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The Borexino experiment has recently provided the first direct experimental evidence of the sub-
dominant CNO-cycle in the Sun, which is assumed to be the main energy production mechanism
in heavier stars. Borexino is a liquid scintillator detector located at the Laboratori Nazionali del
Gran Sasso, Italy with the main goal to measure solar neutrinos. The extreme radiopurity of
the scintillator and the successful thermal stabilisation of the detector have proven to be valuable
assets in the quest for CNO neutrinos. The low abundance of CNO neutrinos and the similarity
of its spectral shape to that of pep solar neutrinos and the intrinsic 210Bi background, make
CNO neutrino detection challenging. Therefore, it is necessary to constrain these backgrounds
independently. The energy and radial distribution of the events can then be exploited to perform a
multivariate fit, which requires a careful evaluation of the systematic uncertainty associated with
the Monte-Carlo spectral shapes used. Borexino has successfully rejected the null hypothesis of
CNO-cycle neutrinos in the Sunwith greater than 5.0f significancewith 99%C.L. This article will
present the overview of the strategy and methods used to achieve this result and the consequence
of this result for solar and stellar physics.
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1. Solar neutrinos

Solar neutrinos are produced copiously in the Sun due to the nuclear fusion processes that
happen in its core. While the photons take around 105 years to reach the Earth, the neutrinos only
take 8 minutes, and carry direct, unperturbed information about the Sun’s core. The main source
of energy powering the sun and sun-like stars is the pp fusion chain. The pp-chain reactions result
in the fusion of four protons into helium.

4? −→4 He + 24+ + 2a4 (1)

The process happens through different alternative chains namely, pp-I, pp-II, and pp-III. Each
neutrino produced in the pp-chain is called by the name of the reaction it was produced in: ??, ?4?,
7�4, 8B, and hep. The CNO cycle is hypothesised to be the main process in heavier stars [1], [2]. It
has two sub-cycles namely, CNO-I and CNO-II. The CNO-I sub-cycle is more dominant (99.95%)
and is simply referred to as the CNO-cycle. Neutrinos produced in this cycle originate from the
V- decays of 15O and 13N have continuous energy spectra with endpoints at around 1.5MeV, and
1.7MeV, respectively. The neutrinos are labeled according to the reactions they are produced in as:
13N, 15O, and 17F. The theoretical energy spectra of solar neutrinos is taken from [3] and shown in
Figure 1.

Figure 1: The theoretical energy spectra of solar neutrinos taken from [3]. The flux is given in units of
cm−2s−1MeV−1 for continuum sources and in cm−2s−1 for monoenergetic sources.

1.1 Standard solar model

The Standard Solar Model (SSM) is based on different assumptions. It is assumed that the
solar energy is produced through the pp-chain, contributing to > 99% of the energy, while the
contribution of the CNO-cycle is yet unknown. The Sun is in a state of thermal and hydrostatic
equilibrium. The solar composition is defined by its initial elemental abundance. The energy
transport from the core to the surface occurs through radiation and convection. The model relies
on standard solar parameters namely, luminosity measured through irradiance (3.828 x 1026 W),
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solar a HZ SSM LZ SSM difference HZ-LZ (%)
pp 5.98 (1 ± 0.006)· 1010 6.03 (1 ± 0.005)· 1010 -0.84
pep 1.44 (1 ± 0.01)· 108 1.46 (1 ± 0.009)· 108 -1.39
hep 7.98 (1 ± 0.030)· 103 8.25 (1 ± 0.30)· 103 -3.38
7Be 4.93 (1 ± 0.06)· 109 4.50 (1 ± 0.06)· 109 +8.72
8B 5.46 (1 ± 0.12)· 106 4.50 (1 ± 0.12)· 106 +17.58

CNO 4.88 (1 ± 0.11)· 108 3.51 (1 ± 0.11)· 108 +28.07

Table 1: Solar neutrino fluxes, predicted by HM- and LM-SSMs, in units of cm−2s−1 [3].

age estimated through radioactive dating of meteorites, rocks, samples from Earth and Moon (4.57
± 0.01Gyr), mass computed via orbit equation of Earth (1.988 x 1033 kg), radius calculated based
on luminosity and surface temperature (6.955 x 108 m), and initial elemental abundances inferred
through spectroscopy and helioseismology.

