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ABSTRACT: We determine the solar neutrino fluxes from the global analysis of the most
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of Borexino. The analysis are performed in the framework of three-neutrino mixing with
and without accounting for the solar luminosity constraint. We discuss the independence
of the results on the input from the Gallium experiments. The determined fluxes are then
compared with the predictions provided by the latest Standard Solar Models. We quantify
the dependence of the model comparison with the assumptions about the normalization
of the solar neutrino fluxes produced in the CNO-cycle as well as on the particular set of
fluxes employed for the model testing.
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1 Introduction

At present we know without a doubt that (a) the Sun produces its energy as a whole by
fusing protons into *He, (b) electron neutrinos are by-products of these processes, and (c)
an established fraction of such neutrinos have either muon or tau flavour by the time they
interact with the detectors on Earth. These three facts, nowadays well established, are the
result of more than six decades of research in theoretical and experimental astrophysics
and particle physics.

More specifically the fusion of protons into *He is known to proceed via two different
mechanisms: the pp-chain and the CNO-cycle [1, 2]. In each of these two mechanisms electron
neutrinos are produced in a well-known subset of reactions. In particular, in the pp-chain five
fusion reactions among elements lighter than A = 8 produce neutrinos which are labeled by
the parent reaction as pp, 'Be, pep, B, and hep neutrinos. In the CNO-cycle the abundance
of C and N acts as a catalyst, and the ®N and '°O beta decays provide the primary source
of neutrinos, while !"F beta decay produces a subdominant flux. For each of these eight
processes the spectral energy shapes of the produced neutrinos is known, but the calculation
of the rate of neutrinos produced in each reaction requires dedicated modeling of the Sun.

Over the years several Standard Solar Models (SSMs), able to describe the properties
of the Sun and its evolution after entering the main sequence, have been constructed with
increasing level of refinement [3-11]. Such models are numerical calculations calibrated
to match present-day surface properties of the Sun, and developed under the assumption
that the Sun was initially chemically homogeneous and that mass loss is negligible at all
moments during its evolution up to the present solar age 7o = 4.57 Gyr. The calibration is
done in order to satisfy the constraints imposed by the current solar luminosity L), radius



Rg), and surface metal to hydrogen abundance ratio (Z/X)e. Refinements introduced over
the years include more precise observational and experimental information about the input
parameters (such as nuclear reaction rates and the surface abundances of different elements),
more accurate calculations of constituent quantities (such as radiative opacity and equation of
state), the inclusion of new physical effects (such as element diffusion), and the development
of faster computers and more precise stellar evolution codes.

The detection of solar neutrinos, with their extremely small interaction cross sections,
enable us to see into the solar interior and verify directly our understanding of the Sun [12] —
provided, of course, that one counts with an established model of the physics effects relevant
to their production, interaction, and propagation. The Standard Model of particle physics
was thought to be such established framework, but it badly failed at the first attempt of
this task giving rise to the so-called “solar neutrino problem” [13, 14]. Fortunately we lay
here, almost fifty years after that first realization of the problem, with a different but well
established framework for the relevant effects in solar neutrino propagation. A framework
in which the three flavour neutrinos (ve, vy, v-) of the Standard Model are mixed quantum
superpositions of three massive states v; (i = 1,2, 3) with different masses. This allows for the
flavour of the neutrino to oscillate from production to detection [15, 16], and for non-trivial
effects (the so called LMA-MSW [17, 18] flavour transitions) to take place when crossing
dense regions of matter. Furthermore, due to the wealth of experiments exploring neutrino
oscillations, the value of the neutrino properties governing the propagation of solar neutrinos,
mass differences and mixing angles, are now precisely and independently known.

Armed with this robust particle physics framework for neutrino production, propagation,
and detection, it is possible to turn to the observation of solar neutrino experiments to
test and refine the SSM. Unfortunately soon after the particle physics side of the exercise
was clarified, the construction of the SSM run into a new puzzle: the so called “solar
composition problem”. In brief, SSMs built in the 1990’s using the abundances of heavy
elements on the surface of the Sun from ref. [19] (GS98) had notable successes in predicting
other observations, in particular helioseismology measurements such as the radial distributions
of sound speed and density [5-8]. But in the 2000’s new determinations of these abundances
became available and pointed towards substantially lower values, as summarized in ref. [20]
(AGSS09). The SSMs built incorporating such lower metallicities failed at explaining the
helioseismic observations [21]. For almost two decades there was no successful solution of
this puzzle as changes in the modeling of the Sun did not seem able to account for this
discrepancy [10, 22, 23]. Consequently two different sets of SSMs were built, each based on
the corresponding set of solar abundances [10, 11, 24].

With this in mind, in refs. [25, 26] we performed solar model independent analysis of the
solar and terrestrial neutrino data available at the time, in the framework of three-neutrino
masses and mixing, where the flavour parameters and all the solar neutrino fluxes were
simultaneously determined with a minimum set of theoretical priors. The results were
compared with the two variants of the SSM, but they were not precise enough to provide
a significant discrimination.

Since then there have been a number of developments. First of all, a substantial
amount of relevant data has been accumulated, in particular the full spectral information



of the Phase-II [27] and Phase-III [28] of Borexino and their results based on the correlated
integrated directionality (CID) method [29]. All of them have resulted into the first positive
observation of the neutrino fluxes produced in the CNO-cycle which are particularly relevant
for discrimination among the SSMs.

On the model front, an update of the AGSS09 results was recently presented by the same
group (AAG21) [30], though leading only to a slight revision upwards of the solar metallicity.
Most interestingly, almost simultaneously a new set of results (MB22) [31], based on similar
methodologies and techniques but with different atomic input data for the critical oxygen
lines among other differences, led to a substantial change in solar elemental abundances with
respect to AGSS09 (see the original reference for details). The outcome is a set of solar
abundances based on three-dimensional radiation hydrodynamic solar atmosphere models
and line formation treated under non-local thermodynamic equilibrium that yields a total
solar metallicity comparable to those of the “high-metallicity” results by GS98.

Another issue which has come up in the interpretation of the solar neutrino results is the
appearance of the so-called “gallium anomaly”. In brief, it accounts for the deficit of the rate
of events observed in Gallium source experiments with respect to the expectation. It was
originally observed in the calibration of the gallium solar-neutrino detectors GALLEX [32, 33]
and SAGE [34, 35] with radioactive ' Cr and 37 Ar sources, and it has been recently confirmed
by the BEST collaboration with a dedicated source experiment using a °'Cr source with
high statistical significance [36, 37].

The solution of this puzzle is an open question in neutrino physics (see ref. [38] and
reference therein for a recent discussion of — mostly unsuccessful — attempts at explanations
in terms of standard and non-standard physics scenarios). In particular, in the framework of
3v oscillations the attempts at explanation (or at least alleviation) of the anomaly invoke the
uncertainties of the capture cross section [39-41]. With this motivation, in this work we have
studied the (in)sensitivity of our results to the intrinsic uncertainty on the observed neutrino
rates in the Gallium experiments posed by possible modification of the capture cross section in
Gallium, or equivalently, of the detection efficiency of the Gallium solar neutrino experiments.

All these developments motivate the new analysis which we present in this paper with
the following outline. In section 2 we describe the assumptions and methodology followed in
our study of the neutrino data. As mentioned above, this work builds upon our previous solar
flux determination in refs. [25, 26]. Thus in section 2, for convenience, we summarize the most
prominent elements common to those analyses, but most importantly, we detail the relevant
points in which the present analysis method deviates from them. The new determination of
the solar fluxes is presented in section 3 where we also discuss and quantify the role of the
Gallium experiments and address their robustness with respect to the Gallium anomaly. In
section 4 we have a closer look at the determination of the neutrino fluxes from the CNO-cycle
and its dependence on the assumptions on the relative normalization of the fluxes produced
in the three relevant reactions. In section 5 we compare our determined fluxes with the
predictions of the SSMs in the form of a parameter goodness of fit test, and quantify the
output of the test for the assumptions in the analysis. We summarize our findings in section 6.
The article is supplemented with a detailed appendix A in which we document our analysis
of the Borexino III spectral data (and also their recent analysis employing the CID method).



