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Solar neutrino 
production

Nuclear fusion net reaction:  4H → He + 2e- + 2!e
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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.
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Neutrinos from the Sun
Sun is powered by nuclear fusion reactions: ��H ! �He + . . .

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

The pp chain
Bethe & Critchfield (����)
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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 undetected (before Borexino)

• The CNO cycle becomes dominant 
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)
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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?
� �.� �.� �.� �.�

�

�.���
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HZ (GS��)
LZ (AGS��met)

Vinyolesetal.
ApJ������

(����)
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CNO n fluxes are the most sensitive to the Sun metallicity

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

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

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

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

GS98 AGSS09met

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

YS +RCZ only 2 0.9 0.5 6.5 2.1

δc/c only 30 58.0 3.2 76.1 4.5

δc/c no-peak 28 34.7 1.4 50.0 2.7

Φ(7Be) + Φ(8B) 2 0.2 0.3 1.5 0.6

all ν-fluxes 8 6.0 0.5 7.0 0.6

global 40 65.0 2.7 94.2 4.7

global no-peak 38 40.5 0.9 67.2 3.0

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

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

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

Sound speed

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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Unmatched radiopurity
< 9 x 10-19 g(Th)/g
<8 x 10-20 g(U)/g

(largely above design)

Stainless Steel Sphere
Diameter: 13.7 m

1300 m3

Buffer fluid
PC + DMP (light quencher)

Inner Vessel
Diameter: 8.5 m
125 "m thick nylon

Cherenkov muon veto
Diameter: 18 m
2000 ton ultra-pure water
208 PMTs

PMTs
2212 (nominal) x 8”
35% optical coverage

Target
300 ton liquid scintillator
Pseudocumene (PC)
+ wavelength shifter (PPO, 1.5 g/l)

Scintillator

Buffer

Water

Radon barrier!e

!e

e
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Borexino: the beginning

• Proposed in the early 90s by: 
Gianpaolo Bellini (Milan),  
Frank Calaprice (Princeton)  
Raju Raghavan (Bell Labs)

• morphed into a low-energy (<1 MeV), 
real-time liquid scintillator experiment


• measure ‘missing’ 7Be neutrinos

• Key challenge: intrinsic radiopurity

• Initially Borex (charged and neutral 
current reactions on 11B in trimethyl 
borate scintillator) (Raghavan+Pakvasa ’88)A success built over 

time

1988: First idea (Borex)
1991: Proposal
1994-2001: Counting Test 
Facility (CTF)
1996-97: approval
1999-2007: construction& 
commissioning

Vulcano 2022 – Borexino results 8
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The Coun3ng Test Facility (CTF)  (1995-2001)

• 4-tonne test facility


• Record scintillator radio purity:

• 232Th, 238U < 10-16 g/g

• 14C/12C = 2x10-18


• Nylon vessel concept for 
scintillator containment



Borexino data taking campaign (2007-2021)
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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 (2007-2021) 
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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

Still limited sensitivity to the 
Sun’s metallicity

Fundamental test of the LMA-MSW oscillation mechanism



Borexino data taking campaign (2007-2021) 
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Challenges for the CNO-! detection

• Borexino spectrum past data selection criteria

• Including removal of 11C cosmogenic background 
by Three-Fold Coincidence: EPJ C81 (2021) 1075

• 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 rate can be constrained to SSM predictions 
within 1.4%

2. But what about 210Bi?

Vulcano 2022 – Borexino results D. D'Angelo 13
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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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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 equilibrium! 

• 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 
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A crucial achievement:

Phase-II Phase-III

BOREXINO PHASE-III: CHALLENGES FOR CNO

Effects of temperature control on 210Po
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Verified by a complete fluido-dynamics modelling. V. di Marcello et al., NIM A 964 (2020) 
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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

Good! It implies a lower limit on CNO

R (210Bi) ≤ R (210Po)



CNO fit results (2020)
• 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 
(11.5 ± 1.3) cpd/100t

• Systematics from:
• Fit configuration (binning, range)
• Spectral shapes (11C, 210Bi)
• Detector response (energy scale, 

non-uniformity, non-linearity)
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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
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Thank you Thank you 
very much!very much!

G. & V. Cocconi Prize 
2021 - EPS
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Thank you Thank you 
very much!very much!

G. & V. Cocconi Prize 
2021 - EPS

!!"# = 7.2$%.'().* &'(' $+.,
(+.- &)& cpd/100t

• No CNO hypothesis excluded at 5.0 !
• Including other pp-chain fluxes from Borexino: 

LZ disfavoured at 2.1 !

Nature 587, 577–582 (2020)

https://www.nature.com/


What’s new?

• Dataset: 

• removed ~ 7 month of 2016 
(still high 210Po)
• added ~19 month 

Mar 2020 -> Oct 2021
• Total exposure: + 33%

• Larger Low Polonium Field with 

less 210Po

• More strigent upper limit:  

R(210Bi) < (10.8 ± 1.0) cpd/100t

Vulcano 2022 – Borexino results D. D'Angelo 20

What is new with respect to the previous publication (2020)?

New results on CNO neutrinos: what’s new?

• Improvement of the MC wich gives the 
reference shapes for the fit;

• Exposure increased by ~ 33%

• Cleaner dataset: we removed the last 6 
months of 2016 where contamination 
from unsupported 210Po was still high;

• More stable temperature  less 
unsupported 210Po  larger Low 
Polonium Field (LoPF) region;

• This allows us to set a more 
stringent limit on 210Bi;

R (210Bi) < 10.8+/- 1.0 counts/day/100t

(It was: R (210Bi) < 11.5+/- 1.3 counts/day/100t)32
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Figure 2. (a) Spectral fit (magenta) of the Borexino Phase-III data (black points) from January 2017 to October 2021 with a suppressed contribution
of the cosmogenic 11C background (grey dashed). CNO ⌫s are shown as red solid line. The rates of pep ⌫s (green) and 210Bi (blue) were constrained
in the fit based on independent data. The energy estimator Nh, in which the fit is performed, represents the number of detected photoelectrons,
normalized to 2,000 live channels. (b) CNO ⌫ rate negative log-likelihood (�2� lnL) profile obtained from the multivariate spectral fit (dashed
black line) and after folding in the systematic uncertainties (black solid line). The blue, violet, and grey vertical bands show 68% confidence
intervals (C.I.) for the low metallicity SSM B16-AGSS09met ((3.52 ± 0.52) cpd/100 tonnes) and the high metallicity SSM B16-GS98 ((4.92 ±
0.78) cpd/100 tonnes) predictions [10, 19], and the new Borexino result including systematic uncertainty, respectively.

and therefore provides an improved 210Bi constraint.
Furthermore, we now exclude the second half of 2016 used
in [9], as it was still a↵ected by an evident amount of
out-of-equilibrium 210Po. The overall exposure of the analysis
presented in this paper is 1431.6 days⇥ 71.3 tonnes, 33.5%
more than in [9].

