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Solar neutrino measurements with Borexino 
and prospects for future detectors



Neutrinos as astrophyiscal probes
§ pro: neutrinos are (nearly) mass-less, charge-less elementary particles

that only interact extremely weakly with matter
à ideal probes to investigate the interior of astrophysical objects like

o Supernova explosions

o cosmic accelerators

o the Earth‘s interior

o our Sun
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Neutrinos as astrophyiscal probes
§ pro: neutrinos are (nearly) mass-less, charge-less elementary particles

that only interact extremely weakly with matter
à ideal probes to investigate the interior of astrophysical objects like

o Supernova explosions

o cosmic accelerators

o the Earth‘s interior

o our Sun

§ con: neutrinos are (nearly) mass-less, charge-less elementary particles
that only interact extremely weakly with matter

o detection is notoriously difficult and requires vast 
underground detectors with  excellent radiopurity
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Solar neutrino spectroscopy
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→ What can we learn?

>> Inside view of a 
main sequence star
- hydrogen burning
- conditions of solar interior:

elemental composition,
temperatures, opacities
…

>> Investigate 
neutrino oscillations
- 3-flavor oscillations
- matter effects
- non-standard phenomena
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electromagnetic luminosity
L¤ = 3.85x1026 W

neutrino luminosity
Lv ≈ 2% L¤

flux at Earth
Φγ ≈ 4x1021 /m2s
→	Sγ = 1367 W/m2

Φ# =
$!

%"#→%&
×2        

      ≈ 6.6x1014 /m2s

Back-of-the-envelope solar neutrino flux
Net fusion reaction:    4p  à  4He + 2e+ + 2νe  [+26.7 MeV]
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Standard Solar Model (SSM)
INPUTS
§ Stellar structure equations
§ Equation of state,

plasma physics
§ Nuclear physics
§ Elemental abundances,

opacity of solar matter
§ Surface observations
§ ...

5770K
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precise prediction of
fusion rates and thus
neutrino fluxes

à see talks by
Francesco Villante
Aldo Serenelli



H. Bethe

W. Fowler

Net fusion reaction:    4p  à  4He + 2e+ + 2νe  [+26.7 MeV]

Overview of the solar pp-chain
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Solar neutrino spectrum : pp-neutrinos
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§ flux predictions based on Standard Solar Model (SSM)
§ energy spectra based on nuclear physics/weak interaction

(equation (1)) rate to be 131 6 2 counts per day (c.p.d.) per 100 t of
target scintillator.

The scintillation light generated by a 100 keV event typically induces
signals in ,50 photomultiplier tubes (PMTs). This allows for a low de-
tection threshold (,50 keV), much less than the maximum electron recoil
energy of pp neutrinos (Emax 5 264 keV).

The pp neutrino analysis is performed through a fit of the energy dis-
tribution of events selected to maximize the signal-to-background ratio.
The selection criteria (Methods) remove residual cosmic muons, decays of
muon-produced isotopes, and electronic noise events. Furthermore, to
suppress background radiation from external detector components, only
events whose position is reconstructed inside the central detector volume
(the ‘fiducial volume’: 86 m3, 75.5 t) are used in the analysis. The fit is done
within a chosen energy interval and includes all relevant solar neutrino
components and those from various backgrounds, mostly from resid-
ual radioactivity traces dissolved in the scintillator.

Figure 2 shows a calculation of the spectral shape of the pp neutrino
signal (thick red line), as well as of the other solar neutrino components
(7Be, pep and CNO), and of the relevant backgrounds (14C, intrinsic to
the organic liquid scintillator; its ‘pile-up’ (see definition below); 210Bi;
210Po; 85Kr; and 214Pb), all approximately at the observed rates in the data.
The pp neutrino spectral component is clearly distinguished from those
of 85Kr, 210Bi, CNO and 7Be, all of which have flat spectral shapes in the
energy region of the fit. Most of the pp neutrino events are buried

under the vastly more abundant 14C, which is ab-emitter with a Q value
of 156 keV. In spite of its tiny isotopic fraction in the Borexino scintil-
lator (14C/12C < 2.7 3 10218), 14Cb-decay is responsible for most of the
detector triggering rate (,30 counts s21 at our chosen trigger thresh-
old). The 14C and pp neutrino energy spectra are, however, distinguish-
able in the energy interval of interest.