2 Analysis framework

In the analysis of solar neutrino experiments we include the total rates from the radiochemical
experiments Chlorine [42], Gallex/GNO [33], and SAGE [43], the spectral and day-night
data from the four phases of Super-Kamiokande [44-47], the results of the three phases
of SNO in terms of the parametrization given in their combined analysis [48], and the full
spectra from Borexino Phase-I [49], Phase-II [27], and Phase-III [28], together with their
latest results based on the correlated integrated directionality (CID) method [29]. Details
of our Borexino Phase-III and CID data analysis, which is totally novel in this article, are
presented in appendix A.

In the framework of three neutrino masses and mixing the expected values for these
solar neutrino observables depend on the parameters Am%l, f12, and 613 as well as on the
normalizations of the eight solar fluxes. Thus besides solar experiments, we also include in the
analysis the separate DS1, DS2, DS3 spectra from KamLAND [50] which in the framework
of three neutrino mixing also yield information on the parameters Am3,, 612, and 6;3.

In what follows we will use as normalization parameters for the solar fluxes the reduced

quantities:
— pref
ore

fi (2.1)

with i = pp, "Be, pep, 13N, 150, 17F, 8B, and hep. In this work the numerical values of
q)lref are set to the predictions of the latest GS98 solar model, presented in refs. [31, 51].
They are listed in table 1. The methodology of the analysis presented in this work builds
upon our previous solar flux determination in refs. [25, 26], which we briefly summarize
here for convenience, but it also presents a number of differences besides the additional
data included as described next.

The theoretical predictions for the solar and KamLAND observables depend on eleven
parameters: the eight reduced solar fluxes fyp, ..., fhep, and the three relevant oscillation
parameters Am3;, 012, 613. In our analysis we include as well the complementary information
on 013 obtained after marginalizing over Am%e7 f23 and dcp the results of all the other
oscillation experiments considered in NuFIT-5.2 [52]. This results into a prior sin? ;3 =
0.0223 + 0.0006, i.e., 613 = 8.59° (1 £ 0.014). Given the weak dependence of the solar and
KamLAND observables on 613, including such prior yields results which are indistinguishable
from just fixing the value of A3 = 8.59°.

Throughout this work, we follow a frequentist approach in order to determine the allowed
confidence regions for these parameters (unlike in our former works [25, 26] where we used
instead a Bayesian analysis to reconstruct their posterior probability distribution function). To
this end we make use of the experimental data from the various solar and KamLAND samples
(Dsolar and DgamrAND, respectively) as well as the corresponding theoretical predictions
(which depends on ten free parameters, as explained above) to build the x? statistical function

leobal(ﬁﬁuxy C‘_-;osc) = Xgolar(Dsolar ‘ Oftuxs Ujosc) + X%(amLAND (DKamLAND ‘ U_josc) ) (22>

with Gaux = (fpp, -+ - » fhep) and Wose = (Am3,, 612, §13). In order to scan this multidimen-
sional parameter space efficiently, we make use of the MultiNest [53, 54] and Diver [55]
algorithms.



Flux ®ref [em=2 57! a; [MeV] Bi

PP 5.960 x 10'° 13.099 9.1864 x 107!
"Be 4.854 x 10? 12.552 7.1693 x 1072
pep 1.425 x 108 11.920 1.9987 x 1073
BN 2.795 x 108 12.658 4.1630 x 1073
150 2.067 x 108 12.368 3.0082 x 1073
17 5.350 x 106 12.365 7.7841 x 107

8B 5.025 x 106 6.6305 3.9205 x 1075
hep 7.950 x 103 3.7355 3.4944 x 1078

Table 1. The reference neutrino fluxes ®*f used for normalization (from refs. [31, 51]), the energy
a; provided to the star by nuclear fusion reactions associated with the " neutrino flux (taken from
ref. [58]), and the fractional contribution 3; of the i*" nuclear reaction to the total solar luminosity.

The allowed range for the solar fluxes is further reduced when imposing the so-called
“luminosity constraint”, i.e., the requirement that the overall sum of the thermal energy
generated together with each solar neutrino flux coincides with the solar luminosity [56]:

Lo 8
ATy 2 (23)

Here the constant «; is the energy released into the star by the nuclear fusion reactions
associated with the i neutrino flux; its numerical value is independent of details of the
solar model to an accuracy of one part in 10* or better [57]. A detailed derivation of this
equation and the numerical values of the coefficients «; is presented in ref. [57], with some
refinement and correction following in [58].1 The coefficients employed in this work are listed
in table 1. In terms of the reduced fluxes eq. (2.3) can be written as:

o It
Lo /[4m (A.U.)?]

8
1=> Bifi with f;i= (2.4)
i=1
where ; is the fractional contribution to the total solar luminosity of the nuclear reactions
responsible for the production of the ®f neutrino flux. In refs. [25, 26] we adopted the
best-estimate value for the solar luminosity L /[47 (A.U.)?] = 8.5272 x 101 MeV ecm 257!
given in ref. [57], which was obtained from all the available satellite data [59]. This value was
revised in ref. [60] using an updated catalog and calibration methodology (see ref. [61] for a
detailed comparative discussion), yielding a slightly lower result which is now the reference
value listed by the PDG [62] and leads to L /[47 (A.U.)?] = 8.4984 x 10 MeV em—2s71.
In this work we adopt this new value when evaluating the §; coeflicients listed in table 1.
Furthermore, in order to account for the systematics in the extraction of the solar luminosity
we now assign an uncertainty of 0.34% to the constraint in eq. (2.4), which we conservatively

'We have explicitly verified that the numerical differences between the results of the analysis performed
using the original a; coefficients in ref. [57] and those in ref. [58] are below the quoted precision.



derive from the range of variation of the estimates of L. In what follows we will present
results with and without imposing the luminosity constraint. For the analysis including
the luminosity constraint we add a prior

g 2
(1 -> 5ifi>
iz

(0.0034)2

Xto(@ux) = (2.5)

Besides the imposition of the luminosity constraint in some of the analysis, the flux
normalizations are allowed to vary freely within a set of physical constraints. In particular:

e The fluxes must be positive:

e Consistency in the pp-chain implies that the number of nuclear reactions terminating
the pp-chain should not exceed the number of nuclear reactions which initiate it [57, 63]:

Prpe + Psp < Ppp + Ppep
=  8.12x 107 2 frp, +8.42 x 107 fsg < fop +2.38 X 10 > fpep . (2.7)

e The ratio of the pep neutrino flux to the pp neutrino flux is fixed to high accuracy
because they have the same nuclear matrix element. We have constrained this ratio to
match the average of the values in the five B23 SSMs (section 5), with 1o Gaussian
uncertainty given by the difference between the values in the five models

Joep
Jfop

Technically we implement this constraint by adding a Gaussian prior

2
Foep/ fop — 1.004
Xlzi‘ep/pp(fppv Jpep) = ( pep 05818 '

=1.004 £ 0.018. (2.8)

(2.9)

o For the CNO fluxes (f®isy, P15, and Pi7p) a minimum set of assumptions required
by consistency are:

— The "N(p, )50 reaction must be the slowest process in the main branch of the
CNO-cycle [63]:
Diso < Pisy = fisg < 1.35 fisy (2.10)

— the CNO-II branch must be subdominant:

Girp < Pisg = firp <40 fisg . (2.11)

The conditions quoted above are all dictated by solar physics. However, more practical
reasons require that the CNO fluxes are treated with a special care. As discussed in detail in
appendix A.2, the analysis of the Borexino Phase-III spectra in ref. [64] (which we closely



reproduce) has been optimized by the collaboration to maximize the sensitivity to the overall
CNO production rate, and therefore it may not be directly applicable to a situation where the
three 13N, 150 and '"F flux normalizations are left totally free, subject only to the conditions
in egs. (2.10) and (2.11). Hence, following the approach of the Borexino collaboration
in ref. [64], we first perform an analysis where the three CNO components are all scaled
simultaneously by a unique normalization parameter while their ratios are kept fixed as
predicted by the SSMs. In order to avoid a bias towards one of the different versions of the
SSM we have constrained the two ratios to match the average of the five B23 SSMs values

)
— 073 and 27F Z 0016 = 470 (.08 and L7F
Disy 13N fisn f13N

In these analysis, which we label « CNO-Rfixed», the conditions in eq. (2.12) effectively reduces

D150

—0.85. (2.12)

the number of free parameters from ten to eight, namely the two oscillation parameters in
Wose and six flux normalizations in

BENORIxed = (£ frpes foeps f13ns f150 = 0.98 fisy, firg = 0.85 fisn, fsg, fhep) -

In section 4 we will discuss and quantify the effect of relaxing the condition of fixed CNO ratios.