Solar metallicity: A crucial parameter related to the abundance of different elements in the
Sun, is the highly debated solar metallicity i.e. the fraction of elements heavier than helium, called
metals in the context of solar physics. It is denoted by (Z/X)⊙, where Z is the abundance of metals
and X is the abundance of protons and Helium in the Sun. Solar metallicity provides answers about
the neutrino fluxes and the speed of sound waves in the Sun. The newest generation of SSMs,
called B16 [3], employs two central sets of solar abundances, based on photospheric and meteoritic
abundances from different inputs, and results in different predictions of solar metallicity. The GS98
is called the High metallicity (HZ) SSM [4], and the AGSS09met is called the Low metallicity (LZ)
SSM [5], predicting a (Z/X)⊙ value of 0.0229 and 0.0178, respectively. The different ratios lead
to different predictions of solar neutrino fluxes as shown in Table 1. It can also be observed that
the experimental measurements of 7Be, 8B, and CNO neutrino fluxes can provide hints towards
metallicity since the neutrinos come from metals heavier than Helium.

2. The Borexino experiment

Borexino is an ultra-pure liquid scintillator detector, located underground at the Laboratori
Nazionali del Gran Sasso in Italy [6], with the main goal to measure solar neutrinos. It is placed at
3800 metres water equivalent depth where the cosmic muon flux is suppressed by a factor of around
106. The active core of the detector consists of approximately 280 t of liquid scintillator contained
in a spherical nylon vessel with a radius of 4.25 m. Particles that interact in the scintillator emit
light, which is detected by 2212 photomultiplier tubes. Solar neutrinos are detected by Borexino
via their elastic scattering off electrons. The total number of detected photons and their arrival
times are used to reconstruct the electron recoil energy and the interaction point in the detector,
respectively. The energy (E) and spatial resolution (f) of Borexino has slowly deteriorated over
time owing to the steady loss of photomultiplier tubes (on average 1238 active channels for this
analysis), with current values of f�/

√
(�) ≈ 6% and fG,H,I ≈ 11 cm for 1 MeV events at the

centre of the detector [7]. The success of the Borexino experiment is the result of its unprecedented
radiopurity combined with the careful selection of materials and clean assembly protocols. The
experiment is divided into three phases, with their beginnings corresponding to the end of major
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stabilisation operations. Borexino has already provided a complete spectroscopy of pp-chain solar
neutrinos [8]. Phase-III of the experiment started after the thermal insulation and stabilisation of the
detector, the key requirement for the CNO-neutrino detection and runs from July 2016 to February
2020, corresponding to 1,072 days of live time.

3. CNO detection: Challenges and Strategy

The main challenge of CNO neutrino measurement, apart form their extremely low abundance,
is the similarity of spectral shapes of CNO neutrinos, pep neutrinos, and the intrinsic 210Bi back-
ground (Figure 2 in [7]). Therefore, it is absolutely necessary to constrain the rates of pep and 210Bi
with the exposure of Phase-III.

The pep neutrino rate can be constrained using the theoretical constraint on the pp/pep neutrino
rate, solar luminosity constraints, and the global fit of solar neutrino rate without Borexino Phase-
III, considering the MSW effect on the neutrino propagation, as well as the errors on the neutrino
oscillation parameters. The processes leading to pp and pep neutrinos depend on the same nuclear
matrix element, thereby making their ratio independent of the SSM predictions. This ratio has
been estimated in a robust way with ∼1% precision. The uncertainty on the pep neutrinos can be
determined in this way with ∼10% precision. The precision can be further improved by performing
a global analysis with all solar neutrino experiments, applying a luminosity constraint, and using
the most recent values for the oscillation parameters. The final value obtained for the pep constraint
in this way is 2.74 ± 0.04 cpd/100t, and explained in detail in [7].

