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We present an improved measurement of the carbon-nitrogen-oxygen (CNO) solar neutrino inter-
action rate at Earth obtained with the complete Borexino Phase-IIl dataset. The measured rate,

Reno = 6.773% counts/(day x 100 tonnes), allows us to exclude the absence of the CNO signal with
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about 76 C.L. The correspondent CNO neutrino flux is 6.6°30 x 108 em™2s~!, taking into account the
neutrino flavor conversion. We use the new CNO measurement to evaluate the C and N abundances in the
Sun with respect to the H abundance for the first time with solar neutrinos. Our result of Ncy =

(5.781]86) x 107 displays a ~2c tension with the “low-metallicity” spectroscopic photospheric
measurements. Furthermore, our result used together with the "Be and ®B solar neutrino fluxes, also
measured by Borexino, permits us to disfavor at 3.1¢ C.L. the “low-metallicity” standard solar model
B16-AGSS09met as an alternative to the “high-metallicity” standard solar model B16-GS98.

DOI: 10.1103/PhysRevLett.129.252701

Introduction.—The Sun is powered in its core by nuclear
reactions converting hydrogen into helium. This fusion
proceeds via two sequences: the proton-proton (pp) chain
producing about 99% of energy and the subdominant
carbon-nitrogen-oxygen (CNO) cycle. Neutrinos (v’s),
emitted in both sequences, escape the solar matter almost
unperturbed, delivering to us a real-time picture of the solar
core. Over the last 50 years, solar neutrino experiments
have succeeded in mapping all the reactions producing v’s
in the pp chain (pp, pep, Be, and ®B v’s, with the
exception of hep v’s, whose flux is expected to be
extremely low) [1-8] and recently to provide the first
direct evidence of CNO v’s [9]. These results have been
crucial for solar physics, providing a precise test of the
standard solar model (SSM) (latest available SSM B16
[10]), as well as for particle physics, contributing to the
discovery of the neutrino flavor conversion [6,7] and
measurement of the oscillation parameters [11].
Furthermore, since the CNO cycle is predicted to be the
dominant stellar hydrogen burning mechanism in the
Universe [12], its detection sets a milestone for experi-
mental astrophysics.

The CNO cycle consists of two subcycles called CN and
NO. At the relatively low temperature of the solar core,
subcycle CN is largely dominant at ~99% level and
produces neutrinos from the f# decays of 1’0 and *N. In
the CNO cycle, the fusion is catalyzed by carbon (C),
nitrogen (N), and oxygen (O) and thus provides direct
information on the metallicity of the Sun’s core, i.e., its
abundance of elements heavier than helium.

Metallicity is a key input of the SSMs and is determined
experimentally by the spectral analysis of the photosphere,
sometimes complemented by studies of meteorites. While
measurements from the past two decades (AGSS09met
[13,14], C11 [15], AAG21 [16]) have been suggesting a
lower content of heavy elements with respect to the earlier
ones (GS98 [17]), the most recent (MB22 [18]) results
point to a higher value. Noticeably, SSMs implementing the
class of “low-metallicity” compositions fail to reproduce
helioseismological measurements, while “high-metallicity”
ones are in better agreement with them [10,18].

Metallicity impacts the SSM predictions of ®B, "Be, and
CNO v fluxes significantly, but in an indirect way. The
metal content affects the solar opacity, which in turn

impacts the Sun’s temperature profile, which ultimately
controls the rate of nuclear reactions and thus v emissions.
Thus, deriving information on metallicity from the mea-
surements of solar v’s presents a certain degree of ambi-
guity. However, in this respect, the CN cycle, which is
catalyzed by the C and N, is special: its flux has an
additional, almost linear dependence on the abundances of
these metals in the solar core, providing a unique handle for
their nonambiguous determination.

In this Letter, we present an improved measurement of
the CNO-v interaction rate, obtained with the complete
Borexino Phase-III dataset and a significantly increased
precision when compared to [9]. We include this new result
in the global analysis of all solar neutrino and KamLAND
reactor antineutrino data. We compare the resulting solar
neutrino fluxes to the predictions of SSM B16, using
either GS98 or AGSS09met metallicity [10] as an input.
Finally, we combine the CNO measurement with the B
flux obtained from the global analysis to determine the
C and N abundance directly. As discussed below, this
procedure has an advantage of exploiting the precise
measurement of 3B neutrino flux as a solar thermometer,
minimizing the uncertainties due to the metallicity and
opacity degeneracy, and provides an estimation of metal-
licity that is independent from the spectroscopic data for the
first time.