The 14C rate was determined independently from the main analysis,
by looking at a sample of data in which the event causing the trigger is
followed by a second event within the acquisition time window of 16ms.
This second event, which is predominantly due to 14C, does not suffer
from hardware trigger-threshold effects and can thus be used to study
the rate and the spectral shape of this contaminant. We measure a 14C
rate of 40 6 1 Bq per 100 t. The error accounts for systematic effects due
to detector response stability in time, uncertainty in the 14C spectral
shape27, and fit conditions (Methods).

An important consideration in this analysis were the pile-up events:
occurrences of two uncorrelated events so closely in time that they can-
not be separated and are measured as a single event. Figure 2 shows the
expected pile-up spectral shape, which is similar to that of the pp neutrinos.
Fortunately, the pile-up component can be determined independently,
using a data-driven method, which we call ‘synthetic pile-up’ (Methods).
This method provides the spectral shape and the rate of the pile-up com-
ponent, and is constructed as follows. Real triggered events without any
selection cuts are artificially overlapped with random data samples. The
combined synthetic events are selected and reconstructed using the same
procedure applied to the regular data. Thus, some systematic effects, such
as the position reconstruction of pile-up events, are automatically taken
into account. The synthetic pile-up is mainly due to the overlap of two 14C
events, but includes all possible event combinations, for example 14C with
the external background, PMT dark noise or 210Po. 14C–14C events dom-
inate the synthetic pile-up spectrum between approximately 160 and
265 keV. The fit to the 14C–14C pile-up analytical shape in this energy
region gives a total rate for 14C–14C pile-up events of 154 6 10 c.p.d. per
100 t in the whole spectrum, without threshold.

Measurement of the pp neutrino flux
The data used for this analysis were acquired from January 2012 to
May 2013 (408 days of data; Borexino Phase 2). This is the purest data
set available, and was obtained after an extensive purification campaign
that was performed in 2010 and 201128 and reduced, in particular, the
content of 85Kr and 210Bi isotopes, which are important backgrounds
in the low-energy region.

The pp neutrino rate has been extracted by fitting the measured
energy spectrum of the selected events in the 165–590 keV energy win-
dow with the expected spectra of the signal and background components.
The energy scale in units of kiloelectronvolts is determined from the
number of struck PMTs, using a combination of calibration data col-
lected with radioactive sources deployed inside the scintillator29 and a
detailed Monte Carlo model28.

The fit is done with a software tool developed for previous Borexino
measurements28 and improved for this analysis to include the descrip-
tion of the response of the scintillator to mono-energetic electrons, to
give high statistics; a modified description of the scintillation line-
width at low energy, providing the appropriate response functions
widths for a- and b-particles (mainly from the 210Po and 14C back-
grounds); and the introduction of the synthetic pile-up.

The main components of the fit are the solar neutrino signal (the
dominant pp component and the low-energy parts of the 7Be, pep and
CNO components); the dominant 14C background and the associated
pile-up; and other identified radioactive backgrounds (85Kr, 210Bi,
210Po and 214Pb). The free fit parameters are the rates of the pp solar
neutrinos and of the 85Kr, 210Bi and 210Po backgrounds. The 7Be neut-
rino rate is constrained at the measured value17 within the error, and
pep and CNO neutrino contributions are fixed at the levels of the SSM9,
taking into account the values of the neutrino oscillation parameters25.
The 14C and the synthetic pile-up rates are determined from the data
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Figure 2 | Energy spectra for all the solar neutrino and radioactive
background components. All components are obtained from analytical
expressions, validated by Monte Carlo simulations, with the exception of the
synthetic pile-up, which is constructed from data (see text for details).
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Figure 1 | Solar neutrino energy spectrum. The flux (vertical scale) is given in
cm22 s21 MeV21 for continuum sources and in cm22 s21 for mono-energetic
ones. The quoted uncertainties are from the SSM9.
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Solar neutrino spectrum : CNO cycle
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§ flux predictions based on Standard Solar Model (SSM)
§ energy spectra based on nuclear physics/weak interaction

(equation (1)) rate to be 131 6 2 counts per day (c.p.d.) per 100 t of
target scintillator.