Analysis strategy and results — In Borexino, solar ⌫s are
detected via their elastic scattering o↵ electrons, which induce
signals characterized by continuous energy distributions even
for mono-energetic ⌫s, such as 7Be or pep. For CNO ⌫s, with
energy extending up to 1740 keV, the electron spectrum is
rather featureless with an end-point at 1517 keV and with an
expected interaction rate of just a few counts per day (cpd) in
100 tonnes of scintillator. To disentangle the CNO ⌫ signal
from other solar ⌫s and backgrounds, we follow the same
procedure applied in [9]. The multivariate fit is performed
simultaneously on two energy spectra between 320 keV and
2640 keV and on the radial distribution of selected events.
The two energy spectra are obtained by dividing the selected
events into two complementary datasets, depleted and
enriched of cosmogenic 11C using the Three-Fold Coincidence

procedure [25]. All events must be reconstructed in a
centrally located fiducial volume, corresponding to a mass of
71.3+0.5

�1.3 tonnes. The shapes of all signal and background
components are obtained with a full Geant4-based Monte
Carlo simulation [26] with an improved treatment of the time
evolution of PMT’s e↵ective quantum e�ciencies based on
the low-energy 14C data. We note that Borexino is sensitive
neither to the small dependence of the shape of solar ⌫
components on the oscillation parameters, nor on the relative
ratio of the individual CNO components. Thus, in the Monte
Carlo production we assume the standard 3-flavour neutrino
oscillations and the 13N, 15O, and 17F relative contributions to
the CNO flux according to SSM B16-GS98 [10]. The fit
performed switching the relative proportion of N, O, and F to
the B16-AGSS09met predictions gives fully consistent results.

The largest sensitivity to CNO ⌫s [19] comes from the
11C-depleted spectrum shown in Fig. 2(a), in which the CNO

end-point is “unveiled” by the removal of about 90% of 11C
with >60% of the original exposure. Further complications
arise from the degeneracy of the CNO energy spectrum with
those of pep solar ⌫s and 210Bi. The pep rate is constrained
in the fit with a Gaussian pull-term to the value
(2.74± 0.04) cpd/100 tonnes as in [9]. A constraint on 210Bi is
evaluated from the minimum rate of its daughter 210Po. Since
we cannot exclude small levels of out-of-equilibrium 210Po
from residual scintillator convection, we consider this an
upper limit on 210Bi and use it as a half-Gaussian penalty term
in the likelihood. The ↵ decays of 210Po are identified on an
event-by-event basis using a pulse shape discrimination neural
network [9, 27]. A Low Polonium Field (LPoF) volume is
identified as the region of the detector with the lowest 210Po
contamination, quantified via a fit with a 2D paraboloid
equation (with and without a cubic spline function along the
z-axis to account for more complexity in this direction) as
in [9]. Since the z position of the LPoF is slightly changing in
time, especially before 2020, due to residual convective
motions, we first performed monthly fits of LPoF data in an
enlarged 70-tonne region to obtain its position time trend
shown in Fig. 1. These are then used to blindly align monthly
data sets using the previous month’s position. It should be
noted that the LPoF position was extremely stable from
August 2020 until the end of data-taking, and its size has
significantly increased. The final LPoF fit is performed on the
time-aligned data set within 20-25 tonnes, depending on the
method, with ⇠6,000-9,000 210Po events. The 210Bi
upper limit, including all systematic uncertainties, is
(10.8± 1.0) cpd/100 tonnes. This value is lower than the
previous limit of (11.5± 1.3) cpd/100 tonnes [9] thanks to the
removal of the 2016 data with higher 210Po rate, and more
precise due to the inclusion of the stable period after
February 2020. The major systematic contribution of
0.68 cpd/100 tonnes is associated with the 210Bi spatial
uniformity in the fiducial volume, a required condition to
apply the 210Bi constraint in a volume ⇠3 times larger than the
LPoF. This uncertainty was estimated by independently
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studying the radial and angular uniformity of �-like events
within the the entire fiducial volume, in the energy region
where 210Bi maximally contributes. The final fit on the
11C-subtracted energy spectrum with pep and 210Bi rates
constrained is shown in Fig. 2(a). The rates of additional
backgrounds, i.e., the external �s from 40K, 208Tl, and 214Bi,
85Kr and 210Po in the scintillator, cosmogenic 11C, and 7Be
solar ⌫s are free fit parameters. The model fits to the data with
a p-value of 0.2 and yields the CNO ⌫ interaction rate with
zero threshold of 6.6+2.0

�0.7 cpd/100 tonnes. The corresponding
negative log-likelihood profile for the CNO ⌫ rate, shown with
a dashed-line in Fig. 2(b), is asymmetric since the upper limit
on 210Bi only impacts the left part of the CNO profile. The
right part of the CNO profile is unconstrained by the penalty
and exploits the small di↵erence between the CNO and
210Bi spectral shapes. The solid line in Fig. 2(b)
shows the CNO profile including the total systematic
uncertainty of +0.5

�0.4 cpd/100 tonnes, evaluated with the same
toy-Monte-Carlo-based method as in [9]. The extent of
individual parameters left to vary in this procedure has been
updated for the current analyzed period, using improved
Monte Carlo simulations and 2.2 MeV �s from the
cosmogenic neutron capture on scintillator hydrogen as a
standard candle for the detector stability and uniformity. The
final result on the CNO ⌫ interaction rate with zero-threshold
is 6.7+2.0

�0.8 cpd/100 tonnes, obtained from the 68% quantile of
the likelihood profile including the systematic uncertainty.
This result excludes the no-CNO-signal hypothesis at about
7� C.L. Using the density of electrons in the scintillator of
(3.307± 0.015)⇥1031

e
�/100 tonnes, and assuming

Mikheyev-Smirnov-Wolfenstein flavour conversion in
matter [28–30] and the neutrino oscillation parameters
from [11], the measured rate with systematic uncertainty
is converted into a CNO solar ⌫ flux on Earth of
6.6+2.0
�0.9 ⇥ 108 cm�2 s�1.
We have tested whether the events in excess with respect

to all known backgrounds, determined outside the CNO ⌫
energy range, are compatible with the expected CNO energy
spectrum. The rates of the external background and
cosmogenic 11C are obtained by the multivariate fit of the
energy and radial distributions of events above the CNO
end-point. The 85Kr background is evaluated using the fast
coincidence tagging method [22], not used in the main
analysis. The rate of 7Be solar ⌫s is taken from the Borexino
Phase-II results [8]. The 210Po rate is obtained by fitting
↵-like events selected by ↵/� discrimination methods. The
rate of pep ⌫s is set to the value of the constraint used in the
main analysis. For the 210Bi we subtract the asymmetric value
of 10.8+1.0

�10.8 cpd/100 tonnes motivated by our upper limit
constraint. The residual energy distribution of events after
subtracting all background is shown in Fig. 3 and is found
compatible with the CNO expected shape (p-value of 0.9).

