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Abstract. Neutrinos coming from the Sun have played a crucial role in the discovery of
neutrino oscillations and they still are proving to be a unique and powerful tool in the
investigation of the fusion reactions that power the stars, as well as representing a probe to
study the basic neutrino properties. The Borexino detector has started its data acquisition in
2007 in the underground Gran Sasso National Laboratories (LNGS) in Italy. The main goal of
Borexino is the real-time study of low energy neutrinos with an energy threshold as low as about
50 keV. A first phase named Borexino Phase-I started in 2007 and ended in 2010, then after
a purification campaign, data-taking resumed in 2011 with the so-called Borexino Phase-II. 1
will present the recent results of Borexino for the measurement of the four main solar neutrino
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components of the pp fusion chain (pp, pep, "Be, 8B), and the upper limits on the remaining
two solar neutrino fluxes (CNO and hep).

1. Solar neutrinos production and neutrino fluxes

Electron neutrinos (v, ) are copiously produced by thermonuclear reactions that occur in the core
of the stars where protons fuse producing helium, nuclei and energy. Solar neutrinos emitted
by the Sun provide a direct and unique tool to study the properties of the interior of our star.
In stars protons fuse in reactions within the pp chain. Concerning the CNO cycle, the more
massive the star is, the more important is this cycle’s contribution. In the Sun, the pp chain
accounts for about 99%, while the remaining percentage is due to the CNO cycle [1, 2]. In the
middle of 1960s John Bahcall developed a model of the Sun, the Standard Solar Model (SSM),
with the aim to accurately reproduce the physical characteristics of the Sun, in terms of the
spectrum and fluxes of the neutrino components produced therein [3].

Figure 1 and Figure 2 respectively show the pp chain, with the relative branching percentages,
and the CNO cycle — while Figure 3 shows the corresponding predicted neutrino fluxes.

At low energies, the spectrum is dominated by ves coming from the primary proton-proton
reaction and the spectrum extends up to about 18.8 MeV by neutrinos created in the proton
capture of *He. At high energy the spectrum is dominated by neutrino emitted in the 1 decay
of B.

Beside the continuous spectra there are two mono-energetic lines from the electron capture
on ‘Be (E, =0.384 MeV with a BR of ~10% and 0.862 MeV with a BR of ~90%) and one mono-
energetic line from the proton-electron-proton fusion (E, =1.44MeV). Solar v.s are labeled
according to the reaction in which they are produced i.e. pp, hep, B, "Be and pep ves.

The energy spectrum of neutrinos from the CNO cycle is the result of three continuous spectra
with end point energies of 1.19 MeV (13N), 1.73 MeV (}°0) and 1.74 MeV (}"F). Solar neutrinos
emitted by the CNO cycle have never been directly measured and with current technologies it it
practically impossible to disentangle the three contributions. These solar neutrinos are labeled
CNO v,s.
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Figure 1. The pp chain (ppl, ppll, pplll), with branching percentages indicated.
2. Helioseismology and Solar Metallicity Problem

Helioseismology is the science that studies the natural oscillations of the Sun, providing a perfect
tool to determine the structure of the solar interior. In the '90s there was a rapid development
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Figure 2. The CNO cycle.
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Figure 3. Predicted neutrino fluxes from the Standard Solar Model.

of helioseismic observations and analysis techniques, which led to an accurate characterization

of the solar interior.

Recently, the previously excellent agreement between helioseismology measurements and the
SSM has been compromised due to a downward revision of the heavy element content at the
solar surface; from (Z/X) = 0.0229 [5] to (Z/X) = 0.0165 [6].3

3 All elements hevier than helium are called metals and their total abundance by mass is denoted by Z, while
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Table 1. Solar neutrino fluxes foreseen for the LZ-SSM and the HZ-SSM (see text). Units are:
10'° (pp), 10° ("Be), 108 (pep, 3N, 150), 10° (®B,'"F) and 103(hep) cm~2s~!. Table adopted
from [4].