3 New determination of solar neutrino fluxes

We present first the results of our analysis with the luminosity constraint and the ratios
of the CNO fluxes fixed by the relations in eq. (2.12), so that altogether for this case we
construct the x? function

—CNO-Rfixed -CNO-Rfixed
XWLC CNO-Rfixed = Xglobal(wosm Whux e ) + Xpep/pp(fpp7 fpep) + XLC( Wiux e ) : (31>

The results of this analysis are displayed in figure 1, where we show the two- and one-
dimensional projections of AX%VLC,CNO—Rﬁxed' From these results one reads that the ranges at
lo (and at the 99% CL in square brackets) for the two oscillation parameters are:

Amyy = 7437550 [Zois] x 107°6V7, -
in? 0z = 0300308 (D13 >
which are very similar to the results of NuFIT-5.2 [52] with the expected slight enlargement
of the allowed ranges. In other words, within the 3v scenario the data is precise enough
to simultaneously constraint the oscillation parameters and the normalizations of the solar
flux components without resulting into a substantial degradation of the former. As for the
solar fluxes, the corresponding ranges read:

Fop = 09969750035 [£0.0005) Opp = 5.94170:033 [F5035] x 100 em™ 571,

free = 1.01970682 [£0041], Prpe = 4.937003 [[0:30) x 10° em ™2 571,

Fpep = L.O00TGEE [F0:052) Bpep = 142110023 (00581 108 =2 g1

i = 125817 18147, by = 3ASBRCH 0 et
fiso = 1.2275 77 [£5:3] iso = 2537035 [To50] x 10 em ™2 571, '
frrp = 1.0370:30 [F6:42] Brrp = 5517000 [F296] % 10" ecm ™2 57,

fsp = 103625050 [£0.048) » ®sp = 5.2020719 [£0:35] x 10° em ™2 574,

frep = 387137217, Dpep = 3.0790[F22] x 10* em 2 s7L.
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Figure 1. Constraints from our global analysis on the solar neutrino fluxes for the analysis with
luminosity constraint and fixed ratios of the CNO fluxes (see eq. (3.1)). Each panel shows a two-
dimensional projection of the allowed multidimensional parameter space after minimization with respect
to the undisplayed parameters. The regions correspond to 90% and 99% CL (2 d.o.f.). The curves in the
rightmost panels show the marginalized one-dimensional Ax3 ¢ cNO-Rfixea fOF €ach of the parameters.

Notice that in figure 1 we separately plot the ranges for the three CNO flux normalization
parameters, however they are fully correlated since their ratios are fixed, which explains the
thin straight-line shape of the regions as seen in the three corresponding panels. Compared to
the results from our previous analysis we now find that all the fluxes are clearly determined to
be non-zero, while in refs. [25, 26] only an upper bound for the CNO fluxes was found. This is a
direct consequence of the positive evidence of neutrinos produced in the CNO cycle provided by
Borexino Phase-I1I spectral data, which is here confirmed in a fully consistent global analysis.
We will discuss this point in more detail in section 4. We also observe that the inclusion of
the full statistics of Borexino has improved the determination of frp, by a factor O(3).
Figure 1 exhibits the expected correlation between the allowed ranges of the pp and pep
fluxes, which is a consequence of the relation (2.8). This correlation is somewhat weaker
than what observed in the corresponding analysis in ref. [26] because the spectral information
from Borexino Phase-II and Phase-III provides now some independent information on fpep.
We also observe the presence of anticorrelation between the allowed ranges of the two most
intense fluxes, pp and "Be, as dictated by the luminosity constraint (see comparison with



figure 2). Finally we notice that the allowed ranges of frp, and fsg — the two most precise
directly determined flux normalizations irrespective of the luminosity constraint (see figure 2) —
are anticorrelated. This is a direct consequence of the different dependence of the survival
probability with sin?# in their respective energy ranges. ®B neutrinos have energies of the
order of several MeV for which the flavour transition occurs in the MSW regime and the
survival probability P.. o sin? ;5. Hence an increase in sin® 615 must be compensated by
a decrease of fsg to get the correct number of events, which leads to the anticorrelation
between the sin’ f15 and fsg seen in the corresponding panel in figure 1. On the contrary,
most 'Be neutrinos have 0.86 MeV (some have 0.38 MeV) and for that energy the flavour
transition occurs in the transition regime between MSW and vacuum average oscillations
for which P,. decreases with sin? §15. Hence the correlation between sin? f15 and frp, seen
in the corresponding panel. Altogether, this leads to the anticorrelation observed between
frBe and fsp. This was already mildly present in the results in ref. [26] but it is now a more
prominent feature because of the most precise determination of frg,.

All these results imply the following share of the energy production between the pp-chain
and the CNO-cycle

Lop-chain _ () q70+0.0035 [0-0082) Lexo ) ggrgr0-0000 [F000s)  (34)

L 0.0030 L—0.0077 —0.0011 [—0.0026
© ©

in perfect agreement with the SSMs which predict Leno/Le < 1% at the 30 level. Once
again we notice that in the present analysis the evidence for Lono # 0 clearly stands well
above 99% CL.

We next show in figure 2 the results of the analysis performed without imposing the
luminosity constraint — but still with the ratios of the CNO fluxes fixed by the relations
in eq. (2.12) — for which we employ

—CNO-Rfixed 2
XWOLC ,CNO-Rfixed = Xglobal(wosw Whux e ) + Xpep/pp(fppv fpep) : (35>

The allowed ranges for the fluxes in this case are:

fop = 103875066 [T0:16] Opp = 6.1970:35 [F1g] x 101 em ™2 571

free = 1.022500%% [£00%1 Brpe = 49570050 [[035] x 107 em™? 571,

Frep = 103975063 [£5:36] Cpep = 1.48%059 [10:35] ¥ 10° cm ™2 577,

o = L1618 783, By =39 < 10 em 2
fiso = 1164015 [F0:41) ®iso = 2417035 [Fgig0] x 10% em™ 571, '
firp = L0108 [F053], Girp = 5251055 [F1:57] x 10° em ™2 57,

fsp = 1.03470.020 [+0-052) Bsp = 51927070 [1028] x 105 em ™2 57!,

fnep = 3.6717 M5, Ppep = 2.97579 [*3 1 x10* em™2 s,

As expected, the pp flux is the most affected by the release of the luminosity constraint as
it is this reaction which gives the largest contribution to the solar energy production and
therefore its associated neutrino flux is the one more strongly bounded when imposing the
luminosity constraint. The pep flux is also affected due to its strong correlation with the pp
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Figure 2. Same as figure 1 but without imposing the luminosity constraint (see eq. (3.5)).

flux, eq. (2.8). The CNO fluxes are mildly affected in an indirect way due to the modified
contribution of the pep fluxes to the Borexino spectra.