Implications for solar physics — We perform a global
analysis of all solar ⌫ data to test their compatibility with the
SSM B16 predictions on solar ⌫ fluxes [10]. We follow the
procedure discussed in [8, 22] and include, with the new
CNO rate measurement, the data from radiochemical
experiments [1–3], 8B-⌫ data from SNO [6, 7] and
Super-Kamiokande [4, 5], and Borexino Phase II [8] results
on 7Be and 8B ⌫s, as well as the KamLAND reactor ⌫̄e
data [31] to better constrain �m

2
21. The fluxes � of 8B, 7Be,
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Figure 3. Top: spectral shape of the events after subtraction
of all known backgrounds (black dots). The gray line is the
fitted Monte-Carlo-based CNO shape assuming standard neutrino
interaction and oscillation. Bottom: residual (Res.) of the fit, defined
as (model-data)/�data, shows the data compatibility with the expected
shape of recoiled electrons from CNO ⌫s.

and CNO ⌫s, as well as �m
2
12 and ✓12 are left free in the fit,

while ✓13, having a negligible impact on the analysis, was
fixed according to [11]. The results are shown in Fig. 4, where
the grey areas are the 1� allowed regions in the �B-�Be,
�B-�CNO, and �Be-�CNO planes. We also display the output
of the fit when only results from Borexino and KamLAND are
included (green areas). The predictions of the SSM B16 are
represented by the elliptical contours, when the
high-metallicity GS98 (red) and low-metallicity AGSS09met
(blue) inputs are used. It is clear that both results exhibit a
small tension, driven by the CNO ⌫s, with the SSM
B16-AGSS09met prediction. We quantify the tension using
the test-statistics introduced in [32]. We find that the p-value
of the comparison between the low-metallicity SSM
B16-AGSS09met predictions and the global analysis results
worsens from 0.327 to 0.028 when including the CNO
measurement. The same happens in the comparison with
Borexino-only data, where the p-value lowers from 0.196 to
0.018 when including CNO. On the other hand, the
high-metallicity SSM B16-GS98 is fully compatible with both
the global analysis and the Borexino-only results in all cases
(p-value= 0.462 and 0.554 including CNO, respectively).
Following the procedure described in [8], we also performed a
frequentist hypothesis test based on a likelihood-ratio test
statistics including only Borexino results on 7Be, 8B, and
CNO ⌫s. Assuming SSM B16-GS98, our data disfavors SSM
B16-AGSS09met at 3.1� (p-value= 9.1· 10�4).

The interpretation of the observed tension between data
and SSM B16-AGSS09met predictions is not straightforward
due to the degeneracy between metallicity, opacity, and other
inputs to the SSM. More information on metallicity can be
gathered by exploiting the direct dependence of the CNO
cycle on the C and N abundances in the core of the Sun, in
combination with the precise measurement of the 8B-⌫ flux, as
suggested in [33, 34] and discussed specifically for Borexino
in [19]. The general idea of this method is the following: solar
⌫ fluxes (both from the pp chain and the CNO cycle) depend
on the so-called solar environmental parameters (abundances
of heavy elements, age, luminosity, opacity, di↵usion)
indirectly through the core temperature Tc, which is an
implicit function of them. Therefore, the uncertainties
a↵ecting these parameters collapse into the overall uncertainty
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Figure 2. (a) Spectral fit (magenta) of the Borexino Phase-III data (black points) from January 2017 to October 2021 with a suppressed contribution
of the cosmogenic 11C background (grey dashed). CNO ⌫s are shown as red solid line. The rates of pep ⌫s (green) and 210Bi (blue) were constrained
in the fit based on independent data. The energy estimator Nh, in which the fit is performed, represents the number of detected photoelectrons,
normalized to 2,000 live channels. (b) CNO ⌫ rate negative log-likelihood (�2� lnL) profile obtained from the multivariate spectral fit (dashed
black line) and after folding in the systematic uncertainties (black solid line). The blue, violet, and grey vertical bands show 68% confidence
intervals (C.I.) for the low metallicity SSM B16-AGSS09met ((3.52 ± 0.52) cpd/100 tonnes) and the high metallicity SSM B16-GS98 ((4.92 ±
0.78) cpd/100 tonnes) predictions [10, 19], and the new Borexino result including systematic uncertainty, respectively.

and therefore provides an improved 210Bi constraint.
Furthermore, we now exclude the second half of 2016 used
in [9], as it was still a↵ected by an evident amount of
out-of-equilibrium 210Po. The overall exposure of the analysis
presented in this paper is 1431.6 days⇥ 71.3 tonnes, 33.5%
more than in [9].

Analysis strategy and results — In Borexino, solar ⌫s are
detected via their elastic scattering o↵ electrons, which induce
signals characterized by continuous energy distributions even
for mono-energetic ⌫s, such as 7Be or pep. For CNO ⌫s, with
energy extending up to 1740 keV, the electron spectrum is
rather featureless with an end-point at 1517 keV and with an
expected interaction rate of just a few counts per day (cpd) in
100 tonnes of scintillator. To disentangle the CNO ⌫ signal
from other solar ⌫s and backgrounds, we follow the same
procedure applied in [9]. The multivariate fit is performed
simultaneously on two energy spectra between 320 keV and
2640 keV and on the radial distribution of selected events.
The two energy spectra are obtained by dividing the selected
events into two complementary datasets, depleted and
enriched of cosmogenic 11C using the Three-Fold Coincidence

procedure [25]. All events must be reconstructed in a
centrally located fiducial volume, corresponding to a mass of
71.3+0.5

�1.3 tonnes. The shapes of all signal and background
components are obtained with a full Geant4-based Monte
Carlo simulation [26] with an improved treatment of the time
evolution of PMT’s e↵ective quantum e�ciencies based on
the low-energy 14C data. We note that Borexino is sensitive
neither to the small dependence of the shape of solar ⌫
components on the oscillation parameters, nor on the relative
ratio of the individual CNO components. Thus, in the Monte
Carlo production we assume the standard 3-flavour neutrino
oscillations and the 13N, 15O, and 17F relative contributions to
the CNO flux according to SSM B16-GS98 [10]. The fit
performed switching the relative proportion of N, O, and F to
the B16-AGSS09met predictions gives fully consistent results.

