiency of pp-chain and CNO cycle depends on

I Local temperature I Element local density

In the Sun L(pp)/L� ⇡ ��% vs L(CNO)/L� ⇡ �%

Detection of CNO-⌫
,! direct evidence

of CNO cycle

Measurement of�(CNO)
,! indication of

C and N solar abundance
,! Hint for solar metallicity � � � �

��

�

�

��

pp-chain

CNO-cycleT�

From Adelberger et al, SFII (����)

Temperature (⇥��� K)

lo
g �

�
L/

L �

The Solar Metallicity problem

A�ter ����, re-evaluation of photospheric chemical composition
led to⇡ ��% reduction of solar metallicity

,!New sound speed profile inconsistent with
helioseismology data

,! What about solar neutrinos?
� �.� �.� �.� �.�

�

�.���

�.��

r/R�

�c
/c

HZ (GS��)
LZ (AGS��met)

Vinyolesetal.
ApJ������

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

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

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

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

GS98 AGSS09met

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

YS +RCZ only 2 0.9 0.5 6.5 2.1

δc/c only 30 58.0 3.2 76.1 4.5

δc/c no-peak 28 34.7 1.4 50.0 2.7

Φ(7Be) + Φ(8B) 2 0.2 0.3 1.5 0.6

all ν-fluxes 8 6.0 0.5 7.0 0.6

global 40 65.0 2.7 94.2 4.7

global no-peak 38 40.5 0.9 67.2 3.0

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

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

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

Sound speed

The Solar metallicity puzzle
• Helioseismology is a great tool to prove solar models.
• Since 2005: a new 3D analysis of spectroscopic data from photosphere 

indicates lower values of solar metallicity (LZ) by ~20%.
• But solar models reproducing these new LZ values disagree with 

helioseismology data.
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n flux GS98
(HZ)

AGSS09met
(LZ)

cm-2 s-1 Δ

pp 5.98 (1±0.006) 6.03 (1±0.005) x 1010 +0.8%

pep 1.44 (1±0.01) 1.46(1±0.009) x 108 +1.4%
7Be 4.93 (1±0.06) 4.50 (1±0.06) x 109 -8.7%
8B 5.46 (1±0.12) 4.50 (1±0.12) x 106 -18%
13N 2.78 (1±0.15) 2.04 (1±0.14) x 108 -27%
15O 2.05 (1±0.17) 1.44 (1±0.16) x 108 -30%

Metallicity (Z): 
abundance of elements 

other than H, He



Solar neutrino 
spectrum
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Solar neutrino 
spectrum
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The Borexino detector
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The Borexino detector

ScintillatorScintillator

Bu>erBu>er

WaterWater

Stainless steal sphere
13.7 m of diameter,
1300 m3 of 
pseudocumene

Internal PMTs
2212 (nominal), 8”,
35% optical coverage

Nylon vessell
125 μm of radioupure 
nylon

Inner vessel 
target: 300 ton of 
scintillator PC+PPO

Nylon outer vessel
PC+DMP

Water Cherenkov veto
208 PMTs, diameter 
18m, 2000 m3 of water 

Detection principle : 



Borexino data taking campaign 
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Phase I
Purification
Campaign Phase II

Thermal insulation

Phase III

���� ���� ���� ���� ���� ���� ����

Solar neutrinos

I �Be: �st observation + Precise
measurement (±�%)

I pep: �st observation
I �B: low-threshold measurement
I CNO: best upper limit

+ Other studies . . .

Solar neutrinos

I pp: �st measurement
I �Be: Seasonal modulation
I Simultaneous meas. of low-E

solar-⌫ (pp, pep, �Be, CNO limit)
I �B: improved low-thrs meas.

+ Other studies. . .

Solar neutrinos

I The quest for CNO neutrinos
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Borexino data taking campaign 
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Phase-I and II results
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Implications of Borexino results

P
ee

 survival probability with Borexino data only!

Precise measurements era:

Probing the MSW-LMA 
scenario 

Low metallicity disfavored at 1.8 σ
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Implications of Borexino results

P
ee

 survival probability with Borexino data only!