Flux B16-GS98 B16-AGSS09met
é(pp)  5.98 (1£0.006) 6.03 (14 0.005)
d(pep) 1.44 (14£0.01)  1.46 (1 £0.009)
#(hep) 7.98 (14£0.30) 8.25 (1 £0.30)
¢(7Be) 4.93 (14£0.06)  4.50 (14 0.06)
#(®B) 546 (1£0.12) 4.50 (1 £0.12)
H(BN) 278 (1£0.15)  2.04 (1£0.14)
#(*50) 2.05 (14£0.17)  1.44 (1£0.16)
#("F) 529 (14£0.20) 3.26 (1£0.18)

This discrepancy is known as Solar Metallicity Problem (SMP) (see Figure 4). This
problem could be solved either by revisiting the physical inputs of the SSM or modifying the
core abundances, in particular those of carbon, nitrogen and oxygen. In 2009, with a 3-D
hydrodynamical model, a new revision of the abundances of almost all elements in the solar
photosphere has been done [7]. This new result gave a solar abundance (Z/X) = 0.0178.

This three sets of solar abundances (GS98 [5], AGS05 [6], AGSS09 [7]) have been used in [8]
giving rise to two different SSMs named the Low-Metallicity (LZ) SSM and the High-Metallicity
(HZ) SSM. See also [9] and [10].

A possible way to disentangle the LZ-SSM from the HZ-SSM is to measure the "Be, ®B or
CNO neutrino fluxes, which are sensitive to the solar metallicity content.

Table 1 reports the neutrino fluxes expected from the SSM in the case of LZ-SSM and HZ-
SSM [4]. As it can be deduced the difference between the two metallicities is about 9% for "Be
Ve, about 18% for 8B v, and almost 40% for CNO v,.

3. Neutrino flavor conversion in vacuum and matter

The flavor conversion of solar neutrinos is described by simple expressions; the survival
probability is computed numerically to correctly include the number density of scatterers along
the trajectory of neutrinos from the production site to where they will be detected.

For the flavor conversion of solar neutrino, v, and v; are indistinguishable and therefore
the survival probability of v, is the only function that we need in order to describe the flavor
composition of the solar neutrino flux. The solar neutrino survival probability depends on the
solar oscillation parameters 612, Am%l and 613.

For low energy neutrinos the flavor change occurs in vacuum while for high energy neutrinos
flavor change is dominated by matter oscillations (which adjust the previous expression by
the addition of an effective matter potential in the Hamiltonian, effectively shifting the v,
mass upward, through the Mikheev-Smirnov-Wolfenstein (MSW) effect). The transition regime
between vacuum oscillations and matter driven oscillations is at about some MeV. For a review
on solar neutrino flavor conversion in vacuum and matter see [11].

the hydrogen abundance by mass is denoted by X.
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Figure 4. Fractional sound speed difference; in blue the high
metallicity and in red the low metallicity. Figure from [4].

4. Solar Neutrinos Detection

There are two techniques used to detect solar neutrinos. A first one take advantage of
radiochemical (counting) methods; using isotopes which, once having interacted with an electron
neutrino, produce radioactive isotopes whose decay signature can be detected:

Ve +§ X —>§+1 Y +e (1)

A second method is based on elastic scattering of the neutrino off electrons:

Upt+e —uy+e (2)

In real time experiments, all neutrino types undergo this reaction, but for v, and v; the cross
section is about six times smaller than v, at the relevant energies, since it is mediated only by
neutral current (NC) interactions, while for v, charged currents (CC) are also at play.

5. From Homestake to SNO

The first solar neutrino experiment operated continuously from 1970 until 1994 in the Homestake
gold mine in South Dakota [12]. A large tank containing 615 tonnes of liquid perchloroethylene
was exposed to solar neutrinos looking for the reaction v, + 37Cl — 37Ar + e~. Being the
energy threshold of this reaction Ey, = 814 keV, only "Be and ®B neutrinos were detected. The
number of detected neutrinos was only about 1/3 compared to that expected from the SSM,
giving rise to what was dubbed as the Solar Neutrino Problem (SNP).