Borexino and Phase-III dataset.—Borexino was a large
volume liquid scintillator experiment, located at Laboratori
Nazionali del Gran Sasso in Italy, and that operated from
May 2007 until October 2021. The core of the detector [19]
consists of ~280 tonnes of liquid scintillator contained in a
4.25 m radius, 125 um thick nylon vessel. The concentric
detector geometry is designed to shield the innermost
scintillator from radioactivity originating from external
materials. The scintillation light is nominally detected
by 2212 photomultiplier tubes mounted on a 7 m radius
stainless steel sphere. Since the solar neutrino signal is rare
and indistinguishable from natural radioactivity, radiopur-
ity and background control are the pivotal keys for the
success of the experiment. The underground location
reduces the cosmic muon flux by a factor of ~10°, while
a water Cherenkov veto surrounding the stainless steel
sphere tags residual muons. During the initial filling, the
scintillator was purified [20] to unprecedented levels of
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FIG. 1. Time evolution of the 2'%Po rate in the detector,

visualized in terms of cylindrical z slices of 0.1 m height and
radius p? = (x> + y?) < 2 m?. The horizontal black dashed lines
represent the z cut used in the CNO analysis. The low polonium
field centers obtained from the monthly paraboloid fits with
(white) and without (red) a cubic spline along the z axis are also
shown.

radiopurity [21], further improved [22] by operations
performed in 2010 and 2011.

As discussed in [9,23], constraining the decay rate of
210Bj, a daughter of >'°Pb contaminating the scintillator, is a
key requirement for the CNO analysis and is achieved by
measuring the a decay rate of the 2!°Bi daughter, >'°Po [24].
This procedure is severely limited by out-of-equilibrium
219pg in the analysis volume, originating from the vessel
surface and carried over by temperature-driven seasonal
convective currents. Between 2015 and 2019, the Borexino
detector was thermally stabilized to suppress this effect.
This made possible the first evidence of CNO v’s [9] using
data collected from July 2016 until February 2020. This
Letter is based on data taken when the radiopurity and
thermal stability of the detector was maximal, i.e., between
January 2017 and October 2021 (final Phase-III). The last
part of the dataset features an unprecedented thermal
stability and an enlarged volume of strongly reduced
210y contamination (see Fig. 1), and therefore provides
an improved 2!°Bi constraint. Furthermore, we now exclude
the second half of 2016 used in [9], as it was still affected
by an evident amount of out-of-equilibrium 2!°Po. The
overall exposure of the analysis presented in this Letter is
1431.6 days x 71.3 tonnes, 33.5% more than in [9].

Analysis strategy and results.—In Borexino, solar neu-
trinos are detected via their elastic scattering off electrons.
Thus, the detected signal is induced by the electrons and is
characterized by a continuous energy distribution even for
monoenergetic neutrinos such as "Be or pep. For CNO v’s
produced in an energy interval extending up to 1740 keV,
the electron spectrum is rather featureless with an end point
at 1517 keV and with a low expected interaction rate of a
few counts per day (cpd) in 100 tonnes of scintillator. In

order to disentangle the CNO-v signal from other solar v’s
and backgrounds, we follow the same procedure applied in
[9]. The multivariate fit is performed on two energy spectra
from 320 to 2640 keV and the radial distribution of selected
events. The two energy spectra are obtained by dividing the
selected events into two complementary datasets, with and
without cosmogenic e, using the “threefold coincidence”
procedure [25]. All events must be reconstructed in a wall-
less, centrally located, 71.3 tonne fiducial volume. 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
the photomultiplier tubes’ effective quantum efficiencies
based on the low-energy '“C data. We note that Borexino is
not sensitive to the small dependence of the shape of solar
neutrino components on the oscillation parameters or on
the relative ratio of the individual CNO components. Thus,
in the Monte Carlo production, we assume the standard 3-
flavor neutrino oscillations and the 13N, 150, and 7F relative
contributions to the CNO flux according to SSM B16 [10].