Precise measurements era:

Probing the MSW-LMA 
scenario 

Low metallicity disfavored at 1.8 σ

Complete spectroscopy of the pp-chain

Limited sensitivity to 
the Sun’s metallicityFundamental test of the LMA-MSW oscillation mechanism

(e.g. see S.K. Agarwalla et al., JHEP 38, 2020 for limits on NSI) 

Borexino has slight preference for 
HZ model, but global analyis much 
less



Borexino data taking campaign 
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Challenges for the CNO-𝜈 detection

• Borexino spectrum past data selection criteria

• Including removal of 11C cosmogenic background 
by Three-Fold Coincidence (arXiv:2106.10973)

• Neutrino signals extracted by multivariate fit

• CNO rate only 3-5 ev/day/100t

• CNO spectral shape almost degenerate with 
pep and 210Bi decays:

1. pep flux can be constrained to SSM predictions 
witin 1.4%

2. But what about 210Bi?
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Challenges

Challenges in the search for CNO neutrinos in Borexino

Small exp. rate
�–� cpd/��� t

No prominent
spectral feature

Spectral degeneracy
with ���Bi and pep bkg
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)pep(ν

(CNO)ν

Po210

Bi210

C11

Borexino expected spectrum
+ main backgrounds

(Phase II values)

#
Strong correlation
among fit results

#

Need of independent
bkg. constraints

Fit best estimates correlations in
MC-generated pseudo-experimets
BX coll, Phys.Rev.D ��� (����) �
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Strategy for 210Bi constraint
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2. the “210Bi” constraint

Exploiting the A=210 chain 
through secular equilibrium

Di>usion:
Very slow 
D ~ 10-9 m2/s  

(di>usion coeVcient)

Convection:
210Po from the outer 
regions

Heat sink 6°C 
(Hall C <oor)

Warm air 
from room
ventilation

(~20°C)

BOREXINO 
Water Tank

THERMAL INSULATION 
PROGRAM

2014:  temperature 
probes
Mid-2015: insulation 
start
Late 2015: water 
recirculation system  
shut down
2016: active temperature 
control system (ATCS)
Early 2019: change of 
the ATCS set point 
Late 2019: Hall C - ACTS 

Idea: vertical gradient

Measuring 210Po could allow to constraint 210Bi
…

If only we had secular exquilibrium!

• 63 keV β--: below 
analysis threshold 

• Long-term supplier 
of 210Bi

1160 keV β—

our big enemy!

Easily identified 
with PSD



Strategy for 210Bi constraint
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2. the “210Bi” constraint

Exploiting the A=210 chain 
through secular equilibrium

Di>usion:
Very slow 
D ~ 10-9 m2/s  

(di>usion coeVcient)

Convection:
210Po from the outer 
regions

Heat sink 6°C 
(Hall C <oor)

Warm air 
from room
ventilation

(~20°C)

BOREXINO 
Water Tank

THERMAL INSULATION 
PROGRAM

2014:  temperature 
probes
Mid-2015: insulation 
start
Late 2015: water 
recirculation system  
shut down
2016: active temperature 
control system (ATCS)
Early 2019: change of 
the ATCS set point 
Late 2019: Hall C - ACTS 

Idea: vertical gradient

• 210Po contamination on the inner
vessel

• Diffusion is very slow: ~ 10-9 m2/s
• But we observed seasonal  

convective currents bringing 
210Po into the FV



How to prevent convection?