The largest sensitivity to CNO ⌫s [19] comes from the
11C-depleted spectrum shown in Fig. 2(a), in which the CNO

end-point is “unveiled” by the removal of about 90% of 11C
with >60% of the original exposure. Further complications
arise from the degeneracy of the CNO energy spectrum with
those of pep solar ⌫s and 210Bi. The pep rate is constrained
in the fit with a Gaussian pull-term to the value
(2.74± 0.04) cpd/100 tonnes as in [9]. A constraint on 210Bi is
evaluated from the minimum rate of its daughter 210Po. Since
we cannot exclude small levels of out-of-equilibrium 210Po
from residual scintillator convection, we consider this an
upper limit on 210Bi and use it as a half-Gaussian penalty term
in the likelihood. The ↵ decays of 210Po are identified on an
event-by-event basis using a pulse shape discrimination neural
network [9, 27]. A Low Polonium Field (LPoF) volume is
identified as the region of the detector with the lowest 210Po
contamination, quantified via a fit with a 2D paraboloid
equation (with and without a cubic spline function along the
z-axis to account for more complexity in this direction) as
in [9]. Since the z position of the LPoF is slightly changing in
time, especially before 2020, due to residual convective
motions, we first performed monthly fits of LPoF data in an
enlarged 70-tonne region to obtain its position time trend
shown in Fig. 1. These are then used to blindly align monthly
data sets using the previous month’s position. It should be
noted that the LPoF position was extremely stable from
August 2020 until the end of data-taking, and its size has
significantly increased. The final LPoF fit is performed on the
time-aligned data set within 20-25 tonnes, depending on the
method, with ⇠6,000-9,000 210Po events. The 210Bi
upper limit, including all systematic uncertainties, is
(10.8± 1.0) cpd/100 tonnes. This value is lower than the
previous limit of (11.5± 1.3) cpd/100 tonnes [9] thanks to the
removal of the 2016 data with higher 210Po rate, and more
precise due to the inclusion of the stable period after
February 2020. The major systematic contribution of
0.68 cpd/100 tonnes is associated with the 210Bi spatial
uniformity in the fiducial volume, a required condition to
apply the 210Bi constraint in a volume ⇠3 times larger than the
LPoF. This uncertainty was estimated by independently
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Figure 4. Results of the global analysis: 1� regions allowed by
solar ⌫ and KamLAND reactor data (grey) and by Borexino only
+ KamLAND (green) in the �B-�Be, �B-�CNO, and �Be-�CNO

planes. The 1� predictions of high-metallicity SSM B16-GS98
model (red) and low-metallicity SSM B16-AGSS09met (blue) are
also shown. The best fit values for oscillation parameters are found to
be �m

2
21 = 7.50+0.17

�0.18 ⇥ 10�5 eV2 and tan ✓12 = 0.43+0.04
�0.02.

of the temperature profile. The dependence of ⌫ flux �i on Tc
can be approximated by a power-law with power index ⌧i

specific to the flux under consideration. The flux of 8B ⌫s is
the most sensitive to variations of Tc, featuring a power index
⌧B ⇡ 24 [35],

�B/�
SSM
B / (Tc/TSSM

c )⌧B , (1)

with “SSM” indicating the SSM predicted value. The same
relationship holds for reactions belonging to the CNO cycle,
e.g., 15O, but with a di↵erent exponent ⌧O ⇡ 20 [35].
Additionally, the rate for CNO reactions features a direct
dependence on the abundance of C and N (relative to
hydrogen) in the solar core nCN = (nC + nN):

�O/�
SSM
O / nCN

n
SSM
CN

⇥ (Tc/TSSM
c )⌧O . (2)

It is then possible to construct a weighted ratio between the 15O
and 8B fluxes of the form:

(�O/�
SSM
O )/(�B/�

SSM
B )k, (3)

with k chosen to minimize the impact of Tc (and therefore
of its uncertainties) on the ratio, thus isolating the e↵ect of
nCN/nSSM

CN . Substituting Eq. (1) and Eq. (2) in Eq. (3), we obtain

(�O/�SSM
O )

(�B/�SSM
B )k

/ nCN

n
SSM
CN

 
Tc

TSSM
c

!⌧O�k⌧B

(4)

and the appropriate value of k would therefore be ⌧O/⌧B=
0.83. The above equation is, however, oversimplified since
both 8B and 15O ⌫s are produced in a relatively small region
of the solar core, where the temperature and the chemical
composition vary. In addition, both the temperature and the

composition profile are non-trivial functions of the SSM input
parameters.

To overcome this hurdle, we must explicitly account for
the dependence of the 8B and 15O fluxes on each SSM input
parameter, making use of the corresponding partial
logarithmic derivatives, following [33, 34, 36]. Taking the
SSM B16-GS98 model as a reference, we obtain that k =
0.769 minimizes the impact of the environmental parameters
on the fluxes ratio in Eq. 3 (more details in Supplemental
Material). With this optimized value of k, we find:

(�O/�SSM
O )

(�B/�SSM
B )0.769

=
NCN

N
SSM
CN

⇥

⇥ [1 ± (0.097(nucl) � 0.005(env) � 0.027(di↵))] . (5)

The terms in square brackets quantify the contributions of the
nuclear, environmental, and di↵usion uncertainties to the error
budget to be summed in quadrature. Note that NCN represents
the C+N abundance in the photosphere rather than in the
solar core. Indeed, the partial derivatives used in this
procedure [37] are evaluated with respect to the composition
of the photosphere, where spectroscopic data provide
observational constraints.

Inserting in Eq. 5 the flux of 8B ⌫s obtained from
the global analysis (�B/�SSM

B = 0.96± 0.03) and
�O/�SSM

O = 1.35+0.41
�0.18 extracted from our CNO measurement,

assuming the SSM ratio between 13N and 15O fluxes, we
obtain:

NCN

N
SSM
CN

= 1.35 ⇥ (0.96)�0.769 ⇥

⇥
h
1 ±

⇣
+0.303
�0.136(CNO) � 0.097(nucl) � 0.023(8B)

� 0.005(env) � 0.027(di↵) � 0.022(13N/15O)
⌘i
. (6)

By construction, the contribution to the error budget from
environmental variables is negligible, while the precision of
the RCNO measurement is dominant. The leading residual
uncertainty of 9.7% comes from the astrophysical S -factors,
driven by S 114 (7.8%) and S 17 (3.7%). The error on the
extrapolation of the C+N abundance from the core to the
photosphere due to di↵usion is 2.7%. Finally, the C+N
abundance with respect to the H in the photospehere is
NCN = (5.78+1.86

�1.00) ⇥ 10�4. This represents the first
determination of the abundance of C+N in the Sun using ⌫s.
Our result is compared to spectroscopic measurements of the
photosphere in Fig. 5. It is in good agreement with the recent
MB22 [18] and the outdated GS98 [17] compilations, while it
shows a moderate ⇠2� tension with the values of
AGSS09met [13, 14] and its recent update AAG21 [16]. The
stability of our result with respect to the input metallicity is
demonstrated by repeating the analysis changing our
reference to SSM B16-AGSS09met and obtaining fully
compatible value (white cross in Fig. 5).

Outlook — In this letter, we have presented the latest
Borexino measurement of the CNO solar ⌫s with an improved
uncertainty of +30%

�12% on its rate. This result reinforces the one
previously published by Borexino in 2020 [9], now further
increasing the detection significance against the null
hypothesis to about 7� C.L. We included this new result in
the global analysis of all solar and KamLAND reactor ⌫ data.
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SOLAR IMPLICATIONS: C+N ABUNNDANCE
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Figure 5. Comparison of abundance of (C+N)/H in the solar
photosphere, NCN, from spectroscopy (squares) and from the
Borexino measurement (circle). The gray area highlights the
uncertainty due to the precision of the CNO rate measurement. The
white cross marks the result of the very same study repeated changing
the reference SSM from the B16-GS98 to the B16-AGSS09met.