The main part of the sensitivity to CNO [23] comes from
the ''C-depleted spectrum shown in Fig. 2(a), in which the
CNO end point is “unveiled” by the removal of about 90%
of 'C, while preserving more than 60% of the exposure.
Further complications arise from the degeneracy of the
CNO energy spectrum with those of pep solar v’s and
210Bi, The pep rate is constrained in the fit to the value
(2.74 £ 0.04) cpd/100 tonnes as in [9]. A constraint on
210Bj is evaluated from the minimum rate of its daughter
210po, Since we cannot exclude small levels of out-of-
equilibrium 2'%Po from residual convection, we consider
this minimum as an upper limit on '°Bi and implement it as
a half-Gaussian penalty term in the likelihood. The «
decays of 21%Po are identified on an event-by-event basis
using the pulse shape discrimination neural network
method [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 due to residual convective
motions, especially before 2020, we first performed the fits
on the monthly LPoF data in an enlarged volume of
70 tonnes in order to obtain its positions, shown in
Fig. 1. These are then used to blindly align monthly
datasets using the previous month’s position. It should
be noted that the LPoF has been extremely stable from
August 2020 until the end of data taking, and has
significantly increased in size. The final LPoF fit is then
performed on the aligned dataset in 20-25 tonnes, depend-
ing on the method, on approximately 6000-9000 2!°Po
events. The final 2!°Bi upper limit including all systematic
uncertainties is (10.8 &= 1.0) c¢pd/100 tonnes. This value is
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(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 !'C background (gray dashed). CNO v’s are shown as red solid line. The rates of pep v’s (green) and
210Bj (blue) were constrained in the fit based on independent data. The energy estimator N, in which the fit is performed, represents the
number of detected photoelectrons, normalized to 2000 live channels. (b) CNO-v rate negative log-likelihood (—2A1n £) profile
obtained from the multivariate spectral fit (dashed black line) and after folding in the systematic uncertainties (black solid line). The
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[(3.52 £0.52) cpd/100 tonnes] and the high-metallicity SSM B16-GS98 [(4.92 + 0.78) cpd/100 tonnes) predictions [10,23], and
the new Borexino result including systematic uncertainty, respectively.

lower with respect to the previous limit of (11.5+
1.3) cpd/100 tonnes [9], thanks to the removal of the
2016 data with high 2!%Po rate, and more precise due to the
inclusion of the new stable period after February 2020. The
major systematic contribution of 0.68 cpd/100 tonnes is
associated with the 21°Bi spatial uniformity in the fiducial
volume, a necessary prerequisite in order to apply the 2!°Bi
constraint in a volume ~3 times larger than the LPoF. This
error has been estimated independently by studying f-like
events in the energy region with maximum relative con-
tribution of 2!9Bi, in the entire fiducial volume, and split
into radial and angular components, as in [9]. The final fit
with the pep and 2'°Bi rates constrained is shown in
Fig. 2(a) on the ''C-subtracted energy spectrum. The rates
of additional backgrounds, i.e., the external y’s from “°K,
20871, and 2"Bi, 3°Kr and 2'°Po in the scintillator, cosmo-
genic ''C, as well as "Be solar v’s, are kept as free fit
parameters. The model fits to the data with a p value of 0.2
and yields the CNO-v interaction rate with zero threshold of
6.6f§:$ cpd/ 100 tonnes. The corresponding negative log-
likelihood profile for the CNO-v rate, the dashed line in
Fig. 2(b), is asymmetric since the upper limit 2!Bi
constraint impacts only the left part of the CNO profile.
The right part of the CNO profile is unconstrained by the
penalty and exploits the small difference between the CNO
and 2'°Bi spectral shapes. The solid line in Fig. 2(b) shows
the CNO profile, including the total systematic uncertainty
of 79 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 y’s from
the cosmogenic neutron capture on scintillator hydrogen
(instead of a decays from nonhomogeneously distributed
210po used in [9]) as a standard candle for the detector
stability and uniformity. The final result on the CNO-v inter-
action rate with zero threshold is 6.71“3";) 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. Taking
into account the density of electrons in the scintillator
of (3.307 4 0.015) x 103! ¢=/100 tonnes and assuming
Mikheyev-Smirnov-Wolfenstein flavor conversion in matter
[28-30] and the neutrino oscillation parameters from [11],
the measured rate including systematic uncertainty is con-
verted into a flux of 6.6 x 10% cm™s~! CNO solar v’s
on Earth.