At the beginning of the 1980s, in the Kamioka mine in Japan, the first real time solar neutrino
detector was built. The KamiokaNDE detector [13] consisted of a large water Cerenkov detector
with a total mass of 3000 tonnes of pure water instrumented with 1000 PMTs. The energy
threshold of the reaction was about Ey, = 7.5 MeV allowing only the detectction of ®B and
hep neutrinos. At the beginning of the '90s a much bigger detector was realized. The Super-
Kamiokande detector, still in operation, consists of an active mass of 50,000 tonnes of pure water
instrumented with 11200 PMTs. The energy threshold was lowered to about E;, = 5.5 MeV
[14]. The number of neutrinos detected with both detectors was about 1/2 lower than expected
by the SSM, strengthening the case for the real existence of the Solar Neutrino Problem.
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In 1990, in order to detect pp neutrinos —whose flux is less model-dependent and hence
more robust to prove the validity of the SSM— two radiochemical experiments, both employing
the reaction v, + "Ga — "'Ge + e, were built. The energy threshold of this reaction is
Eip, = 233 keV. The Gallex experiment was located at the Gran Sasso underground laboratory in
Italy and employed 30 tonnes of natural gallium [15] [16], while the Soviet-American experiment
SAGE was located in the Baksan underground laboratory and employed 50 tonnes of metallic
gallium [17]. The neutrino signal detected both by Gallex and SAGE was smaller than the one
predicted by the SSM by about 60%.

In May 1999 a new solar neutrino detector came into play. The Sudbury Neutrino Observatory
(SNO) located in Creighton Mine in Sudbury, Canada. It consisted of 1000 tonnes of heavy water
viewed by 9600 PMTs allowing to detect neutrinos interacting through both charged currents
(CC) and neutral currents (NC) independently [18]. In the CC interaction, the impinging
neutrino converts the neutron of the deuteron to a proton v, +d — p + p + e¢~. This reaction
is possible only for electron neutrinos, as introduced in the previous subsection. In the NC
interaction, the neutrino dissociates the deuteron, breaking it into its constituent neutron and
proton v, +d — p 4+ n + v,. This reaction is possible for all neutrino flavor types. The ¢cc
flux is given only from ¢,, while the ¢y¢ flux is given by all neutrino types ¢y, ¢y, , by, , as
mentioned above. While the measured flux via ¢c¢ is about 1/3 compared with was expected
from theory the measured flux via ¢n¢ reaction is comparable with the one expected from the
SSM, confirming that actually v, are converted into v, and v; during their travel from the core
of the Sun to Earth and therefore solving the SNP.

6. Borexino

The Borexino detector is located at the Gran Sasso National Laboratories (LNGS) in central
Italy, at a minimum overburden of ~ 1.4 km of rock, equivalent to 3800 m of water. The flux
of cosmic muons which cross the rock shielding and reach the underground halls is ~ 1.2 pu
m~2h~L. Fig. 5 shows a 3D sketch of the detector [19].

The active mass is composed of 278 tonnes of pseudocumene doped with 1.5 g/l of
PPO wavelength shifter in order to enhance the scintillator properties with respect to the
instrumentation’s sensitivity, and it is contained in an 8.5m-diameter nylon Inner Vessel with a
thickness of 125 pm. The Inner Vessel is surrounded by two concentric pseudocumene buffers
doped with a light-emission quencher (DMP). A Stainless Steel Sphere with a diameter of 13.7
m contains the scintillator and buffers. In turn this sphere is enclosed in a Water Tank, in the
shape of a dome, containing 2100 tonnes of ultra-pure water as an additional shield.

The light created by the scintillator is detected by 2212 8” PhotoMultiplier Tubes (PMTs)
distributed on the inner surface of the Stainless Steel Sphere. Into the Water Tank, 208 8”
PMTs detect the Cerenkov light radiated by cosmic muons. The principle of neutrino detection
is based on elastic scattering on electrons in the target material, as introduced in the previous
section.

The light yield of the scintillator is ~10* photons per MeV, corresponding to ~500 detected
photoelectrons per MeV.

The fast time response of ~3 ns allows for the reconstruction of the event’s position by means
of a time-of-flight technique; the accuracy in position reconstruction is within ~13 cm. Thanks
to this position reconstruction it is possible to define a fiducial volume between 75 tonnes and
150 tonnes depending on the analysis type.

The light created in the fluor molecule by the emission of the scattered electron is emitted
isotropically; thus it is impossible to distinguish the light from the signal from the one produced
by 8 and  rays emitted by radioactive isotopes. In order to reach a signal-to-noise ratio on
the order of one, the 238U and 232Th content must be reduced to the level of 10716g(U)/g
corresponding to about one count per day (cpd) per 100 tonnes.
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Figure 5. Sketch of the Borexino detector. The base of the dome-like structure is 18 m in
diameter.