The scintillation light generated by a 100 keV event typically induces
signals in ,50 photomultiplier tubes (PMTs). This allows for a low de-
tection threshold (,50 keV), much less than the maximum electron recoil
energy of pp neutrinos (Emax 5 264 keV).

The pp neutrino analysis is performed through a fit of the energy dis-
tribution of events selected to maximize the signal-to-background ratio.
The selection criteria (Methods) remove residual cosmic muons, decays of
muon-produced isotopes, and electronic noise events. Furthermore, to
suppress background radiation from external detector components, only
events whose position is reconstructed inside the central detector volume
(the ‘fiducial volume’: 86 m3, 75.5 t) are used in the analysis. The fit is done
within a chosen energy interval and includes all relevant solar neutrino
components and those from various backgrounds, mostly from resid-
ual radioactivity traces dissolved in the scintillator.

Figure 2 shows a calculation of the spectral shape of the pp neutrino
signal (thick red line), as well as of the other solar neutrino components
(7Be, pep and CNO), and of the relevant backgrounds (14C, intrinsic to
the organic liquid scintillator; its ‘pile-up’ (see definition below); 210Bi;
210Po; 85Kr; and 214Pb), all approximately at the observed rates in the data.
The pp neutrino spectral component is clearly distinguished from those
of 85Kr, 210Bi, CNO and 7Be, all of which have flat spectral shapes in the
energy region of the fit. Most of the pp neutrino events are buried

under the vastly more abundant 14C, which is ab-emitter with a Q value
of 156 keV. In spite of its tiny isotopic fraction in the Borexino scintil-
lator (14C/12C < 2.7 3 10218), 14Cb-decay is responsible for most of the
detector triggering rate (,30 counts s21 at our chosen trigger thresh-
old). The 14C and pp neutrino energy spectra are, however, distinguish-
able in the energy interval of interest.

The 14C rate was determined independently from the main analysis,
by looking at a sample of data in which the event causing the trigger is
followed by a second event within the acquisition time window of 16ms.
This second event, which is predominantly due to 14C, does not suffer
from hardware trigger-threshold effects and can thus be used to study
the rate and the spectral shape of this contaminant. We measure a 14C
rate of 40 6 1 Bq per 100 t. The error accounts for systematic effects due
to detector response stability in time, uncertainty in the 14C spectral
shape27, and fit conditions (Methods).

An important consideration in this analysis were the pile-up events:
occurrences of two uncorrelated events so closely in time that they can-
not be separated and are measured as a single event. Figure 2 shows the
expected pile-up spectral shape, which is similar to that of the pp neutrinos.
Fortunately, the pile-up component can be determined independently,
using a data-driven method, which we call ‘synthetic pile-up’ (Methods).
This method provides the spectral shape and the rate of the pile-up com-
ponent, and is constructed as follows. Real triggered events without any
selection cuts are artificially overlapped with random data samples. The
combined synthetic events are selected and reconstructed using the same
procedure applied to the regular data. Thus, some systematic effects, such
as the position reconstruction of pile-up events, are automatically taken
into account. The synthetic pile-up is mainly due to the overlap of two 14C
events, but includes all possible event combinations, for example 14C with
the external background, PMT dark noise or 210Po. 14C–14C events dom-
inate the synthetic pile-up spectrum between approximately 160 and
265 keV. The fit to the 14C–14C pile-up analytical shape in this energy
region gives a total rate for 14C–14C pile-up events of 154 6 10 c.p.d. per
100 t in the whole spectrum, without threshold.

Measurement of the pp neutrino flux
The data used for this analysis were acquired from January 2012 to
May 2013 (408 days of data; Borexino Phase 2). This is the purest data
set available, and was obtained after an extensive purification campaign
that was performed in 2010 and 201128 and reduced, in particular, the
content of 85Kr and 210Bi isotopes, which are important backgrounds
in the low-energy region.

The pp neutrino rate has been extracted by fitting the measured
energy spectrum of the selected events in the 165–590 keV energy win-
dow with the expected spectra of the signal and background components.
The energy scale in units of kiloelectronvolts is determined from the
number of struck PMTs, using a combination of calibration data col-
lected with radioactive sources deployed inside the scintillator29 and a
detailed Monte Carlo model28.