We have tested whether the events in excess with respect
to all known backgrounds, determined excluding the CNO-
v energy range, are compatible with the expected CNO
energy spectrum. The rate of the external background and
cosmogenic ''C is obtained by the multivariate fit of events’
energy and radial distributions above the CNO end point.
The 3Kr background is evaluated using the fast coinci-
dence tagging method [21], not used in the main analysis.
The rate of Be solar v’s is taken from the Borexino Phase-1I
results [8]. The 2!%Po rate is obtained by fitting a-like events
selected by a-f discrimination methods. The rate of pep
U’s is set to the value of the constraint used in the main
analysis. For the 2!9Bi, we subtract the asymmetric value of
10.81’11098 cpd/100 tonnes motivated by our upper limit
constraint. The energy distribution of events after
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the expected shape of recoiled electrons from CNO v’s.

subtracting all the background contributions, shown in
Fig. 3, 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 v data to test their compatibility with
the SSM B16 predictions on solar neutrino fluxes [10]. We
follow the procedure discussed in [8,21] and include,
together with the new CNO rate measurement, the data
from radiochemical experiments [1-3], ®B-v data from
SNO [6,7] and Super-Kamiokande [4,5], and Borexino
Phase-II [8] results on 'Be and ®B u’s, as well as the
KamLAND reactor 7, data [31] to better constrain Am3,.
The fluxes @ of ®B, "Be, and CNO v’s, as well as Am?, and
0, are left free in the fit, while 8,3, having a negligible
impact in the analysis, has been fixed according to [11].
The results are shown in Fig. 4, where the gray areas are the
lo allowed regions in the ®p-®p.,, Pp-Pcng, and
Op.-Deno 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 with the SSM B16-AGSS09met prediction
that is driven by the CNO v’s. 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 0.231
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
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FIG. 4. Results of the global analysis: 1o regions allowed
by solar neutrino and KamLAND reactor data (gray) and by
Borexino only + KamLLAND (green) in the ®5-®g,, Pg-Dcno,
and ®p.-Ocno planes. The 1o 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 Am%l = 7.50“_L8'11g X

107 eV? and tan 6, = 0.43100%.

cases (p value = 0.462 and 0.554, including CNO, res-
pectively). 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 "Be, ®B, and CNO v’s. Assuming SSM B16-
GS98, our data disfavors SSM B16-AGSS09met at 3.1
(p value = 9.1 -107).

The interpretation of the observed tension between data
and SSM B16-AGSS09met predictions is nonunivocal due
to the degeneracy between metallicity, opacity, and other
inputs of the SSM. More information on metallicity can be
gathered by exploiting the direct dependence of the CNO
cycle from the C and N abundances in the core of the Sun,
in combination with the precise measurement of the *B-v
flux, as suggested in [33,34] and discussed specifically for
Borexino in [23]. The general idea of this method is the
following: solar neutrino fluxes (both those produced in the
pp chain and in the CNO cycle) depend on the so-called
“environmental” parameters (abundances of heavy ele-
ments, solar age, luminosity, opacity, diffusion) only
indirectly, through the core temperature 7., which is an
implicit function of them. Therefore, the uncertainties
affecting these parameters collapse into the overall uncer-
tainty of the temperature profile. The dependence of the
neutrino flux ®; on 7. can be approximated by a power
law, with power index 7z; specific to the flux under

252701-5



PHYSICAL REVIEW LETTERS 129, 252701 (2022)

consideration. The flux of B v’s is the most sensitive to
variations of T, featuring a power index g =~ 24 [35],

Dy /OFM o (T, /TSM)™, (1)

with “SSM” indicating the SSM predicted value. The same
relationship holds for reactions belonging to the CNO
cycle, like, for example, 150, but with a different exponent
7o ~ 20 [35]. In addition, the CNO reactions’ rate features a
direct dependence on the abundance of C and N (relative to
hydrogen) in the solar core ncy = (nc + ny):

neN
o/ DFM o iy x (T /TEM)o. (2)
CN

It is then possible to construct a weighted ratio between the
150 and ®B fluxes of the following form:

(©o/DEM)/ (Pp/DF™M)", (3)

with k chosen to minimize the impact of 7. (and therefore
of its uncertainties) on the ratio, thus isolating the effect of
nen/n2M. Substituting Eq. (1) and Eq. (2) in Eq. (3), we
obtain

(@o/DEM)  nex < T, )TO_’”B 4)
(/0P < g T

and the appropriate value of k would therefore be
70/7g = 0.83. The above equation is, however, over-
simplified since both ®B and 'O v’s are produced in a rela-
tively small region of the solar core, where the temperature
and the chemical composition vary. In addition, both the
temperature and the composition profile are nontrivial
functions of the SSM input parameters.