Several techniques have been applied in order to reduce the radioisotope content in the
scintillator — such as distillation, water extraction and nitrogen stripping [20] and [21].

7. First Simultaneous Precision Spectroscopy of pp, ‘Be, and pep
Borexino began to take data in 2007. In 2010 started an extensive purification campaign
consisting of six cycles of closed-loop water extraction that continued for about two years.

In 2012 Borexino resumed taking data with a new phase, namely Phasell. The
radioactive contaminants were significantly reduced; 2**U and 23?Th were reduced at a level
of <9.4x107g/g (95% C.L.) and <5.7x 1079 g/g (95% C.L.) respectively while $5Kr was
reduced by a factor of about 5 and ?'°Bi by a factor of about 2.

Exploiting the number of detected photons and their detection times it is possible to
reconstruct, for each event, the energy, the position and the pulse shape. The energy resolution
is ~50keV at 1 MeV while the hardware energy threshold is IV, > 20, corresponding to ~50 keV.

To suppress cosmogenic backgrounds, events are selected removing internal muons and
applying a 300 ms veto (2 ms for external muons), the total dead-time introduced by these
vetos in about 1.5%.

The fast coincidences of 214Bi -214Po within the 2**U chain and unphysical noise events can
be removed with a fractional loss of good events that is ~0.1% [22].

In order to reduce the background coming from external sources such as the nylon vessel,
the SSS and the PMTs, a Fiducial Volume (FV) cut is software-defined. The FV for most solar
neutrino analyses roughly consists of a cut on the radius R <2.8m and a cut on the vertical
coordinate -1.8 <z< 2.2m; in this way only the innermost region of the scintillator is selected
corresponding to 71.3t of liquid scintillator.

The main background that remains in the fiducial volume after all these cuts comes from the
radioactive isotopes contained in the liquid scintillator: the *C which 3~ decay (Q=156keV),
the o decay of 21Po (E=5.3MeV quenched by a factor ~10 ), the 3Kr which 5~ decays
(Q=0687keV), and the 2'°Bi which 3~ decays (Q =1160keV).

Another important background, in particular for the pp v analysis is due to the pile-up of
uncorrelated events coming from 4C, external background, and 21°Po [22].
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Besides, residual external background comes from v rays emitted by 2°8T1, 2MBi, and 4°K
decays.

The cosmogenic isotope 'C (31 decay, 7 = 29.4min) is continuously produced by muons
crossing the detector through spallation reactions on 2C. In order to suppress this cosmogenic
isotope, the Borexino Collaboration has developed a method based on a Three-Fold Coincidence
(TFC). It it possible to tag events correlated in space and time with a muon and a neutron,
and in order to better disentangle the 'C events, a e* /e~ pulse-shape discrimination is also
applied [23, 24]. The ' C-tagging efficiency of the TFC algorithm is (92 4 4)%.

The strategy to separate the solar v signals from the radioactive background is based on
maximizing a binned likelihood function, through a multivariate approach, built as the product of
four factors which are: (i) the TFC-subtracted spectrum, (ii) the TFC-tagged energy spectrum,
(iii) the pulse shape discrimination parameter PS-Lpr (defined as the maximum value of the
likelihood function L£pgr used in the position reconstruction, divided by the value of the energy
estimator), and (iv) the radial distribution of the events.

Two different approaches have been adopted by the Borexino Collaboration to fit the data.
A first approach is based on the analytical description of the detector response function and a
second one is fully based on MonteCarlo (MC) simulations.

In order to obtain the interaction rates of pp, "Be, and pep neutrinos the energy spectrum has
been fitted together with the decay rates of ®Kr, 2!°Po, 219Bi, ''C, and the external backgrounds
due to v rays emitted by 2°°T1, 214Bi, and “°K.