We found the resulting solar ⌫ fluxes to be in agreement with
the “high metallicity” SSM B16-GS98 [10], while a moderate
tension is observed when “low metallicity” AGSS09met is
used for the SSM prediction. A frequentist hypothesis test
using only Borexino CNO, 7Be, and 8B ⌫ fluxes, disfavors the
SSM B16-AGSS09met at 3.1�C.L. as an alternative to SSM
B16-GS98. In addition, we used the CNO ⌫ measurement
together with the 8B ⌫ flux from the global analysis to
determine the C+N abundance in the Sun, breaking the
ambiguity due to the opacity/metallicity degeneracy. The
C+N abundance determined with this method was compared
with that from independent spectroscopic measurements of
the solar photosphere. Even though a↵ected by a large
uncertainty of +32%

�17% (dominated by the error on the measured
CNO rate) our measurement agrees very well with the
so-called high-metallicity compilations (MB22 [18],
GS98 [17]) and features a moderate ⇠2� tension with the
low-metallicity ones (AGSS09met [13, 14], C11 [15],
AAG21 [16]). A more precise measurement of the CNO ⌫ flux
by future experiments could definitively assess the
long-standing metallicity controversy and constrain the range
of possible non-standard solar models [14, 38].
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C and N abundances 

(τB = 24)

(τO = 20)

• Use Φ(8B) as a thermometer for the solar core 

• A weighted Φ(15O)/Φ(8B) ra3o minimizes the 

uncertain3es due to opacity and other input 

parameters of the SSM  

• Op3mal value of k = 0.769:

(k = τO/τB ~ 0.83)

• N.B.: with this procedure we extract directly the 
abundance on the surface 

• In fact, the procedure relies on partial derivatives 
with respect to the photosphere composition

[Haxton et al. (2008)]
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24

20

8B flux used as thermometer of the Sun

choosing k appropriately minimizes dep. on TC

From Borexino CNO measurement

from solar global analysis

30

SOLAR IMPLICATIONS: C+N ABUNNDANCE
With  from global analysis and  from CNO measurement(ΦB/ΦSSM

B ) = 0.96 ± 0.03 (ΦO/ΦSSM
O ) = 1.35+0.41

−0.18

NCN = (5.78+1.86
−1.00) ⋅ 10−4 First determination of C+N abundance in the Sun using neutrinos


Can be directly compared with measurements from solar photosphere
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FIG. 3. Schematic representation of the angular correlation, expressed by the angle α between the direction of emitted photons, given
by the reconstructed vertex, and the position of the Sun with respect to Borexino for different event types. (a) Electron recoiling off a
solar neutrino at the center of the detector produces a Cherenkov cone (red arrows) pointing forward in the direction of the Sun and
isotropic scintillation photons (blue arrows). α1 and α2 are the directional angles of the first and second detected photons of the event,
respectively. The Cherenkov photons and, in turn, the PMT hits they trigger are correlated to the incoming direction of the solar
neutrinos. (b) It is possible that the first detected photon in an event is a scintillation photon, therefore not correlated to the direction of
the solar neutrino, and the second detected photon is a Cherenkov photon. Compared to (a), this event results in a flatter angular
distribution. In addition, this event happens off-center. (c) An electron from the intrinsic radioactive background also produces a
Cherenkov light cone (green arrows) and isotropic scintillation photons (blue arrows). As before, α1 and α2 are the directional angles of
the first and second photons of the background event, respectively. These are Cherenkov photons, but have no correlation to the Sun’s
direction. (d) Background event similar to (c), but this is an off-center event where the first photon is a scintillation photon and the
second detected photon is a Cherenkov photon.
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Directional measurement 

• First directional 
measurement of sub-MeV 
solar neutrinos in liquid 
scintillator.

• First two PMT hits in each 
event have a higher chance 
of being Cherenkov rather 
than scintillation

• For neutrino events they 
should correlate with the 
position of the Sun, unlike 
for background. 
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isotropic scintillation photons (blue arrows). α1 and α2 are the directional angles of the first and second detected photons of the event,
respectively. The Cherenkov photons and, in turn, the PMT hits they trigger are correlated to the incoming direction of the solar
neutrinos. (b) It is possible that the first detected photon in an event is a scintillation photon, therefore not correlated to the direction of
the solar neutrino, and the second detected photon is a Cherenkov photon. Compared to (a), this event results in a flatter angular
distribution. In addition, this event happens off-center. (c) An electron from the intrinsic radioactive background also produces a
Cherenkov light cone (green arrows) and isotropic scintillation photons (blue arrows). As before, α1 and α2 are the directional angles of
the first and second photons of the background event, respectively. These are Cherenkov photons, but have no correlation to the Sun’s
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Directional measurement 
• Focus on 7Be energy region: [0.54, 074] MeV

• Using Phase-I data and enlarged FV (132t)
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Using the CID measurement of Nsolar-ν, the 7Be inter-
action rate Rð7BeÞCID has been calculated as Rð7BeÞCID ¼
51.6þ13.9

−12.5 cpd=100 t for the full 7Be neutrino energy (0.384
and 0.862 MeV monoenergetic lines). For this the pep and
CNO neutrino rates have been fixed to their SSM pre-
dictions [43]. The small errors arising from pep and CNO
neutrino predictions are included in the systematic uncer-
tainty (refer companion paper). This 7Be rate is well in
agreement with the results of the phase I spectroscopy
Rð7BeÞ ¼ 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 infor-
mation 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 espe-
cially 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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FIG. 4. (a) The sum of the Δχ2 profiles of the 1st and 2nd hits from the fit as a function of the observed number of solar neutrinos
Nsolar-ν, with (blue solid curve) and without (blue dotted curve) the systematic uncertainty. The no-neutrino signal hypothesis
Nsolar-ν ¼ 0, can be rejected with Δχ2 > 25, > 5σ C.L. The 68% C.I. (blue shaded band) from the Δχ2 profile gives
Nsolar-ν ¼ 10887þ2386

−2103 ðstatÞ % 947ðsystÞ. The best fit gives a χ2=ndf ¼ 124.6=117. The 68% C.I. of the expected solar neutrino
signal based on the SSM predictions [40] is shown as an orange band. (b) The cos α 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 β background (blue) used in the fit are shown as well, normalized to the same 19 904 events. For
illustration purposes, the histograms are shown with 10 bins instead of the 60 bins as used in the final fit.
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Proof-of-Principle for future hybrid detectors



Earth’s eccentricity by solar !
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Introduction

The motivation for this measurement has a rich his-
torical context, often unnoticed by the modern reader.
The first heliocentric hypothesis, i.e. the astronomical
model in which the Earth and planets revolve around
the Sun at the center of the Universe, was proposed by
Aristarchus of Samos in the third century BC, in or-
der to simplify the complex system of planet retrograde
motions, due to the apparent picture of considering the
Earth at the center of the cosmos. This early brilliant
intuition was definitely overwritten a few centuries later
by the geocentric model by Claudios Ptolemy who re-
ported in his famous treatise The Almagest a full de-
scription of the planet motions as seen from the Earth,
laying the foundation of the long-lasting Medieval con-
ception of the Universe. In spite of the very advanced
level of the ancient Greek science reached during the
Hellenistic age, it is not clear whether the elliptical na-
ture of the Earth orbit was known. Some hypotheses in
favor have been put forward, because the curve ellipse
was largely described in The Conics of Apollonius of
Perga and Sun-Earth changing distance was known [1],
but there is lack of certain historical sources. For further
details, see [2].