An independent way to measure the 210Bi was suggested in [9], through the measurement of the
U-emitter 210Po coming from the 238U chain, since it is assumed to be in secular equilibrium with
210Bi. However, there are still some residual convective motions in this LPoF even after the thermal
insulation campaign. Hence, only a 210Bi upper limit can be obtained by measuring the minimum
210Po rate in the LPoF, and not a measurement of the 210Bi rate. This means that only a lower
limit on the CNO neutrinos can be obtained and not a measurement. However, the significance of
the no-CNO hypothesis can still be evaluated, which is the key requirement for providing a direct
evidence of CNO neutrinos.

Two kinds of analyses were performed to extract the CNO significance: a rate only analysis
using a simple counting experiment (Section 6), and a rate + shape analysis performed using
the Multivariate fit (Section 5). The event sample in Borexino for the CNO analysis is filtered by
applying a set of selection criteria [8] that reduce events from residual radioactive impurities, cosmic
muons, cosmogenic isotopes, instrumental noise and external W-rays. The latter are substantially
suppressed by selecting events that occur within an innermost volume of the scintillator (the fiducial
volume) as defined by a cut on the reconstructed radius and vertical position (A < 2.8m and -1.8m
< I < 2.2m). The data are analysed in the electron recoil energy interval between 320 keV and
2,640 keV.

4. The Low Polonium Field

As discussed previously, the rate of 210Bi decays can be constrained via its link with the 210Po
decay rate, with the assumption that this latter term is only supported by in-equilibrium 210Pb
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decay chain. Data collected by Borexino since its start, however, indicate that an out-of-equilibrium
component of 210Po is present in the detector. The source of this component is likely the surface
of the inner vessel, from which 210Po is detached into the scintillator. The mean free path of 210Po
atoms is calculated to be very small in stable conditions. However, the presence of convective
motions in the Borexino scintillator allow 210Po to spread throughout the scintillator volume. Under
this conditions, the measured value of 210Po decay rate would be much higher than the 210Bi decay
rate, spoiling any possible constraint. To limit convective motions in the scintillator volume, the
Borexino Collaboration pursued a long-lasting effort, culminated in the detector thermal insulation
in 2015 and the subsequent installation of active temperature controls. This way, 210Po mixing has
been strongly suppressed since 2016, leading to the formation of a very clean region around the
centre of the detector, called the Low Polonium Field (LPoF). The in-equilibrium 210Po decay rate
in the LPoF region can be then measured. However, there might be still some residual contribution
of convective 210Po in this region and the measured 210Po rate can therefore only be translated into
an upper limit for the 210Bi rate.

The 210Po events in the LPoF have been chosen in the energy range 0.30-0.54MeV and
selected by means of the U/V discrimination parameter called the Multi-Layer Perceptron (MLP). A
paraboloid equation in 2D, assuming rotational symmetry along the G − H plane, has been used to fit
the data. The minimum 210Po rate ('(210%><8=)) has been then obtained through the fit function:

32'%>

3 (d2)3I
= ['(210%><8=)Y�Y"!% + 'V]

(
1 + d

2

02 +
(I − I0)2
12

)
. (2)