1. Insulation of the water 
tank (2015-16)

2. Active temperature control 
of the upper dome (2017)

3. Active temperature control 
of the Hall ventilation inlet 
(2019)
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2. the “210Bi” constraint

Exploiting the A=210 chain 
through secular equilibrium

Di>usion:
Very slow 
D ~ 10-9 m2/s  

(di>usion coeVcient)

Convection:
210Po from the outer 
regions

Heat sink 6°C 
(Hall C <oor)

Warm air 
from room
ventilation

(~20°C)

BOREXINO 
Water Tank

THERMAL INSULATION 
PROGRAM

2014:  temperature 
probes
Mid-2015: insulation 
start
Late 2015: water 
recirculation system  
shut down
2016: active temperature 
control system (ATCS)
Early 2019: change of 
the ATCS set point 
Late 2019: Hall C - ACTS 

Idea: vertical gradient

SOLUTION: THERMAL STABILIZATION OF THE DETECTOR

Thermal insulation with mineral wool Temperature probes and
active temperature control 

Page 19

stable vertical 
temperature 

gradient

fluid stratification 



Temperature stabilization
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Thermal Insulation
Before the thermal insulation Before the thermal insulation 

(Mid-2015)(Mid-2015)

After the thermal insulationAfter the thermal insulation
(Beginning of 2016)(Beginning of 2016)

Temperature probes

Temperature 
evolution during the 
thermal insulation 
campaign

CNO neutrinos in the SSM Sensitivity to CNO neutrinos in Borexino Bi constraint Data analysis

Temperature stabilization achieved

A�ter Hall C temperature
stabilization, stability
reached the probes
resolution level

D. Gu�fanti (JGU Mainz) First detection of CNO neutrinos Mainz, ��.��.���� �� / ��
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Bismuth background assessment strategy

E�fect on ���Po spatial density

Stabilization measures have been extremely e�fective in
reducing ���Po motions

Low density Polonium Field
observed⇡ �� cm north of equator

Remarkable agreement with
Fluid dynamic simulations

V. di Marcello et al., NIM A ��� (����)

D. Gu�fanti (JGU Mainz) First detection of CNO neutrinos Mainz, ��.��.���� �� / ��

Effects of temperature control on 210Po
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Phase-II Phase-III
Top

Bottom

w
ith

in
 R

<3
m

 

Verified by a complete fluido-dynamics modelling. V. di Marcello et al., NIM A 964 (2020) 



210Bi constraints from Low Polonium Field
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~ 20t “bubble” of 
scintillator, located ~80 

cm above the center 
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Systematic uncertainties in ���Bi assessment

Low-Polonium region is small⇡ �� ton
To extend the result outside the Low-Polonium region we need to prove
���Bi uniformity over the entire Fiducial Volume (�� ton)

Selection of�-like events

I Stability in time

I Uniformity in space

D. Gu�fanti (JGU Mainz) First detection of CNO neutrinos Mainz, ��.��.���� �� / ��

We measure the 210PO rate in the “bubble”: 
1. is this all supported by 210Bi?
2. or is it partly due to residual

convection?

Therefore we set only an upper limit on 210Bi

Solar neutrinos Borexino The importance of CNO Data analysis CNO strategy The Bismuth background constraint CNO results Conclusions

Cannot claim we observe a flat minimum
in ���Po distribution

,! Rmin(���Po) may be overestimated because of resid-
ual ���Po from the vessel

,!Upper limit on ���Bi rate
R(���Bi)  ��.� ± �.� cpd/��� t

Essential achievement to break the degeneracy
between ���Bi and CNO

���Bi Upper limit! CNO lower limit
Good sensitivity for a detection

BX Coll (����), arXiv:2005.12829 [hep-ex]

� �.� � �.�

Bism
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���Bi UL uncertainty [cpd/��� t]

��.� �� ��.� �

Total
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Binning
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Rmin(���Po)
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��.��
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Good! It implies a lower limit on CNO

[Includes systematics from 
space+time uniformity of 210Bi]



CNO fit result
• Multivariate Monte Carlo fit:

• 11C-subtracted energy spectrum 
• 11C-enhanced energy spectrum
• Radial profile

• pep rate: gaussian penalty at SSM 
prediction
• 210Bi rate: semi-gaussian penalty at our 

upper limit 
• Counting analysis in ROI (yellow band) 

for consistency check
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Counting Analysis Crosscheck BX Coll, Nature ��� (����)
arXiv:2006.15115 [hep-ex]

Counting Analysis Concept

Simply counts the number of events in a chosen energy window
which maximises a S/B figure of merit

Number of bkg events estimate based on
external constraints (pep, ���Bi) and spectral fit results.