Thus we find that the energy production in the pp-chain and the CNO-cycle without
imposing the luminosity constraint are given by:

Lpp-chain _ 1.030H0070 [+017) o1 Leno 0.0075+0-0013 1+0.00301 (3.7)

— _ 11 _ _
L@ 0.061 1-0.15 L@ 0.0013 1-0.0029

Comparing egs. (3.4) and (3.7) we see that while the amount of energy produced in the
CNO cycle is about the same in both analysis, releasing the luminosity constraint allows
for larger production of energy in the pp-chain. So in this case we find that the present
value of the ratio of the neutrino-inferred solar luminosity, Lg (neutrino-inferred), to the
photon measured luminosity Lg is:

L (neutrino-inferred)

= 103875650 [15:15) - (3.8)

The neutrino-inferred luminosity is in good agreement with the one measured in photons,
with a 1o uncertainty of ~ 6%. This represents only a very small variation with respect to
the previous best determination [26]. Such result is expected because the determination of
the pp flux, which, as mentioned above gives the largest contribution to the neutrino-inferred
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Figure 3. Dependence of the determination of the pp and pep fluxes on the assumptions about the
Gallium experiments included in the analysis. The upper (lower) panels show the results of different
variants of the analysis « CNO-Rfixed» with (without) luminosity constraint. See text for details.

solar luminosity, has not improved sensibly with the inclusion of the full statistics of the
phases II and III of Borexino.

We finish this section by discussing the role of the Gallium experiments in these results
with the aim of addressing the possible impact of the Gallium anomaly [65-67]. As described
in the introduction, this anomaly consists in a deficit of the event rate observed in Gallium
source experiments with respect to the expectation, which represents an obvious puzzle for
the interpretation of the results of the solar neutrino Gallium measurements. In this work we
assume the well established standard 3v oscillation scenario and in this context the attempts
at explanation (or at least alleviation) of the anomaly invoke the uncertainties of the capture
cross section [39-41]. Thus the open question posed by the Gallium anomaly is the possible
impact of such modification of the cross section in the results of our fit.

In order to quantify this we performed two additional variants of our analysis. In the
first one we introduce an additional parameter, faa, which multiplies the predicted event
rates from all solar fluxes in the Gallium experiments. This parameter is left free to vary in
the fits and would mimic an energy independent modification of the capture cross section
(or equivalently of the detection efficiency). In the second variant we simply drop Gallium
experiments from our global fit.

The results of these explorations are shown in figure 3 where we plot the most relevant
marginalized one-dimensional projections of Ax? for these two variants. The upper (lower)
panels correspond to analysis performed with (without) the luminosity constraint. The left
panel shows the projection over the normalization parameter fga obtained in the variant of
the analysis which makes use of this parameter. As seen from the figure, the results of the fit
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favour fga close to one, or, in other words, the global analysis of the solar experiments do
not support a modification of the neutrino capture cross section in Gallium (or any other
effect inducing an energy-independent reduction of the detection efficiency in the Gallium
experiments). This is so because, within the 3v oscillation scenario, the global fit implies a
rate of pp and "Be neutrinos in the Gallium experiment which is in good agreement with
the luminosity constraint as well as with the rates observed in Borexino.

On the central and right panel of the figure we show the corresponding modification of
marginalized one-dimensional projections of Ax? on the pp and pep flux normalizations which
are those mostly affected in these variants. For the sake of comparison, in the upper and lower
panels we also plot the results for the fga = 1 analysis (also visible in the corresponding
windows in figures 1 and 2, respectively). The figure illustrates that once the luminosity
constraint is imposed, the determination of the solar fluxes is totally unaffected by the
assumptions about the capture rate in Gallium. As seen in the lower panels, even without
the luminosity constraint the impact on the pp and pep determination is marginal, which
emphasizes the robustness of the flux determination in egs. (3.3) and (3.6). This is the
case thanks to the independent precise determination of the pp flux in the phases I and II
in Borexino. Furthermore, the small modification is the same irrespective of whether the
Gallium capture rate is left free or completely removed from the analysis; this is due to the
lack of spectral and day-night capabilities in Gallium experiments, which prevents them from
providing further information beyond the overall normalization scale of the signal.

4 Examination of the determination of the CNO fluxes

As mentioned above, one of the most important developments in the experimental determina-
tion of the solar neutrino fluxes in the last years have been the evidence of neutrinos produced
in the CNO cycle reported by Borexino [28, 29, 64]. The detection was made possible thanks
to a novel method to constrain the rate of the 2!°Bi background. In ref. [64], using a partial
sample of their Phase-III data, the collaboration found a 5.1¢ significance of the CNO flux
observation, which increased to 7o with the full Phase-III statistics [28], and to about 8¢
when combined with the CID method [29]. See appendix A for details.

Key ingredients in the analysis performed by the collaboration in refs. [28, 29, 64] (and
therefore in the derivation of these results) are the assumptions about the relative contribution
of the three reactions producing neutrinos in the CNO cycle, as well as those about other
solar fluxes in the same energy range, in particular the pep neutrinos. In a nutshell, as
mentioned above, the collaboration assumes a common shift of the normalization of the CNO
fluxes with respect to that of the SSM, and it is the evidence of a non-zero value of such
normalization which is quantified in refs. [28, 29, 64]. In what respects the rate from the
pep flux, the SSM expectation was assumed because the Phase-III data by itself does not
allow to constraint simultaneously the CNO and pep flux normalizations.

In this respect, the global analysis presented in the previous section are performed
under the same paradigm of a common shift normalization of the CNO fluxes, but being
global, the pep flux normalization is also simultaneously fitted. For the sake of comparison
we reproduce in figure 4 the projection of the marginalized AX?NLC,CNO—RﬁXGd (3.1) and
AX%VOLC,CNO—Rﬁxed (3.1) on the normalization parameters for the three CNO fluxes. For
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convenience we also show the projections as a function of the total neutrino flux produced
in the CNO cycle. As seen in the figure the results of the analysis (either with or without
luminosity constraint) yield a value of Ax? well beyond 3¢ for ®cno = 0. A dedicated run
for this no-CNO scenario case gives Ax? = 54 (33) for the analysis with (without) luminosity
constraints, and it is therefore excluded at 7.30 (5.70) CL.

In order to study the dependence of the results on the assumption of a unique common
shift of the normalization of three CNO fluxes we explored the possibility of making a
global analysis in which the three normalization parameters are varied independently. As
mentioned above, a priori the three normalizations only have to be subject to a minimum
set of consistency relations in egs. (2.10) and (2.11). However, as discussed in detail in
section A.2, the background model in refs. [28, 29, 64] only assumes an upper bound on the
amount of 2'°Bi and cannot be reliably employed to such general analysis because of the
larger degeneracy between the ?'°Bi background and the ¥N flux spectra.

With this limitation in mind, we proceed to perform two alternative analysis (with
and without imposing the luminosity constraints) in which the normalization of the three
CNO fluxes are left free to vary independently but with ratios constrained within a range
broad enough to generously account for all variants of the B23 SSM, but not to extend into
regions of the parameter space where the assumptions on the background model may not
be applicable. Conservatively neglecting correlations between their theoretical uncertainties,
the neutrino fluxes of SSMs presented in ref. [31] and available publicly through a public
repository [51] verify

1.00 (1 £ 0.24) 1.00 (1 +£0.25) B23-GS98

0.95 (1 +0.22) 0.84(1+0.23) B23-AGSS09-met
120 _ ) 0.96(1 +0.21) f7e ) 080(14020) B23-AAG21 (4.1)
Jian Jian

1.01 (1 £ 0.23) 0.79 (1 £0.22) B23-MB22-met

1.00 (1 £ 0.23) 0.79 (1 +£0.22) B23-MB22-phot

Thus in these analyses, here onward labeled « CNO-Rbound», we introduce two pulls & and
& for these two ratios. Notice, however, that we could have equally defined the priors with
respect to the reciprocal of the ratios in eq. (4.1). Hence, in order to avoid a bias towards
larger fluxes in the numerator versus the denominator introduced by either choice, we resort
instead to logarithmic priors for the ratios:

—-CNO-Rbound _
Weux R (fpp> f7Bea fpep7 flSNv

f15o =0.98 eXp(&) f13N, f17F =0.85 exp(fg) f13N, fsB, fhep) (4.2)

and add two Gaussian penalty factors for these pulls, so that the corresponding x? function
without the luminosity constraint is:

2 2

2 _ .2 (=  =CNO-Rboundy , .2 & &
XwoLC,CNO-Rbound = Xglobal(wosm Whux o ) + Xpep/pp(fpp7 fpep) + O'T + O‘T (43)

&1 &2

with o¢, = 0.26 and og, = 0.48, chosen to cover the ranges in eq. (4.1). In addition fisy,
fiso, and firp are required to verify the consistency relations in egs. (2.10) and (2.11).
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Figure 4. One dimensional projections of the global Ax? of the for the three neutrino fluxes produced
in the CNO-cycle for different assumptions as labeled in the figure. See text for details.