Here, d2 = G2 + H2, I0 is the minimum position of the LPoF along the I-axis, 0 and 1 are shape
parameters along the respective axes, Y� and Y"!% are the efficiency of the energy and MLP cuts,
respectively, applied to select 210Po events, and 'V is the residual rate of V events after the selection
of 210Po events. Since the LPoF slowly moves along the I-axis due to residual convective motions,
data in the LPoF needs to be aligned along the I-direction before performing the fit on the full
dataset. This has been done by “blindly” aligning the data in the LPoF every month (or every two
months) using the centre I0 obtained by fitting the data of the previous month. Monthly fits have
been performed in large volumes of 70 or 100 ton. After the blind alignment using the centres of
every month, the final fit has been performed on the aligned dataset in around 20 ton (∼5000 events)
using either a simple paraboloid in Equation 2 with four free parameters ('(210%><8=), 0, 1, I0) or
with more free parameters, depending on the method. The simple paraboloid fit can be performed
either as a likelihood fit with ROOT [10] or with the MultiNest Bayesian tool [11]. The assumption
of the rotational symmetry has been also verified. In addition to the 2D paraboloid fit, 3D ellipsoidal
fits have been also performed with MultiNest without assuming rotational symmetry along the G− H
plane, resulting in statistically compatible results. In order to account for the complexity of the
LPoF along the I-axis, a cubic spline function was implemented along the I-axis in equation (2)
and the fit was performed with MultiNest. Despite its better fit on the LPoF data, the method was
statistically compatible with the simple paraboloid fit and both the methods were finally used for the
210Bi upper limit. In addition to the statistical uncertainty of the fit, the other sources of uncertainties
considered in this analysis arise from: (1) the homogeneity of V-events in the entire 70-ton fiducial
volumes, studied in both radial and angluar directions, (2) mass and binning of the data histogram
for the fit, and (3) the estimation of the V-leakage, i.e. 'V in equation 2. The final 210Bi upper limit
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obtained through the estimation of the minimum 210Po rate in the LPoF of Borexino, including both
statistical and systematic contribution, is '(210Bi) ≤ (11.5 ± 1.3) cpd/100 ton.

5. Multivariate spectral fit

CNOneutrinos are disentangled from residual backgrounds using amultivariate analysis, which
includes the energy and radial distributions of the events surviving the selection. Data are split into
two complementary datasets: the threefold-coincidence (TFC)-subtracted spectrum, in which 11C
is selectively filtered out using the muon–neutron–positron threefold coincidence algorithm [7, 8]
and the TFC-tagged spectrum, enriched in 11C. The resulting total likelihood function is simply a
product of the functions corresponding to each spectrum is as follows:

L"+ ( ®\) = L) ��−C06 ( ®\) · L) ��−BD1 ( ®\) · L'� ( ®\). (3)

The reference shapes for signal and backgrounds used in the fit are obtained through a complete
Geant4-based Monte Carlo code, which simulates all physics processes occurring in the scintillator,
including energy deposition, photon emission, propagation, and detection, generation and process-
ing of the electronic signal. The simulation takes into account the evolution in time of the detector
response and produces data that are reconstructed and selected following the same pipeline of real
data. In addition to the energy shape, other information is exploited to help the fit to disentangle
the signal from background: the 11C V+ events are tagged by TFC, and contributions from the
external backgrounds (208Tl, 214Bi and 40K) are further constrained due to their radial distribution.
The pep and the 210Bi components are constrained using symmetric Gaussian and half-Gaussian
(upper limit) terms in the fit, with the values discussed in Sections 3 and 4, respectively. The other
components are left to vary. The ?-value of the fit is 0.3, demonstrating fair agreement between
data and the underlying fit model. A non-zero CNO neutrino rate is clearly better suited to the fit, as
shown in the log-likelihood profile of Figure 2 (dashed black curve). The final CNO neutrino rate
obtained from this analysis is 7.2+3.0−1.7 cpd/100t. The effect of the following sources of deformations
were included in the systematic uncertainty evaluation: (1) Energy response function (0.9%), (2)
deformations of the 11C spectral shape (2.3%), and (3) spectral shape of 210Bi (18%). From this
Monte Carlo study, the CNO systematic error due to a mismatch between real and simulated PDFs
was found to be +0.5−0.6 cpd per 100 t.