To overcome this hurdle, we must explicitly take into
account the dependence of the B and 'O 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 envi-
ronmental parameters on the fluxes ratio in Eq. (3) (more
details in the Appendix). With this optimized value of k, we
find

(©o/DFM)
(@p /DM 76
_ Nex

T AJSSM
NCN

{14[0.097(nucl) @ 0.005(env) @ 0.027(diff)] }.

(5)

The terms within the curly ({}) brackets quantify the
contributions of the nuclear, environmental, and diffusion
uncertainties to the error budget to be summed in

quadrature. Note that the symbol Ncy represents the
C + N abundance in the photosphere and not 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 observa-
tional constraints.

Inserting in Eq. (5) the flux of ®B v’s obtained from the
global analysis (@g/®53M =0.96 £0.03) and Oy /DEM =
135703 extracted from our CNO measurement, assuming
the SSM ratio between '’N and 'O fluxes, we obtain

NCN —
W =1.35x% (096) 0.769
CN

+0.303
x {1 + { (CNO) @ 0.097(nucl) @ 0.023(3B)
—0.136

@ 0.005(env) @ 0.027(diff) 0.022(13N/150)] }

(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 § factors,
driven by Sy14 (7.8%) and Sy; (3.7%). The error on the
extrapolation of the C 4+ N abundance from the core to the
photosphere due to diffusion is 2.7%. Finally, the C + N
abundance with respect to the H in the photosphere is
Nen = (5.7871:88) x 107*. This represents the first deter-
mination of the abundance of C + N in the Sun using
neutrinos. Our result is compared to the measurements
based on spectroscopy 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 mode-
rate ~2¢ tension with the values of AGSS09met [13,14]

GS98 - —— -
AGSS09met |- B —
Cl1 - —— =
AAG21 - .
MB22 |- =
Borexino - 1 1 H ® 1 1 i
3 4 5 6 7 8

Nen [x1074]

FIG. 5. Comparison of abundance of (C + N)/H in the solar
photosphere, N¢y, 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
after changing the reference SSM from the B16-GS98 to the
B16-AGSS09met.

252701-6



PHYSICAL REVIEW LETTERS 129, 252701 (2022)

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 v’s with an
improved uncertainty of '35 on its rate. This result
reinforces the one previously published by Borexino in
2020 [9], now further increasing the detection significance
to about 7o C.L. against the null hypothesis. We included
this new result in the global analysis of all solar v and
KamLAND reactor data. We found the resulting solar v
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 pre-
diction. A frequentist hypothesis test using only Borexino
CNO, "Be, and ®B v’s fluxes disfavors the SSM B16-
AGSS09met at 3.1¢6 C.L. as an alternative to SSM B16-
GS98. In addition, we have used the CNO-v measurement
together with the ®B-v flux from the global analysis to
determine the C + N abundance in the Sun, breaking the
ambiguity due to the opacity and metallicity degeneracy.
The C + N abundance determined with this method was
compared with the independent spectroscopic measure-
ments of the solar photosphere. Even though affected by a
large error of 7327 (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]), while featuring a moderate ~2¢ tension with the low-
metallicity ones (AGSS09met [13,14], C11 [15], AAG21
[16]). A more precise measurement of the CNO flux,
performed by future experiments, could provide an impor-
tant element to definitively assess the long-standing met-
allicity controversy and to constrain the range of possible
nonstandard solar models [14,38].
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Appendix.—In this appendix, we provide further details
about the method used to obtain the abundance of carbon
and nitrogen from the new CNO neutrino flux measurement
presented in this Letter.

The concept of this procedure, first proposed in [33,34],
is to use the ®B neutrino flux measurement as a “thermo-
meter” to constrain the temperature of the solar core. In this
way, the temperature dependence of the CNO neutrino flux
can be removed, making it possible to exploit the direct
connection between the power produced by the CNO cycle
and the abundance of carbon and nitrogen in the core to
determine the latter from a measurement of the CNO
neutrino flux. In practice, we can achieve this result by
constructing a weighted ratio between one of the neutrino
fluxes generated in the CNO cycle (such as the one of 10,
@) and the flux of 8B neutrinos ®p (the most sensitive
probe of temperature deviations in the solar core), with a
proper weighting factor k that is chosen to minimize
variations due to temperature.