The x? function with the luminosity constraint is obtained by further including the X%C
prior of eq. (2.5):

2 — .2 2 ¢ ~CNO-Rbound
XwLC,CNO-Rbound = XwoLC,CNO-Rbound + XLc (wﬁux ) : (44)

We plot in figure 4 the projection of the marginalized AX\QVLC,CNO—Rbound (4.4) and
AX?}VOLC,CNO—Rbound (4.4) on the normalization parameters for the three CNO fluxes as well
as on the total neutrino flux produced in the CNO cycle. As seen in the figure, allowing for
the ratios of the CNO normalizations to vary within the intervals (4.1) has little impact on
the allowed range of the O flux and on the lower limit of the *N and '"F fluxes. As a
consequence, the CL at which the no-CNO scenario can be ruled out is unaffected. On the
contrary, we see in figure 4 that the upper bound on the 3N and '"F fluxes, and therefore of
the total neutrino flux produced in the CNO-cycle, is relaxed.? This is a consequence of the
strong degeneracy between the spectrum of events from these fluxes and those from the 2'9Bi
background mentioned above, see figure 10 and discussion in section A.2. Conversely the fact
that the range of the ?O flux is robust under the relaxation of the constraints on the CNO
flux ratios, means that the high statistics spectral data of the Phase-III of Borexino holds the
potential to differentiate the event rates from O v’s from those from 3N and '"F v’s. The
reliable quantification of this possibility, however, requires the knowledge of the minimum
allowed value of the 2'9Bi background which so far has not been presented by the collaboration.

2The allowed ranges for the fluxes produced in the pp-chain are not substantially modified with respect to
the ones obtained from the « CNO-Rfixed» fits, egs. (3.3) and (3.6).
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Figure 5. Marginalized one-dimensional probability distributions for the best determined solar fluxes
in our analysis as compared to the predictions for the five SSMs in refs. [31, 51].

So, let us emphasize that our « CNO-Rbound» analysis have been performed with the
aim of testing the effect of relaxing the severe constrains on the CNO fluxes in the studies of
the Borexino collaboration. Our conclusion is that the statistical significance of the evidence
of detection of events produced by neutrinos from the CNO-cycle is affected very little by
the relaxation of the constraint on their relative ratios. However, their allowed range is,
and this can have an impact when confronting the results of the fit with the predictions
of the SSM as we discuss next.

5 Comparison with Standard Solar Models

Next we compare the results of our determination of the solar fluxes with the expectations from
the five B23 solar models: SSMs computed with the abundances compiled in table 5 of [31]
based on the photospheric and meteoritic solar mixtures (MB22-phot and MB22-met models,
respectively), and with the [30] (AAG21), the meteoritic scale from [20] (AGSS09-met),
and [19] (GS98) compositions. We use both MB22-phot and MB22-met for completeness,
although the abundances are very similar in both scales, as clearly reflected by the results in
this section. A similar agreement would be found using both the meteoritic and photospheric
scales from AAG21, and therefore we use only one scale in this case.?

3The structures of these models, as well as the total neutrino fluxes and internal distributions are available
at [51].
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SSMs predict that nuclear energy accounts for all the solar luminosity (barred about a few
parts in 10% that are of gravothermal origin) so for all practical matters the neutrino fluxes
predicted by SSMs satisfy the luminosity constraint. Therefore we compare the expectations
of the various SSM models with the results of our analysis performed with such constraint. In
what respects the assumptions on the CNO fluxes, in order to explore the dependence of our
conclusions on the specific choice of flux ratios we quantify the results obtained in both the
«FIT=CNO-Rfixed» analysis (with x%;1 in eq. (3.1)) and the « FIT=CNO-Rbounded» one
(with x%;1 in eq. (4.4)). For illustration we plot in figure 5 the marginalized one-dimensional
probability distributions for the best determined solar fluxes in such two cases as compared
to the predictions for the five B23 SSMs. The probability distributions for our fits are
obtained from the one-dimensional marginalized Ax21(f;) of the corresponding analysis as
Prrr(fi) o< exp|—AxZr(fi)/2] normalized to unity. To construct the analogous distributions
for each of the SSMs we use the predictions (f55M) for the fluxes, the relative uncertainties

SS SSM

oM and their correlations o8

so to build the corresponding X§SM(@'ﬁux)

as obtained from refs. [51], and also assume gaussianity

Xasm (Gaux) = D (fi = fECG (fi = £75M) with Cop = 05°M o™ pey,  (5.1)
i?j

from which it is trivial to obtain the marginalized one-dimensional AxZq,,(fi) and construct
the probability Pssm(fi) oc exp[—AxZgu(fi)/2]-

In the frequentist statistical approach, quantitative comparison of a model prediction for
a set of fluxes with the results from the data analysis can be obtained using the parameter
goodness of fit (PG) criterion introduced in ref. [68], by comparing the minimum value of
x? function for the analysis of the data with that obtained for the same analysis adding the
prior imposed by the model.* Thus, following ref. [68], we construct the test statistics

- SFIT FIT
AXFrrssMsET = [XFrT (@oser Diin ) + X3sn s (@ )] ‘min (5.2)
—»FIT) (53)

2 = -FIT
— XFIT (wosc, Whux )

2
. XSSM,SET(Wﬁux

min

where X%SM,SET(QHHX) is obtained as eq. (5.1) with 4,j (and a,b) fluxes restricted to a
specific subset as specified by “SET”. The minimization of each of the terms in eq. (5.3) is
performed independently in the corresponding parameter space. AX%IT,SSM,SET follows a 2
distribution with n degrees of freedom, which, in the present case, coincides with the number
of free parameters in common between Xy (Gose, Gy ) and X&gy spr (@i ). Notice that,
by construction, the result of the test depends on the number of fluxes to be compared, i.e.,
on the fluxes in “SET”, both because of the actual comparison between the measured and
predicted values for those specific fluxes, and because of the change in n with which the

p-value of the model is to be computed. This is illustrated in table 2 where we list the values

4In this respect it is important to notice that, in order to avoid any bias towards one of the models in the data
analysis, in both « CNO-Rfixed» and « CNO-Rbound» cases the assumptions on the ratios of the three CNO
fluxes have been chosen to be “model-democratic”, i.e., centered at the average of the predictions of the models
(and, in the case of «CNO-Rbound», with 1o uncertainties covering the 1o range allowed by all SSM models).
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FIT | B23-SSM FULL Be+B+CNO CNO
n=6 n=3 n=1
E Ax? per CL[o] | Ax* par CL[o] | Ax* per CL o]
E AGSS09-met 14.5 0.024 2.3 9.8  0.020 2.3 7.2 0.0073 2.7
CZID GS98 8.1 0.24 1.2 3.0 0.39 0.86 24  0.12 1.5
© AAG21 12.5 0.052 1.9 7.8 0.05 2.0 6.2 0.013 2.5
MBQQ—met/phOt 7.1 0.31 1.0 2.2 0.53 0.62 2.0 0.16 1.4
n==_8 n=>»s n=3
E A’ por CL[o] | AX> per CL[o] [ A per  CL[o]
a‘: AGSS09-met 14.1  0.079 1.8 9.3 0.098 1.7 7.2 0.066 1.8
o) GS98 6.7 0.57 0.57 1.7 0.88 0.14 1.6 0.66 0.44
% AAG21 11.7  0.16 14 6.8 0.24 1.2 5.7 0.13 1.5
MB22-met /phot 5.9 0.66 0.44 1.1 0.95 0.06 1.0 0.80 0.25