6. Counting analysis

Complementary to the rate + shape analysis that was be explained in the previous section, a pure
counting experiment can be performed in a particular Region of Interest (ROI), where CNO, pep,
and 210Bi are dominant. The CNO rate is calculated as the difference between the total number of
events detected in the ROI and that of the backgrounds, evaluated in an independent way. The chosen
ROI, 780–885 keV, is obtained optimizing the CNO signal-to-background ratio. An advantage of
this method is that, in the ROI, some of the backgrounds that affect the multivariate analysis (such
as 85Kr and 210Po) are not present or contribute less than 2% (for example, external backgrounds).
The count rate is dominated by CNO, pep and 210Bi (80%), with smaller contributions from 7Be
neutrinos and residual 11C (18%). The rate of pep neutrinos and 210Bi are constrained to the same
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Figure 2: Left: Counting analysis. The vertical axis is the number of events allowed by the data for
CNO neutrinos and backgrounds in the ROI; on the left, the CNO signal is minimum and backgrounds
are maximum, while on the right, CNO is maximum and backgrounds are minimum. It is clear from this
figure that CNO cannot be zero. Right: CNO neutrino rate negative log-likelihood profile directly from
the multivariate fit (dashed black line) and after folding in the systematic uncertainties (black solid line).
Histogram in red: CNO neutrino rate obtained from the counting analysis. Finally, the blue, violet, and grey
vertical bands show 68% confidence intervals (C.I.) for the LZ and HZ SSM predictions and the Borexino
result (corresponding to black solid-line log-likelihood profile), respectively. Taken from [7].

values used in the multivariate fit. Note that whereas in the spectral fit the 210Bi rate is left free to
vary between 0 up to 11.5 ± 1.3 cpd per 100 t (the upper limit determined in the LPoF analysis), the
counting analysis conservatively constrains it to the maximum value with a Gaussian error of 1.3
cpd per 100 t. The 7Be neutrino rate is sampled uniformly between the low-metallicity (43.7 ± 2.5
cpd per 100 t) and the high-metallicity (47.9 ± 2.8 cpd per 100 t) values predicted by the Standard
Solar Model with 1f error, whereas the 11C rate is obtained from the average Borexino Phase-
II results with an additional conservative error of 10% derived from uncertainties on the energy
scale (quenching of the 1 MeV annihilation W-rays). The CNO rate is obtained by subtracting all
background contributions defined above and by propagating the uncertainties by randomly sampling
their rates from Gaussian distributions with proper widths. Note that the uncertainty related to the
energy response (which affects the percentage of the spectrum of each component falling in the ROI)
also contributes to the total error associated with the count rate of each species. The systematic
uncertainties described in the previous section were also used for this analysis. The CNO rate
obtained with this method is demonstrated by the red histogram in Figure 2. The mean value and
width of the distribution are 5.6 ± 1.6 cpd per 100 t, confirming the presence of CNO at 3.5f level.

7. Results

A frequentist hypothesis test [12] was performed to extract the significance for the rejection of
the null hypothesis of the CNO signal in the Sun. 13.8 million toyMC datasets including systematic
uncertainty on MC shapes were fitted using the MV fit and a @0 distribution was obtained. Using
the @>1B = 30.05 value obtained from the MV fit, a ?-value was obtained by calculating the integral
of the @0 curve that falls after @>1B. This resulted in the rejection of the null-hypothesis of the CNO
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signal with greater than 5f significance with 99%C.L. This is compatible with the significance
of 5.1f extracted from the log-likelihood profile obtained from the MV fit as shown in Figure 2
(black solid line). The systematic uncertainty obtained from the MC datasets was included for this
by smearing the log-likelihood profile with a symmetric Gaussian. The 68% C.I. obtained from
the log-likelihood profile in Figure 2 (shaded grey area), is [5.5-10.2] cpd/100t. The neutrino rate
translates to a flux of 7.5+3.0−2.0 × 108 cm−2s−1 on Earth [7], assuming MSW conversion in matter,
neutrino oscillation parameters from, and a density of electrons of (3.307 ± 0.015) × 1031 4− per
100 t in the LS. Thus, Borexino provided the first direct experimental evidence for the presence of
CNO cycle solar neutrinos in the Sun.
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