The interaction rate of CNO vs has been constrained to the value of the HZ-SSM predictions,
including MSW-LMA (Large Mixing Angle) oscillations to 4.92 + 0.55 cpd/100t [4] [25] due to its
degeneracy with the 219Bi spectrum which complicates its determination (due to the uncertainty
in the concentration of the former and the feebleness of the latter), while the contribution from
8B vs has been fixed to the HZ-metallicity rate 0.46 cpd/100t due to its small contribution in
the energy range of interest.

e ("Be v’s) The "Be solar v flux presents two monoenergetic lines at 384keV (B.R.
~ 10%) and 862keV (B.R. ~ 90%). The corresponding rate for the 862keV line is
46.3+1.1702cpd/100t with a total uncertainty of 2.7%.

e (pp v’s) The pp interaction rate is 134 + 10f(150 cpd/100t.

e (pep v's) In order to extract the pep v flux we constrained the CNO v flux. With the
current sensitivity the “Be and pp v interaction rates are not affected by the v’s HZ vs v’s LZ
hypothesis on CNO. However, the pep v interaction rate depends on it, being 0.22 cpd /100t
higher in the case of LZ hypothesis. In both cases the absence of pep reaction in the Sun
is rejected at more than 5o.

e (CNO v’s) The e~ recoil spectrum induced by CNO v’s and the 2'°Bi beta spectrum are
degenerate. For this reason it is impossible to disentangle the two contributions with the
spectral fit and only an upper limit on the CNO neutrinos contribution can be obtained.
To indirectly constraint the pep v’s contribution we exploit the theoretically well known pp
and pep flux ratio at a value of R(pp/pep) = (47.8 & 0.8) considering the HZ case* [4] [25]
obtaining an upper limit on CNO v rate of 8.1¢pd/100t (95 % C.L.).

In Table 2, the solar neutrino Borexino rate results and the correspondence to non-oscillated
fluxes are summarized.

4 Constraining R(pp/pep) to the LZ hypothesis value of 47.5 & 0.8 gives identical results.
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Table 2. Borexino results on solar neutrinos. In the third column the non-oscillated fluxes
assume the MSW-LMA oscillation parameters [25]. The result on pep vs depends on whether
we assume HZ or LZ metallicity for constraining CNO. Table adapted from [22].

Solar v Rate (cpt/100 t) Flux (em2s71)

pp 13441015, (6.1+0.5702) - 101
"Be 48.3+1.1703 (4.99+£0.1115:09) - 10°
pep(HZ) 2434036701  (1.27+0.197519) - 108
(
(

pep(LZ)  2.65+0.36702%  (1.3940.19709%) - 108
0.0154-0.006 0.1740.07
8B 0.223f0_016f0_006 2-57t0.19f0.07) 10

CNO <81(95%C.L.) < 7.9-10%(95%C.L.)

8. Improved measurement of ®B solar neutrinos with 1.5 kt-y exposure

For the measurement of ®B neutrinos we perform a complementary analysis, using the same
analysis framework but setting the energy threshold at 3.2 MeV electron energy (i.e. 1650 p.e.)®.
The dataset is wider compared to the one employed for the previous analysis of pp, "Be, and
pep neutrinos; data have been collected from January 2008 to December 2016 corresponding to
2062.4 live days of data, omitting data during detector operations such as scintillator purification
and calibrations.

The dataset has been split into two energy regions: a low energy range (LE), from 1650 to
2950 p.e., including events from natural radioactivity, and a high energy range (HE), from 2950
to 8500 p.e.. This high energy region is dominated by external 7-rays from neutron capture
processes on the Stainless Steal Sphere.

Whilst HE sample use data from the whole active volume, the LE sample requires a spatial
cut in order to remove the top layer of scintillator because of the presence of PPO solute from
a scintillator leak in the upper buffer fluid volume caused by a small tear in the Inner Vessel
present since early in Borexino’s Phase 1.

The total exposure is 1519 tonnes-years, and the time-averaged mass is 266.045.3 ton%. The
mass fraction, for the LE sample after the z-cut at 2.5 m, is 0.85740.006.

The HE data sample is fitted employing two components; the 8B neutrinos and the external
component from neutron captures. The LE sample requires three additional fit components, all
due to 208T1 isotope that is present in the bulk dissolved in the scintillator, at the surface of the
nylon vessel, and from emanation diffused from the nylon vessel into the outer edge of liquid
scintillator.

e (®B v’s) The counting rate for the ®B is 0.22370-515 509 ¢pd /100t that is in good agreement
with that expected from the HZ-SSM. See Table 2.