Many centuries later, as a consequence of the art
and science flowering of the Renaissance period, the
heliocentric model came again into existence in 1543
thanks to Nicholas Copernicus, who first redrew the he-
liocentric model approximating with circles the plan-
ets motions in his famous De Revolutionibus Orbium
Coelestium. The scientific and philosophical dispute
was really intense at that time, and very well summa-
rized in the Dialogue Concerning the Two Chief World
Systems published by Galileo Galilei in 1632. Later on,
Johannes Kepler, taking advantage of the high precision
astronomical measurement performed by his mentor Ty-
cho Brahe, improved the heliocentric model through his
Three Laws of Planetary Motions in which for the first
time the elliptical nature of the planet orbit, including
the Earth, were accurately stated (the first two laws are
in Astronomia Nova, published in 1609, and the last in
Harmonices Mundi, published in 1619). In particular
the First Law states that all planetary orbits are ellip-
tical and the Sun occupies one of its two foci. Those
important pieces of information allowed Isaac New-
ton to formulate the Law of Universal Gravitation in
his work Philosophiae Naturalis Principia Mathemat-
ica published in 1687, so far considered as one of the
greatest achievements of human thought. For further
details, see [3]. The eccentricity ✏, defined as the ra-
tio between the di↵erence and the sum of the Earth’s

aphelion and perihelion (see Fig. 1), quoted in the Prin-
cipia is 167/8 over 1000 parts, i.e. ✏ = 0.0169 in modern
numbers, very close to the current astronomical mea-
surement [4, 5], rounded to 0.0167 for the purpose of
this work.
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Figure 1: Earth’s orbit around the Sun with parameters of interest.
The Earth revolves around the Sun keeping the distance r(✓), where ✓
is the angle with respect to the perihelion in polar coordinates. The
eccentricity ✏ is defined as the ratio between the di↵erence and the
sum of the aphelion and perihelion.

In this work, the first precise measurement of the
Earth’s orbit eccentricity exploiting the variation of the
solar neutrino flux produced in the Sun’s core and de-
tected by Borexino on the Earth, caused by the Sun-
Earth distance change as a function of time due to the
non-circular shape of the orbit, is reported. Since neu-
trinos can travel through the Earth and then detected
24 hours a day, the flux change depends only on the
inverse-square of the Earth-Sun distance. Using the po-
lar coordinate, that distance, can be written as

r(✓) =
r̄(1 � ✏2)

1 + ✏ cos(✓)
(1)

where r̄ is the average of the apsides and ✓ is the po-
lar angle with respect to the perihelion. Since ✏ ⌧ 1,
the solar neutrino flux, produced by the Sun as �0, and
hitting the Earth at the time t, can be approximated co-
herently with Kepler’s Second Law by

�(t) ⇡
�0

r̄2

h
1 + 2✏ cos(!y(t � t0))

i
+ O(✏2). (2)

Where !y = 2⇡/Ty is the Earth’s average angular veloc-
ity over a year Ty and t0 is the phase that can be chosen
at the perihelion (usually falling on the first days of Jan-
uary). The expected percent amplitude variation is of or-
der A = 2✏ ⇡ 3.34%. The result presented in this work
is important for two main reasons: first, because it pro-
vides an independent proof of the Kepler’s first law, that
has its own fascinating philosophical aspect; second, be-
cause it proves the unprecedented level of precision and
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Figure 4: Top: Full Borexino rate time series (Phase-II and Phase-III) in the RoI fitted to the trend model R(t) to remove secular components. The
rate in cpd/100t is binned in time intervals of 30 days. The time axis is reported in days since 12:00 AM of December 11th 2011, in UTC time.
Bottom: Residuals of the time series with respect to the trend model R(t). The blue sinusoidal best fit of the residual rate indicates the presence of
a significant annually modulated signal.

x 2 R to a continuous variable. The Eq.(6) will be re-
defined using the generalized Eq.(7).

Figure 3 shows the median sensitivity for the ex-
pected power spectrum at one cycle/year obtained from
toy Monte Carlo pseudo-experiments generated with
and without the expected signal over a Borexino-like
time series event rate.

Figure 4 (Top) shows the time series of the Borex-
ino rate in the RoI in time bins of 30 days. The figure
clearly shows secular trends in R(t), which could bias
the measured amplitude of periodic modulations [35].
A detrending procedure is thus carried out by subtract-
ing an empirical combination of exponential trends:

R(t) = RAe�t/⌧A + RBe�t/⌧B ⇡ RAe�t/⌧A + RB

 
1 �

t
⌧B

!
,

(8)
where RA, RB, ⌧A, and ⌧B are free parameters. The
last approximation holds because ⌧B is visibly much
larger than the length of the data set. The faster decay
is associated with leakage of alpha events through the
MLP as well as with 210Pb mixing. The slower decay
includes the slowly varying 210Bi and, possibly, 85Kr
backgrounds, as discussed in Sec. 2. Figure 4 (Bottom)
shows the residual rate after the detrending subtraction.
The blue curve is a sinusoidal fit showing a clear an-
nual modulation present in the time series. Details of
this particular fit in relationship with the Earth’s orbital
parameters is described in Sec. 4.

Finally, Fig. 5 shows the GLS periodogram obtained
from the residuals shown in Fig. 4 (Bottom). Frequen-
cies are reported in terms of number of cycles per year
(cycles/year), equal to 2.73 ⇥ 10�3 cycles/day. A sig-
nificant peak with GLS power of 16.4 corresponding to
one cycle/year frequency is clearly visible in the peri-

Figure 5: GLS power spectrum in ��2 units of the residual rate of Fig.
4 (Bottom). Frequencies are reported as cycles/year. A clear peak at
one cycle/year frequency emerges from the full periodogram.

odogram. It is noted that the frequency definition uses
the anomalistic year of 365.2596 days, defined as the
time taken by the Earth to complete one revolution with
respect to its perihelion. Considering the null hypothe-
sis distribution e�S, the p-value of the peak is 5.9⇥10�8

corresponding to 5.3� significance using the one-sided
Gaussian distribution. The validity of the analytical
formula for the estimation of the p-value was verified
with a toy Monte Carlo simulation containing up to 30
million pseudo-experiments generated with pure white-
noise. The absence of realizations above the measured
GLS power at 1 cycle/year confirms the reported signif-
icance at more than 99% CL.