Specie (Si) Events

N ��� ± ��.�
���Bi ��� ± ��.�
⌫(pep) ���.� ± �.�
⌫(�Be) ��.� ± �.�

��C ��.� ± �.�
Others ��.� ± �.�
P

i Si ���.� ± ��.�
N �

P
i Si ���.� ± ��.�

Detector response systematics
accounted varying the fraction of
events inside the ROI for each
component

R(CNO) = �.� ± �.� cpd/��� t

�.�� significance

Energy [keV]

1

10

210

310

h
Ev

en
ts

 / 
5N

νCNO-
νpep-

Bi210

νB-8 and νBe-7

external backgrounds
other backgrounds

Total fit: p-value = 0.3

200 300 400 500 600 700 800 900hN

500 1000 1500 2000 2500
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� � � � � �� �� ��
�

�

��

��

��

��

��

Be
st

fit
=

�.
�

cp
d/

��
�

t

CNO-⌫ rate [cpd/��� t]

�
��

lo
g
L

LZ SSM ��% C.I.
HZ SSM ��% C.I.
Borexino ��% C.I.
Fit w/o syst.
Fit w/ syst.

Systematics evaluation

I Fit configuration
Fit range, binning, . . .

I ��C spectrum
Distortions induced by noise cuts

I ���Bi spectrum
Theoretical uncertainties on the� spectrum

I Detector response
Vary detector response parameters within calibration
uncertainties

. Energy scale (�.��%)

. Non-uniformity (�.��%)

. Non-linearity (�.��%)

RCNO = �.�+�.�
��.� (stat)+�.�

��.� (sys) cpd/��� t
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Systematics from:

• Fit configuration (binning, range)

• Spectral shapes (11C, 210Bi)

• Detector response (energy scale, 
non-uniformity, non-linearity)
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Final results about CNO 

Result (68% CL stat + sys) =   7.2 
-1.7

+3.0 cpd/100t 

Systematics: Response, resolution, spectral shapes and  LY: σ
L
 = -0.5, σ

R
= +0.6 (5.1 σ signiYcance)

Hypothesis CNO=0 excluded at 5.0 σ (99%CL) Model compatibility: 0.5σ (HZ),  1.3σ (LZ)

LZ disfavored at 2.1 σ including other <uxes from pp-chain (Borexino only)

• No CNO hypothesis excluded at 5.0 𝜎 (99% C.L.)
• HZ (LZ) model compatible at 0.5 (1.3) 𝜎

• Including other pp-chain fluxes from Borexino: LZ disfavoured at 2.1 𝜎

𝛷CNO = 7.0+3.0
-2.0 x 108 cm-2 s-1

RCNO = 7.2+3.0
-1.7 cpd/100 t

LZ HZ DATA
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Thank you Thank you 
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Thank you Thank you 
very much!very much!
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BOREXINO TIMELINE AND SOLAR NEUTRINO RESULTS

CNO observation
NATURE 25/11/2020

2007 2010 2012 2016 Sep 2021

Phase I LS Purification Phase II Phase III The end 
2020

Full pp chain 
spectroscopy

NATURE 25/10/2018

First observation 
7Be
pep
8B > 3MeV

First observation 
pp reaction
NATURE 28/08/2014

7Be directional 
measurement 
NEW @ TAUP
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Unmatched
radiopurity

Thermal
stabilization

Borexino has performed the first 
detection of CNO neutrinos from 
the Sun with 5.0 σ significance

and the complete solar neutrino 
spectroscopy with a single 

experiment
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Thank you
for
your attention

Thank you!
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210Bi spatial uniformity
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Solar neutrinos Borexino The importance of CNO Data analysis CNO strategy The Bismuth background constraint CNO results Conclusions

���Bi spatial uniformity

Radial distribution

Radial shell analysis
�sys(rad) = �.�� cpd/��� t

Angular distribution

Spherical Harmonic decomposition
�sys(ang) = �.�� cpd/��� t
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