9. Measurement of the ratio R between the rates of *He-*He and *He->He

It is possible to measure experimentally the ratio R between the rates of the *He-*He and the
3He-3He reactions occurring within the pp chain, from the pp and "Be v fluxes. [26]. This
value represents the competition between the two primary modes of terminating the pp chain
(encompassing all solar neutrino-producing reactions except CNO) and represents a robust probe
into the solar fusion processes. Neglecting the pep and ®B neutrino contributions, R can be
written as:

5 500 p.e. correspond to about 1 MeV.
6 Assuming a scintillator density of 0.8802 g/cm?®.
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0,027

The measured value by Borexino is R =0.178 J_r07023 which is in agreement with the predicted
values of the SSM for R =0.18040.011 (HZ) and 0.161+0.010 (LZ) [4].

10. Electron neutrino survival probability P..

Figure 6 shows the electron neutrino survival probability as function of the neutrino energy.
The value for flavor conversion parameters from the MSW-LMA solution are taken from [27]
Am?2,=7.50x107° eV?, tan?012=0.441, and tan?13=0.022 (pink distribution in figure). In gray
is reported the case of only vacuum LMA oscillations. For the ®B neutrino flux both the HZ-B16
(GS98) SSM and the LZ-B16 (AGSS09met) SSM are assumed [4] [28] [7]. Dots represent the
Borexino results for pp (red), "Be (blue) and pep (azure). ®B neutrino measurements are in
green for the LE4+HE range, and grey for the separate sub-ranges. For the non-monoenergetic
pp and 8B neutrinos, dots are set at the mean energy of detected neutrinos and weighted on
the detection range in electron recoil energy. The error bars include both experimental and
theoretical uncertainties. The Borexino results are in agreement with the expectation of the
MSW-LMA solution and for the first time they are obtained in a single experiment.
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Figure 6. Electron neutrino survival probability as function of the neutrino energy.

11. Metallicity with "Be and ®B v fluxes

As we stated in section 2 a possible way to disentangle the LZ-SSM from the HZ-SSM is to
measure the "Be, 8B or CNO v fluxes. The difference between these v fluxes in the case of the
two metallicities is about 9% for "Be v,, about 18% for 8B v,. Thanks to Borexino measurements
on ‘Be and ®B v, it is possible to infer a first hint toward the metallicity issue.

Defining the reduced fluxes fg. = ®("Be)/®("Be)uz and fg = ®(®B)/®(®B)uz we can
combine the new Borexino results on v interaction rates and obtain the regions of allowed
values. In Figure 7 the allowed contours, together with the 1o theoretical predictions for LM
and HM SSM, are shown. It seems that, even if not statistically significant, there is a weak hint
in favor of the HZ SSM hypothesis. The discrimination between the LZ and HZ SSM is largely
dominated by the uncertainties in the theoretical models.

12. Toward the CNO »’s measurement
Measuring CNO vs is paramount not only to directly probe the solar metallicity but also, and
in particular, because so far the CNO cycle has never been directly experimentally measured.
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Figure 7. Allowed contours in the fpe-fp parameter space (see text).

According to the SSM, in the case of HZ and LZ predictions, we expect 4.91 +0.52 ¢pd /100t
and 3.52 + 0.37 c¢pd/100t respectively, to be compared with the current Borexino limit <8.1
cpd/100t (95% C.L.).

The most troublesome problem for the CNO v measurement in Borexino is due to the
spectrum from 2'°Bi within the 2**U chain, which is very similar to the elastic scattering signal
from CNO vs. Indeed, the 2!°Bi 8 spectrum is quasi-degenerate with the one coming from
electrons recoiling off from CNO neutrinos. 219Bi is a decay product of 222Rn, and because of this
is found in air and practically on all surfaces. It is sustained by its long-lived daughter 21°Pb, and
is followed by the long-lived o emitter, 2!°Po. To measure the CNO v signal one could determine
the 21°Bi activity by measuring the supported ?'°Po component after the fraction which is out
of equilibrium has decayed. Fortunately, thanks to the a/f discrimination techniques it is
quite easy to identify the « particle from 21°Po — but a precise determination of the steady-
state component is made difficult by background fluctuations caused by scintillator mixing due
to convective motions induced by ambient temperature fluctuations. Starting from 2015 the
Borexino detector has been thermally insulated from the environmental air of the experimental
hall and it is hoped that with this stabler detector, 2'°Bi will become low and constrained enough
to allow for a measurement of CNO neutrinos in the very near future.
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