Figure 5 shows a second prominent peak around 0.7
cycles/year with GLS power of 7.5. At face value, the
significance of this peak would be ⇠ 3� for a modu-
lation at an expected frequency. When considering the
so-called Look-elsewhere e↵ect (LEE), the actual sig-
nificance drops to 1.8� (see Sec. 5 for further details).
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ning of Phase-II which grows almost linearly to 3% by
the end of data taking. Applying this ine�ciency trend
over the 210Po activity, a residual 210Po rate after the se-
lection cut was studied with GLS and sinusoidal fit. A
residual modulation of 0.02 ± 0.02 cpd/100t with a sig-
nificance <1.1 � is found which, nonetheless, has no
impact on the magnitude and phase of the presented
results. Second, it is known from the CNO analysis
and from the thermal stabilization campaign [17], that
the migration component of the 210Po from the Inner
Vessel into the analysis fiducial volume is time depen-
dent. Indeed, a periodic injection of 210Po into the de-
tector center driven by seasonal temperature changes in
the experimental hall, is observed for most of Phase-
II, especially before the thermal insulation of the detec-
tor. This modulation is usually peaked around spring
or early summer, thus out of phase with respect to the
annual modulation expected from the Earth’s orbit ec-
centricity. Finally, cosmogenic 11C is expected to have
a modest seasonal signature due to the periodic 1.4%
amplitude modulation of the muon flux peaked in early
July [36]. This e↵ect has no measurable e↵ect on our
result since the contribution of 11C �+ events in the se-
lected energy RoI is negligible.

Figure 7: Comparison between the Borexino measurement of the
Earth’s orbital eccentricity (red) with those from previous solar neu-
trino experiments: SNO (green), Super-Kamiokande (yellow), and
Gallex/GNO (brown) [37, 38, 39]. The blue point is the value reported
in Newton’s Principia and the vertical black line is the current preci-
sion astronomical measurement. The gray shaded region of negative
values corresponds to a ⇡ phase shift.

Figure 7 shows the comparison of the Borexino
eccentricity measurement with those of other solar
neutrino experiments. The SNO (green point) [37]
and Super-Kamiokande (yellow point) [38] experiments
searched for the annual modulation of 8B neutrinos se-
lected with higher threshold (several MeV) and yielding
a lower counting rate (⇠ 10 cpd) than Borexino (⇠ 30
cpd in the RoI, ⇠ 300 keV threshold). Evidence for

annual modulation is found with 1-2� significance by
both experiments. Gallex/GNO (brown point)[39], set
an upper limit on the modulation of the low-threshold
integrated solar neutrino capture rate on gallium nuclei
as it had limited sensitivity due to low event rate (order
1 cpd/100t). Fig. 7 also shows the vertical black line
corresponding to the astronomical measurement with
negligible uncertainty (vertical black line), the eccen-
tricity value reported in Newton’s Pincipia (blue point),
and the Borexino results (this work, red point). The
gray shaded region of negative eccentricity values in
the Figure corresponds to a ⇡ phase shift. It’s worth
noticing that the Earth’s orbit eccentricity undergoes
slow secular variations classified among the so-called
Milankovitch cycles. These small variations are negli-
gible over time intervals of a few centuries and do not
chance significantly the eccentricity, as proven by the
agreement between Newton’s eccentricity value and the
present astronomical measurement. See [5] for further
details.

Interestingly, one could derive the solar neutrino
flux on Earth from the measured rate in the RoI, domi-
nated by 7Be solar neutrino-electron scattering, and the
eccentricity value from modern astronomy. If one ne-
glects the contributions from pep and CNO solar neu-
trinos, assumes a relative amplitude of the modulation
(2✏) of 3.37%, the measured 7Be neutrino interaction
rate (49% of which falls within the RoI) would be 55±9
cpd/100t, in good agreement with the precision value
reported in Tab. 1 and with Solar Standard Model pre-
dictions. This result excludes the null hypothesis with
> 5� significance. In other words, Borexino could have
discovered 7Be mono-energetic solar neutrinos via the
detection of their annual modulation only, even if the
characteristic 7Be Compton shoulder had not been vis-
ible due, e.g., to a higher contamination of 238U and
232Th that scintillator purification could not abate.

The presence of an annual modulation in the Borex-
ino �-like spectrum thus provides clear indication of
the solar origin of a significant portion of its events.
The measurement reported here is the most precise
measurement of the Earth’s orbital parameters obtained
solely with solar neutrinos and confirms the high sta-
bility achieved by Borexino in the last 10 year of data
taking.

5. Full periodogram analysis

The periodogram of all frequencies between 1 cy-
cle/year and 547 cycles/year were studied by arrang-
ing the time series of the Borexino measured rate in
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Introduction

The motivation for this measurement has a rich his-
torical context, often unnoticed by the modern reader.
The first heliocentric hypothesis, i.e. the astronomical
model in which the Earth and planets revolve around
the Sun at the center of the Universe, was proposed by
Aristarchus of Samos in the third century BC, in or-
der to simplify the complex system of planet retrograde
motions, due to the apparent picture of considering the
Earth at the center of the cosmos. This early brilliant
intuition was definitely overwritten a few centuries later
by the geocentric model by Claudios Ptolemy who re-
ported in his famous treatise The Almagest a full de-
scription of the planet motions as seen from the Earth,
laying the foundation of the long-lasting Medieval con-
ception of the Universe. In spite of the very advanced
level of the ancient Greek science reached during the
Hellenistic age, it is not clear whether the elliptical na-
ture of the Earth orbit was known. Some hypotheses in
favor have been put forward, because the curve ellipse
was largely described in The Conics of Apollonius of
Perga and Sun-Earth changing distance was known [1],
but there is lack of certain historical sources. For further
details, see [2].

Many centuries later, as a consequence of the art
and science flowering of the Renaissance period, the
heliocentric model came again into existence in 1543
thanks to Nicholas Copernicus, who first redrew the he-
liocentric model approximating with circles the plan-
ets motions in his famous De Revolutionibus Orbium
Coelestium. The scientific and philosophical dispute
was really intense at that time, and very well summa-
rized in the Dialogue Concerning the Two Chief World
Systems published by Galileo Galilei in 1632. Later on,
Johannes Kepler, taking advantage of the high precision
astronomical measurement performed by his mentor Ty-
cho Brahe, improved the heliocentric model through his
Three Laws of Planetary Motions in which for the first
time the elliptical nature of the planet orbit, including
the Earth, were accurately stated (the first two laws are
in Astronomia Nova, published in 1609, and the last in
Harmonices Mundi, published in 1619). In particular
the First Law states that all planetary orbits are ellip-
tical and the Sun occupies one of its two foci. Those
important pieces of information allowed Isaac New-
ton to formulate the Law of Universal Gravitation in
his work Philosophiae Naturalis Principia Mathemat-
ica published in 1687, so far considered as one of the
greatest achievements of human thought. For further
details, see [3]. The eccentricity ✏, defined as the ra-
tio between the di↵erence and the sum of the Earth’s

aphelion and perihelion (see Fig. 1), quoted in the Prin-
cipia is 167/8 over 1000 parts, i.e. ✏ = 0.0169 in modern
numbers, very close to the current astronomical mea-
surement [4, 5], rounded to 0.0167 for the purpose of
this work.

Figure 1: Earth’s orbit around the Sun with parameters of interest.
The Earth revolves around the Sun keeping the distance r(✓), where ✓
is the angle with respect to the perihelion in polar coordinates. The
eccentricity ✏ is defined as the ratio between the di↵erence and the
sum of the aphelion and perihelion.