Table 2. Results of the PG test for the different models and data samples considered. Within the
given accuracy the results for MB22-met and MB22-phot models are the same.

of Ax%ITSSM’SET for different choices of “SET” which we have labeled as:

SET constrained fluxes

FULL (fpp7 f7Bev fpep) f13N) f15O) f17Fa fSB) fhep) (5 4)
Be+B+CNO (f7Be7 f13N7 f1507 f”F? fSB)

CNO (fl3N, f‘lSC)7 fl?F)

Upon analyzing the data in the table 2, it becomes evident that the B23-MB22 models
(both the meteoritic and photospheric variations) exhibit a significantly higher level of
compatibility with the observed data, even slightly better the B23-GS98 model. On the
contrary the B23-AGSS09met and B23-AAG21 models exhibits a lower level of compatibility
with observations, with B23-AAG21 model slightly better aligned with the data. Maximum
discrimination is provided by comparing mainly the CNO fluxes for which the prediction
of both models is mostly different. On the other hand, including all the fluxes from the
pp-chain in the comparison tends to dilute the discriminating power of the test. The table
also illustrates how allowing for the three CNO fluxes normalizations to vary in the fit tends
to relax the CL at which the models are compatible with the observations.

Let us remember that our previously determined fluxes in ref. [26] when confronted with
the GS98 and AGSS09 models of the time [10] showed absolutely no preference for either
model. This was driven by the fact that the most precisely measured 8B flux (and also of
"Be) laid right in the middle of the prediction of both models. The new B16-GS98 model
in ref. [11] predicted a slightly lower value for ®B flux in slightly better agreement with
the extracted fluxes of ref. [26], but the conclusion was still that there was no significant
preference for either model. Compared to those results, both the most precisely determined
"Be flux and, most importantly, the newly observed rate of CNO events in Borexino have
consistently moved towards the prediction of the models with higher metallicity abundances.
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Let us finish commenting on the relative weight of the experimental precision versus the
theoretical model uncertainties in the results in table 2. To this end one can envision an
ideal experiment which measures f; to match precisely the values predicted by one of the
models with infinite accuracy. Assuming the measurements to coincide with the predictions of
B23-GS98, one gets AngMjsET =17.1 and 16.7 for SSM=B23-AGSS09-met and SSM=B23-
AAG21 with SET=FULL, which means that the maximum CL at which these two SSM
can be disfavoured is 2.20 and 2.10. Choosing instead SET=CNO these numbers become
A)@SM’SET = 15.0 and 14.1 for SSM=B23-AGSS09-met and SSM=B23-AAG21, respectively,
corresponding to a 3.1¢ and 3.0c maximum rejection. This stresses the importance of reducing
the uncertainties in the model predictions to boost the discrimination between the models.

6 Summary

In this work we have updated our former determination of solar neutrino fluxes from neutrino
data as presented in refs. [25, 26], by incorporating into the analysis the latest results from
both solar and non-solar neutrino experiments. In particular this includes the full data from
the three phases of the Borexino experiments which have provided us with the first direct
evidence of neutrinos produced in the CNO-cycle.

We have derived the best neutrino oscillation parameters and solar fluxes constraints using
a frequentist analysis with and without imposing nuclear physics as the only source of energy
generation (luminosity constraint). Compared to the results from previous analysis we find
that the determination of the "Be flux has improved by a factor O(3), but most importantly we
now find that the three fluxes produced in the CNO-cycle are clearly determined to be non-zero,
with 1o precision ranges between 20% to ~ 100% depending on the assumptions in the analysis
about their relative normalization. Conversely, in refs. [25, 26] only an upper bound for the
CNO fluxes was found. This also implies that it is solidly established that at 99% CL the solar
energy produced in the CNO-cycle is between 0.46% and 1.05% of the total solar luminosity.

The observation of the CNO neutrinos is also paramount to discriminate among the
different versions of the SSMs built with different inputs for the solar abundances, since the
CNO fluxes are the most sensitive to the solar composition. In this work we confront for the
first time the neutrino fluxes determined on a purely experimental basis with the predictions
of the latest generation of SSM obtained in refs. [31, 51]. Our results show that the SSMs built
incorporating lower metallicities are less compatible with the solar neutrino observations.
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A Detalils of Borexino analysis

A detailed description of our analysis of the full spectrum of the Phase-I [49, 69] and Phase-
IT [27] of Borexino can be found in ref. [25] and ref. [70] respectively. Here we document
the details of our analysis of the Borexino Phase-III data collected from January 2017 to
October 2021, corresponding to a total exposure of 1431.6 days x 71.3 tons, which we perform
following closely the details presented by the collaboration in refs. [28, 64].

A.1 Analysis of Borexino Phase-III spectrum

In our fit we use the Borexino spectral data as a function of the detected hits (/Np) on the
detector photomultipliers (including multiple hits on the same photomultiplier) as estimator of
the recoil energy of the electron. At it was the case in Phase-11, Borexino divide their Phase-III
data in two samples: one enriched (tagged) and one depleted (subtracted) in the 1C events.
The tagged sample picks up about 36% of the solar neutrino events, while the subtracted
sample accounts for the remaining 64%. In what follows we denote by s ="tagged” or
s ="subtracted” each of the two samples. The data and best fit components for the spectrum
of the subtracted sample are shown in figure 2(a) of ref. [28]. The data points for this sample
can also be found in the data release material in ref. [71]. The corresponding information for
the tagged sample was kindly provided to us by the Borexino collaboration [72].

The number of expected events T, gi in some bin ¢ of data sample s is the sum of the
neutrino-induced signal and the background contributions. The main backgrounds come from
radioactive isotopes in the scintillator '1C, 219Bi, 1°C, 2P and ®°Kr. The collaboration

identifies one additional background due to residual external backgrounds. With this
10, =581+ B, (A1)
f c

where the index f € {"Be, pep, >N, 150, I"F,®B} runs over the solar fluxes which contribute
in the Borexino-III energy range (see figure 8), while the index ¢ € {*'C,2!9Po, 210Bi, 85K,
10C, ext} runs over the background components.

We compute the solar neutrino signal from flux f in bin ¢, s/ 3,07

mox [ d f d
/h S R (T, Ny dT, AN, (A.2)

() -

where dS g /dTy is the differential distribution of neutrino-induced events from flux f to sample
s as a function of recoil energy of the scattered electrons (7¢)

as! dg/ dodet Va
dT( ) ‘FMgt run cutZ/ ¢ P dT()dE”’ <A3)

,19,



Here F, = 0.3572 (0.6359) is the fraction for s = “tagged” (“subtracted”) signal events, Nt
is the number of e~ targets (i.e., the total number of electrons inside the fiducial volume of
the detector, corresponding to 71.3 ton of scintillator), Trun = 1431.6 days is the data taking
time, Ecut = 98.5% is the overall efficiency (assumed to be the same as Phase-II), P.,(E,)
is the transition probability between the flavours e and a, and do?®*(v,,)/dT, is the flavour
dependent v, — e elastic scattering detection cross section. The calculation of P, (E,) is
based on a fully numerical approach which takes into account the specific distribution of the
neutrino production point in the solar core for the various solar neutrino flux components as
predicted by the SSMs; some technical details on our treatment of neutrino propagation in
the solar matter can be found in appendix A of ref. [70] and in section 2.4 of ref. [73]. In
addition eq. (A.2) includes the energy resolution function dR/dT, for the detector which
gives the probability that an event with electron recoil energy T, yields an observed number
of hits N;,. We assume it follows a Gaussian distribution