Approximating the relationship between solar neutrino
fluxes and variations in the solar core temperature 7. with a
power law [35], we write

(Po/DEM)  nen [T, \okm
IS ,
(@ /DFM)E ™ ySSM \ TSSM

(A1)

where 7p() ~ 24(20), ncx denotes the abundance of

carbon and nitrogen relative to hydrogen in the solar core,
and the label “SSM” indicates the SSM predicted value.

As discussed in the main text, Eq. (A1) cannot be used
directly to access ncy. First, neutrinos from ®B and 'O are
produced in an extended region of the solar core where both
the temperature and chemical composition profiles vary;
second, the temperature and the C + N abundance profiles
are not direct inputs of the SSM. The core temperature
profile, which in this approximated picture reduces to a
single value T ., is indeed a function of a subset of the SSM
parameters, the so-called ‘“environmental parameters.”
These parameters include the astrophysical properties of
the Sun (i.e., solar age, luminosity L), the description of
the solar opacity x (note that the radiative opacity is
represented by two parameters, namely x, and x,, that
describe the variation of the solar opacity profile as
discussed in [10]), the diffusion parameter and the abun-
dances of heavy elements relative to hydrogen (C, N, O, F,
Ne, Mg, Si, S, Ar, and Fe), which are calibrated according
to spectral analyses of the photosphere (often combined
with meteoritic abundances).
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To properly account for the contribution of the SSM
parameters in the weighted ratio of neutrino fluxes in
Eq. (A1), we follow the conventional expansion of the SSM
flux predictions [33,34,36], which makes explicit the
dependence of a given neutrino flux ®; from the input j
in the form of a power law:

env nucl

ali, ali, ali, a(i,diff
H" /XH" /XH)‘ D™,

(I)SSM (AZ)

where x; denotes the SSM parameters normalized for their
nominal values and the coefficients a(i, j) are the loga-
rithmic derivatives [10] of the neutrino flux ®; with respect
to the SSM parameter j,

ohn (@,/55M)
dlnx; ’

ali, j) = (A3)

which are calculated numerically and given in [37]. We
notice that the logarithmic derivatives for the composition
parameters are evaluated by studying the effect of modi-
fication of the surface composition on the flux ®; within the
range allowed by the observational constraints. In Eq. (A2)
the SSM inputs are conveniently grouped into four cat-
egories: along with the nuclear reaction cross section, we
have separated the abundances of carbon and nitrogen that
are the target of our study. The diffusion parameter is also
stripped from the environmental parameters account
because it features a twofold effect: on one hand, a change
in the diffusion will affect the temperature stratification in
the Sun; on the other hand, it will also affect the chemical
composition profile.

Using Eq. (A2) it is then possible to express the weighted
ratio on the left-hand side of Eq. (A1) as a function of the
SSM input parameters

(@o/P5M)
(q)B/q)%SM)O.769

0.802,.0.204.0.181
= xR xg

0.313,.0.602,.0.018 ,.—0.050
X [xAge xLO Yo Xy ]

0.006 ,.—0.003 ,.—0.003 ,0.001 ,.0.001 ,0.001 ,.0.005
X [xG0xe " x xgxg Py

e Mg

where the first term of the product indicates the contribu-
tion of the carbon and nitrogen abundance along with the

diffusion parameter, the second term highlights the differ-
ent impact of nuclear cross sections, while the third and
fourth term show the remaining effect of the parameters
acting on the temperature profile.