In this work, the first precise measurement of the
Earth’s orbit eccentricity exploiting the variation of the
solar neutrino flux produced in the Sun’s core and de-
tected by Borexino on the Earth, caused by the Sun-
Earth distance change as a function of time due to the
non-circular shape of the orbit, is reported. Since neu-
trinos can travel through the Earth and then detected
24 hours a day, the flux change depends only on the
inverse-square of the Earth-Sun distance. Using the po-
lar coordinate, that distance, can be written as

r(✓) =
r̄(1 � ✏2)

1 + ✏ cos(✓)
(1)

where r̄ is the average of the apsides and ✓ is the po-
lar angle with respect to the perihelion. Since ✏ ⌧ 1,
the solar neutrino flux, produced by the Sun as �0, and
hitting the Earth at the time t, can be approximated co-
herently with Kepler’s Second Law by

�(t) ⇡
�0

r̄2

h
1 + 2✏ cos(!y(t � t0))

i
+ O(✏2). (2)

Where !y = 2⇡/Ty is the Earth’s average angular veloc-
ity over a year Ty and t0 is the phase that can be chosen
at the perihelion (usually falling on the first days of Jan-
uary). The expected percent amplitude variation is of or-
der A = 2✏ ⇡ 3.34%. The result presented in this work
is important for two main reasons: first, because it pro-
vides an independent proof of the Kepler’s first law, that
has its own fascinating philosophical aspect; second, be-
cause it proves the unprecedented level of precision and
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Recent results 2/2: Eccentricity 

Independent 
determination of the 

Earth's orbital 
parameters with solar 
neutrinos in Borexino

(5σ)

Secular components

residuals

30d binningDec 2011 Oct 2021
Phase II + III

[Lomb-Scargle analysis: no other significant modulation] 

Best result with solar /arXiv:2204.07029
accept. for publ. on Astropart. Phys. 
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§ New 2022 result with full Phase-III data 

yield a 7 # evidence of CNO neutrino 

observation

§ Low metallicity models are disfavoured 

at 3.1 #
§ First directional solar neutrino neutrino 

measurement by Chrenkov radation in a 

liquid scintillator detector

§ Best determination of the Earth’s 

eccentricity by solar neutrinos

Ø Borexino was a unique detector with an 

unmatched radiopurity

Ø It has performed the full solar neutrino 
spectroscopy with a single experiment

Ø Data taking ended in Oct 2021 …

Ø … but data analysis is still ongoing: Stay tuned! 
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Neutrinos References Rate

[cpd/100t]

Flux

[cm-2s-1]

pp Nature 2014, Nature 2018,

PRD 2019

(134±10)
-10

+6 (6.1±0.5)
-0.5

+0.3x1010

7Be PLB 2008, PRL 2011, 

Nature 2018, PRD 2019

(48.3±1.1)
0.7

+0.4 (4.99±0.11)
-0.08

+0.06x109

pep PRL 2012, Nature 2018

PRD 2019

(2.65±0.36)
-0.24

+0.15 [HZ] (1.27±0.19)
-0.12

+0.08x108[HZ]

8B PRD 2010, Nature 2018, 

PRD 2020

0.223
-0.022

+0.021 5.68
-0.41-0.03

+0.39+0.03x106

hep Nature 2018, PRD 2020 <0.002 (90% CL) <1.8x105 (90% CL)

CNO arXiv 2022 6.7
-0.8

+2.0 6.6
-0.9

+2.0x108

Updating the table (2022)

Borexino ONLY!

All Borexino solar ! results in one table
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Thank you
for
your attention

This has been a wonderful ride

Thank you!

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

Page 12
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Temperature stabilization
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  11

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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Extended Data Fig. 9 | Radial distribution from a multivariate fit of the 
Borexino data. Radial distribution of events in the multivariate fit. The red line 
is the resulting fit, the green line represents the internal uniform contribution 

and the blue line shows the non-uniform contribution from the external 
background. NDF, the number of degrees of freedom in the fit.
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Extended Data Fig. 8 | Energy distributions from a multivariate fit of the 
Borexino data. Full multivariate fit results for the TFC-subtracted (left) and 
the TFC-tagged (right) energy spectra with corresponding residuals. In both 
graphs the magenta lines represent the resulting fit function, the red line is the 

CNO neutrino electron recoil spectrum, the green dotted line is the pep 
neutrino electron recoil spectrum, the dashed blue line is the 210Bi β spectrum, 
and in grey we report the remaining background (bkgs) contributions.



Three-fold Coincidence
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CNO neutrinos in the SSM Sensitivity to CNO neutrinos in Borexino Bi constraint Data analysis

��C suppression BX Coll, arXiv:2106.10973 [hep-ex]

µ+ ��C ! µ+ ��C + n
n capture ⌧ ⇡ ��� �s
n + p ! d + �(�.� MeV)

�+ decay ⌧ ⇡ �� min
��C ! ��B + e+ + ⌫e

µ

n capture

Evaluate ��C likelihood for each candidate
based on:
I muon dE/dx
I n multiplicity
I distance fromµ track
I distance from n vtx
I distance from n vtx projection onµ track

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



Low Polonium Field analysis
• 3D paraboloidal fit of the 

“bubble” in 2 months binning

• Alignment of the z position
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Solar neutrinos Borexino The importance of CNO Data analysis CNO strategy The Bismuth background constraint CNO results Conclusions

Low Polonium Field analysis BX Coll, Nature ��� (����)
arXiv:2006.15115 [hep-ex]

Data alignment

I �D-Paraboloidal fit over two-months periods

I Extract z position of ���Po minimum over time

I Align data using previous month position
#

Extraction of ���Bi constraint

I if ���Po has a plateau as min! Rmin(���Po) = R(���Bi)

I otherwise Rmin(���Po) = R(���Bi) + residual convection

,! R(���Bi) upper limit

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

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

Low Polonium Field analysis BX Coll, Nature ��� (����)
arXiv:2006.15115 [hep-ex]

Data alignment

I �D-Paraboloidal fit over two-months periods

I Extract z position of ���Po minimum over time

I Align data using previous month position
#

Extraction of ���Bi constraint

I if ���Po has a plateau as min! Rmin(���Po) = R(���Bi)

I otherwise Rmin(���Po) = R(���Bi) + residual convection

,! R(���Bi) upper limit

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



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

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



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

Systematic uncertainties

Fit cfg.

Negligible

��C spectrum

Deformation induced
by noise cuts

���Bi spectrum

Di�ferent references for
�-spectrum (di�f.⇡
��%)

Detector response

Vary detector response
parameters within range
allowed by calibration
I Energy scale (�.��%)
I non-uniformity (�.��%)
I non-linearity (�.�%)

8
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>:
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9
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>;
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Response Model

PDFs
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distorted
dataset

fit

Systematic Uncertainty
�� = ��

stat + ��
sys

iθ
0 10 20 30 40 50 60 70 80 90100

Randomization of
response
parameters
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