% = e ()| -

where Nj, is the expected value of Ny, for a given true recoil energy T,. We determine Ny, via
the calibration procedure described in ref. [70], while oy, is slightly different from Borexino
Phase-II analysis. Concretely, we derive a relation between N;, and oy, (Nh) which is

on(Np) = 1.21974 4 1601211/ N}, — 0.14859N,. (A.5)

In what respects the backgrounds, we have read the contribution Bg; for each component
¢ in each bin ¢ and for each data set s from figure 2(a) of ref. [28] as well as the plot
provided to us by the collaboration [72]. These figures show the best-fit normalization of
the different background components as obtained by the collaboration, and we take them
as our nominal background predictions.®

Our statistical analysis is based on the construction of a x? function built with the
described experimental data, neutrino signal expectations and sources of backgrounds. Fol-
lowing refs. [28, 64] we leave the normalization of all the backgrounds as free parameters
with the exception of 2'YBi. The treatment of this background is paramount to the positive
evidence of CNO neutrinos. As described in [64], the extraction of the CNO neutrino signal
from the Borexino data faces two significant challenges: the resemblance between spectra
of CNO-v recoil electrons and the 219Bi 3~ spectra, and their pronounced correlation with
the pep-v recoil energy spectrum. In order to surpass the first challenge, the collaboration
restricted the rate of 219Bi for which it sets and upper limit [28]:

R(*''Bi) < (10.8 £ 1.0) cpd /100t (A.6)

while no constraint is imposed on its minimum value which is free to be as low as allowed by
the fit (as long as it remains non-negative). We will go back to this point in section A.2. In

5One technical detail to notice is that the data in the tables are more thinly binned (817 bins) than the
corresponding figures from which we read the backgrounds (163 bins). Given the relatively continuous spectra
of the backgrounds, we have recreated the background content of the 817 bins through interpolation.
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Figure 6. Constraints from our analysis of Borexino Phase-ITI spectra obtained with xZxyy es; i
eq. (A.9). Each panel shows a two-dimensional projection of the allowed multi-dimensional parameter
space after minimization with respect to the undisplayed parameters. The regions correspond to 90%
and 99% CL (2 d.o.f.). The curves in the right-most panels show the marginalized one-dimensional
AXExiiLtest for €ach of the parameters.

our analysis we implement this upper limit by constraining the corresponding normalization
factor faiog; as

1.0
frop; < (1 + m), (A.7)
With this we construct the x3yqp as
Os.i faropg; — 1 2
2 0 S, Bi
:§2T-— s 5.l —_ i—1), A.
ABXII 5. |: o © ’ +0 1708 <TSOZ >:| - ( 021084 ) @(f210B ) ( 8)

where O, ; is the observed number of events in bin i of sample s, and o210p; = 1.0/10.8,
and ©(z) is the Heaviside step function.

Constructed this way, x3xq; depends on 16 parameters: the 3 oscillation parameters
(Am3y, 612, 013), 6 solar flux normalizations (frpe, fpeps f13x, J150, firp, fsp) and 7 back-
ground normalizations (f2i0py, fo10mi, feskr, fioo, fext and two different factors fltfg and flslucb
for the tagged and subtracted samples).
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CNO-v rate of the B16-GS98 mode.

As a first validation of our x? function we perform an analysis focused at reproducing
the results on the solar neutrino fluxes found by the Borexino collaboration in ref. [28], and in
particular the positive evidence of CNO neutrinos. In this test fit we fix the three oscillation
parameters to their best fit value (sin? 613 = 0.023, sin? 612 = 0.307, Am3, = 7.5 x 1079), and
following the procedure of the collaboration we assume a common normalization factor for
the three CNO fluxes with respect to the SSM ( fisy = fisg = firp = fono). Furthermore, in
order to break the pronounced correlation with the pep-v recoil energy spectrum mentioned
above, the collaboration introduced a prior for the pep neutrino signal flux following the
SSM. Thus we define

2

X2BXHI,test = Xbxim + (fpep1> (A.9)
Opep

with opep = 0.04/2.74 (for concreteness we choose the B16-GS98 model for this prior). The

"Be and 8B fluxes are left completely free.

The results of this 11-parameter fit are shown in figures 6 and 7. In figure 6 we plot the
allowed ranges and correlations for the parameters. Notice that in this figure all parameters
are normalized to the best fit values obtained by the corresponding analysis of the Borexino
collaboration, hence a value of “1” means perfect agreement. We observe a strong correlation
between the normalization of the CNO fluxes fono and the 21°Bi background. This is
expected because, as mentioned before, the spectrum of CNO neutrinos and that of the 219Bi
background are similar (as can also be seen in figure 8 which shows our best fitted spectra for
the two samples). Still, the two spectra are different enough so that, under the assumption of
the upper bound on the 2!°Bi background, the degeneracy gets broken enough to lead to a
positive evidence of CNO neutrinos in an amount compatible with the prediction of the SSMs.
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figure “CNO” labels the events produced by sum of the three fluxes produced in the CNO-cycle,
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A quantitative comparison with the results of the collaboration is shown in figure 7 where
we plot the dependence of our marginalized Ax? on the common CNO flux normalization,
feno, together with that obtained by the collaboration as extracted from figure 2(b) of
ref. [28] (labeled “Fit w/ Systematics” in that figure).5 Altogether, these figures show that
our constructed event rates and the best-fit normalization of the CNO flux reproduce with
very good accuracy those of the fit performed by the collaboration.

A.2 Allowing free normalizations for the three CNO fluxes

In their analysis of the different phases, the Borexino collaboration always considers a common
shift in the normalization for the three fluxes of neutrinos produced in the CNO cycle with
respect to their values in the SSM. On the contrary the normalization of the fluxes produced
in the pp-chain are fitted independently.

In principle, once one departs from the constraints imposed by the SSM, the normalization
of the three CNO fluxes could be shifted independently, subject only to the minimum set of
consistency relations in egs. (2.10) and (2.11). In fact in our previous works [25, 26] we could
perform such general analysis. At the time there was no evidence of CNO neutrinos and
therefore those analysis resulted into a more general set of upper bounds on their allowed
values compared to those obtained assuming a common shift. With this as motivation, one
can attempt to perform an analysis of the present BXIII spectra under the same assumption
of free normalization. However, within the present modelling of the backgrounds in the
Borexino analysis, optimized to provide maximum sensitivity to a positive evidence of CNO
neutrinos, such generalized analysis runs into trouble as we illustrate in figure 9. As expected,
allowing three free CNO flux normalizations results in a weaker constraints on each of the

SFigure 2(b) of ref. [28] shows their Ax? as a function of the CNO-v event rate which we divide by the
central value of the expected rate in the B16-GS98 model to obtain the black dot-dashed curve in figure 7.
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three parameters. This is particularly the case for the smaller 7F flux which is allowed
to take values as large as ~ 40 times the value predicted by the SSM without however
yielding substantial x? improvements over the standard firp = 1 value. In the same way
fi5o is compatible with the prediction of the SSM, Ax?(fisg = 1) ~ 0, with an upper bound
fiso < 2.7 On the contrary the fit results into a favoured range for >N which, it taken at
face value, would imply an incompatibility with the SSM at large CL: Ax?(fisy = 1) = 6.
This large 3N flux comes at a price of a very low value of the ?'9Bi normalization, which as
seen in the figure is more strongly correlated with N than with O and "F.