—0. 866x0 345x—0 689x0 769x—0 791,.0.000,.1.046,.0.001
1 S3 TSu Se7

( /(I)SSM

CN env
Hxa (1%0,j)—ka(®B.j) % qu(‘50,j)—ka(8B,j)
( q)SSM J 177
J

J

nucl

a(0,j)—ka(®B.j) (0, diff)—ka(*B,diff)
X H X XGee :

(A4)

The optimal value of k is chosen to minimize the
contribution of the environmental parameters to the total
uncertainty budget in the flux ratio in Eq. (A4), thus
making it stable against large variations in the description
of the solar temperature profile caused by deviations from
the assumed chemical composition and/or unconsidered
effects in the computation of the radiative opacity. The
contribution of uncertainties in the environmental para-
meters to the variance is

D q)SSM env env
var e =3 la("0.j) - kaf'B.J) 5’
(AS)

where ox; indicates the fractional uncertainty of the jth
environmental parameter. We assumed for the model inputs
the same uncertainties 6x; adopted in the SSM B16 [10].
For what concerns the chemical abundances, which are
among the most controversial ingredients of the SSM, we
have added to the uncertainty an additional contribution to
account for the difference between the GS98 and AGSS09
values (see Ref. [34]). We choose to use SSM B16-GS98 as
reference, although by construction Eq. (A4) stands for
any SSM.

Minimizing the variance term in Eq. (AS), we find
the optimal value for k to be 0.769, not too far from the
value 7g/7p ~ 0.83 calculated in the simplified picture
discussed in the Letter. Substituting kK = 0.769 in Eq. (A4)
and using the tabulated values of the a(i, j) coefficients, we
obtain

Si7 Shep " S114 Sll()} (nud)

(env-solar)

x (env-met), (A6)

Ar Fe ]

We note that indeed the above relationship features a
linear dependence upon the abundance of carbon and
nitrogen, as it was assumed in the simplified description
in the main text on the basis of an intuitive argument: as
discussed in [23,34], when the power indices of xc and xy
sum up to one (0.802 +0.204 ~ 1), one can replace
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FIG. 6. Contributions to the Ny error budget. The first two
lines indicate the uncertainties linked to the experimental meas-
urement of solar v fluxes, the second group to the uncertainty of
the nuclear cross sections, and the third group shows the sup-
pressed contribution of environmental parameters (inflated by
x10). The last lines show the impact of diffusion and of the
precision of ¥N/!%0 ratio predicted by SSM, as well as the total
uncertainty.

x2802x9294 with the ratio between the C + N abundance
and its nominal value Ncyn/Noa.

It should be noticed that, in the original works [33,34],
this procedure has been proposed to probe the “primor-
dial” C + N abundance. This quantity is, however, propor-
tional to the surface C+ N abundance apart from
modification of the efficiency of elemental diffusion,
which is considered in the overall error budget. As a
consequence, we can consider Ncy as referred to the
photosphere and use this approach to test the surface
abundance of C + N, which allows us to make a direct
comparison between our result and the ones of spectro-
scopic analysis of the photosphere.

Using the uncertainties of the SSM inputs discussed
above, we can then estimate the error budget in Eq. (A6),
which results in

(Do/DFM) _ Nen
(D /DSMY76 — SSM

+ 0.005(env) =+ 0.027(diff)].

[1 £ 0.097(nucl)
(A7)

It is then natural to use the experimental determination of
the 3B and !0 neutrino fluxes to invert the above equation
and estimate the carbon-nitrogen abundance. As discussed
in the main text, we use ®p as obtained from a global
analysis of solar neutrino data (®g/®$M = 0.96 + 0.03),
and we extract @y from our measurement of the CNO
neutrinos interaction rate (®q/®FM = 1.357)/1) assum-
ing the ratio between the 3N and 'O neutrinos predicted by
the SSM and propagating the uncertainty to the final result,
which yields

N
s = 1:35 % (0.96) 07913992 (CNO)
CN

+0.097(nucl) + 0.023(3B) + 0.005(env)

+ 0.027(diff) £ 0.022(*N/150)]. (AB)

The full breakdown of the error budget is shown in
Fig. 6. We notice that the precision of our estimate is
limited primarily by the ®cyo determination accuracy,
which is worse than the one of ®g (contributing for 2.3%).
The second contribution by relevance is the one due to the
limited precision of the nuclear cross section, which
accounts for a 9.7% uncertainty. The main term of nuclear
error budget comes from S;4 (7.8%), which is the slowest
reaction of the CNO cycle and therefore the one determin-
ing its pace. The cross section for ®B production S,; also
gives a non-negligible contribution of 3.7%. As expected,
the uncertainty of environmental parameters does not affect
our result, accounting for a marginal 0.5%, while the
uncertainty in the ratio between 3N and 'O events gives
a2.2% contribution. Finally, the uncertainty in the diffusion
parameter accounts for a 2.7% uncertainty in the total error
budget.
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