To illustrate further this point we show in figure 10 our best fitted spectra of the
“subtracted” sample for the analysis where one common normalization for the three CNO
fluxes is used (left, in what follows “CNO” fit) and the one where all the three normalizations
are varied independently (right, in what follows “N” fit). Thus the spectra in the left panel
of figure 10 are the same as the right panel of figure 8, except that now, for convenience, we
plot separately the events from each of the CNO fluxes. This highlights clearly the different
shape of the spectra of °0 and 3N, with 1°O extending to larger energies. It is also evident

"It is interesting to notice that the Borexino bound on ®17p is about one-half that on ®155. This is no
surprise since the energy spectra of '“F and 'O neutrinos are extremely similar hence neither Borexino nor any
other experiment can separate them and what is actually constrained is their sum. This is reflected in the clear
anticorrelation visible in figure 9, while the factor of two stems from the consistency condition in eq. (2.11).
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Figure 11. Left: spectra of subtracted event rates from best fit CNO fluxes and 2'°Bi background
in the range of 300 < N}, < 400 for the “CNO” fit (fit with a common normalization factor for the
three CNO fluxes, full lines) and the “N” fit (fit with three independent normalizations, dashed lines).
We also show the best fit spectra for both fits compared to the data as labeled in the figure. Right:
difference of the value of x? in both fits as a function of the maximum N}, bin included in the fit.

that N is the one mostly affected by degeneracies with the 219Bi background. Comparing
the two panels we see by naked eye that both spectra describe well the data: in fact, the
event rates for 1°O are comparable in both panels. But in the right panel the normalization
of the 13N events is considerably enhanced while the 2'9Bi background is suppressed: this
is the option favoured by the fit.

Upon closer examination we find that in the range of Nj spanning between 300 and 400
photon hits, an increase in the value of fisn better fits the data while driving fa2i0p; towards 0.
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In figure 11 we show a blow-up of the spectra in this N, window. To quantify the difference
in the quality of the fit for those two solutions and the relevant range of Nj we plot in the
right panel the cumulative difference of XQBXHMeSt for the best fits of the “CNO” and “N”
fits as a function of the maximum /N, bin included in the fit.

Clearly, this anomalously large 3N solution is possible only because the sole information
included in the fit for the 2'°Bi background is the upper bound provided by the collaboration.
Such upper bound is enough to ensure a lower bound on the amount of CNO neutrinos, and
indeed it results in a positive evidence of CNO fluxes (in good agreement with at least some
of the SSMs) when a common normalization for the three CNO fluxes is enforced, as reported
by the collaboration in refs. [28, 64] (and properly reproduced by us, as described in the
previous section). Our results show that this is the case because the spectrum of 2'°Bi and
150 are sufficiently different. However, once the normalization of the three CNO fluxes are
not linked together, the degeneracy between the spectral shape of 13N and 2!°Bi — together
with the lack of a proper estimate for a lower bound on 2'°Bi which is not quantified in
refs. [28, 64] — pushes the best-fit of 13N towards unnaturally large values. In other words,
the background model proposed in refs. [28, 64] cannot be reliably employed for fits with
independent ®N and '®O normalizations.

We finish by noticing that this also implies that the high quality data of Borexino
Phase-II1, besides having been able to yield the first evidence of the presence of the CNO
neutrinos, also holds the potential to discriminate between the contributions from N and
150, a potential which may be interesting to explore by the collaboration.

A.3 Analysis with Correlated Integrated Directionality Method

In a very recent work [29] the Borexino collaboration has presented a combined analysis of
their three phases making use of the Correlated and Integrated Directionality (CID) method,
which aims to enhance the precision of the determination of the flux of CNO neutrinos. In a
nut-shell, the CID method exploits the sub-dominant Cherenkov light in the liquid scintillator
produced by the electrons scattered in the neutrino interaction. These Cherenkov photons
retain information of the original direction of the incident neutrino, hence they can be used to
enhance the discrimination between the solar neutrino signal and the radioactive backgrounds.

Effectively, the CID analysis results into a determination of the total number of solar
neutrinos detected within a restricted range of Np which corresponds to 0.85 MeV < T, <
1.3 MeV for Phase-I and 0.85 MeV < T, < 1.29 MeV for Phase-I1I+III. In this range the
dominant contribution comes from CNO, pep and some ®B. The increased fiducial volume
for this analysis brings the exposures to 740.7 days x 104.3 ton x 55.77% for Phase-I and
2888.0 days x 94.4 ton x 63.97% for Phase-II+III. The resulting number of solar neutrinos
detected is NET = 643f§§i(stat)f§g(sys) for Phase-I and N1 T — 2719fié§(stat)f§§(sys)
for Phase-II+III. After subtracting the expected SSM contribution from pep and B the
Borexino collaboration obtains the posterior probability distributions for the number of CNO
neutrinos shown in figure 9 of ref. [29] (which we reproduce in the left panel in figure 12).
Furthermore, since this new directional information is independent of the spectral information,
the collaboration proceeded to combine these two priors on Neno with the their likelihood
for the Borexino Phase-II1 spectral analysis. This resulted in a slightly stronger dependence
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Figure 12. Left: CID posterior probabilities for the number for Phase-I and Phase-II+III of CNO-v
events after constraining pep and 8B neutrino events to their SSM expectation. Right: dependence of
Ax? on the CNO flux normalization from our fit to the Borexino Phase-III spectra combined with the
CID constraint (blue line) compared to that obtained by the Borexino collaboration (dotted black
line). For comparison we also show the result without CID information (dashed black line).

of the combined likelihood on the CNO-v rate shown in their figure 12 (which we reproduce
in the right panel in figure 12).

In order to account for the CID information in our analysis we try to follow as closely as
possible the procedure of the collaboration. With the information provided on the covered
energy range and exposures for the CID analysis, we integrate our computed spectra of solar
neutrino events in each phase to derive the corresponding total number of expected events in
Phase-1 and Phase-II+III. We then subtract the SSM predictions for pep and 8B neutrinos
from the observed number of events to derive an estimate for CNO neutrinos in Phase-I and
Phase-TI+111, and construct a simple Gaussian x?(Ncno) for Phase-Y (Y=I or II+I1I)

P-Y P-Y P-Y 9
9 Nops — NsSM pep — NSSM,SB — Neno
XCID,P-Y(NCNO) =

op-y

(A.10)

where in op_y we add in quadrature the symmetrized statistical and systematic uncertainties
in the number of observed events.

We plot in the left panel in figure 12 our inferred probability distributions Pp_y(Ncno) o
exp[—x3_.y /2] compared to those from Borexino in figure 9 of ref. [29]. As seen in the figure our
simple procedure reproduces rather well the results of the collaboration for the Phase-II41I1
but only reasonably for Phase-I. This may be due to differences in the reanalysis of the
Phase-1 data by the collaboration in the CID analysis compared to their spectral analysis
of 2011. Our simulations of the Phase-I event rates are tuned to their 2011 and there is
not enough information in ref. [29] to deduce what may have changed. Thus we decide to
introduce in our analysis the CID prior for the Phase-II4III data but not for Phase-I.

We then combine the CID from Phase-1I+111 and Phase-III spectral information as

fpep -

2
1
2 2 2
XCID+BXII test = XBX-11T T ( ) + XCID, P-T1+111 - (A.11)

Opep
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A quantitative comparison with the results of the collaboration for this combined CID +
Phase-1III spectrum analysis is shown in the right panel of figure 12 where we plot the
dependence of our marginalized Ay? on the CNO flux normalization after including the CID
information compared to that obtained by the collaboration in figure 12 of ref. [29]. As seen
in the figure, we reproduce well the improved sensitivity for the lower range of the CNO flux
normalization but our constraints are more conservative in the higher range, though they
still represent an improvement over the spectrum-only analysis.

Altogether, after all these tests and validations we define the x? for the full Borexino
analysis as

XQBX(CUosca ("_jﬂux) = X]23XI ((fvosm ‘Dﬂux) + XQBXH (“Uosca "‘_jﬁux)

+ Xxrr (@oscr Daux) + XQCID,P-HHH@osm Gfiux) - (A.12)

with XQBXIII(QOSC Waux) and X%ID,P-HHII(“UOSC’“_}HHX) in egs. (A.8) and (A.10), respectively. We
finish by noticing that the inclusion of the CID information is not enough to break the
large degeneracy between the 3N and 2'Bi contributions to the spectra discussed in the
previous section.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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