The fit is done with a software tool developed for previous Borexino
measurements28 and improved for this analysis to include the descrip-
tion of the response of the scintillator to mono-energetic electrons, to
give high statistics; a modified description of the scintillation line-
width at low energy, providing the appropriate response functions
widths for a- and b-particles (mainly from the 210Po and 14C back-
grounds); and the introduction of the synthetic pile-up.

The main components of the fit are the solar neutrino signal (the
dominant pp component and the low-energy parts of the 7Be, pep and
CNO components); the dominant 14C background and the associated
pile-up; and other identified radioactive backgrounds (85Kr, 210Bi,
210Po and 214Pb). The free fit parameters are the rates of the pp solar
neutrinos and of the 85Kr, 210Bi and 210Po backgrounds. The 7Be neut-
rino rate is constrained at the measured value17 within the error, and
pep and CNO neutrino contributions are fixed at the levels of the SSM9,
taking into account the values of the neutrino oscillation parameters25.
The 14C and the synthetic pile-up rates are determined from the data
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Figure 2 | Energy spectra for all the solar neutrino and radioactive
background components. All components are obtained from analytical
expressions, validated by Monte Carlo simulations, with the exception of the
synthetic pile-up, which is constructed from data (see text for details).
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Figure 1 | Solar neutrino energy spectrum. The flux (vertical scale) is given in
cm22 s21 MeV21 for continuum sources and in cm22 s21 for mono-energetic
ones. The quoted uncertainties are from the SSM9.

RESEARCH ARTICLE

3 8 4 | N A T U R E | V O L 5 1 2 | 2 8 A U G U S T 2 0 1 4

Macmillan Publishers Limited. All rights reserved©2014

CNO

§ subdominant flux
(~1% of total)

§ difficult energy 
range to detect
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Spectral ranges of early solar neutrino experiments
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§ radiochemical: Gallium, Chlorine  à integral measurements
§ Water Cherenkov: Kamiokande  à spectral measurement, high threshold

Chlorine
Gallium

H2O



Predicted vs. observed solar neutrino rates
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Predicted vs. observed solar neutrino rates
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SNO results (2001)



Predicted vs. observed solar neutrino rates
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SNO results (2001)

Charged Current: νe + d → p + p + e-

Neutral Current: νx + d → p + n + νx

Sudbury Neutrino Observatory (SNO)
Heavy Water (D2O) Cherenkov detector

à solar neutrinos change flavor!
νe → νµ/τ



Neutrino masses and mixing
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QM: For massive neutrinos (mν≤	0.2eV) with differing masses,

§ the three neutrino flavor-eigenstates
(taking part in weak interactions)

can be a superposition of

§ the three mass-eigenstates
(propagating through space)

§ The relative fractions of mass in flavor states (and
vice versa) are described by a 3x3-mixing matrix
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à cf. CKM-matrix in quark-sector



Solar neutrinos: two-flavor approximation
✓
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à rate deficit!
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Solar neutrinos: two-flavor approximation
✓
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✓
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SNO detector with
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all neutrino flavors
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e-

neutrinos propagate à oscillate
partial flavor transition νeà νμ

à full rate observed!
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Solar neutrino oscillations in vacuum and matter
§ SNO measured Pee ~ 0.3
§ at high energies, flavor conversion is 

enhanced by matter effects inside the 
dense solar core region!

§ vacuum oscillations only at low energy, 
below detection threshold of SNO

à needs another detector technology
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Energy dependence of Pee before Borexino
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§ quite detailed information on the high energy (8B) region of the spectrum
§ poor information for the sub-MeV regime
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Borexino at Gran Sasso Laboratory
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Borexino at Gran Sasso Laboratory
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Borexino at Gran Sasso Laboratory
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Borexino at Gran Sasso Laboratory
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Inside Borexino
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Inside Borexino
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Inside Borexino
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Neutrino detection in liquid scintillator
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Electron recoil signal in Borexino

(equation (1)) rate to be 131 6 2 counts per day (c.p.d.) per 100 t of
target scintillator.

The scintillation light generated by a 100 keV event typically induces
signals in ,50 photomultiplier tubes (PMTs). This allows for a low de-
tection threshold (,50 keV), much less than the maximum electron recoil
energy of pp neutrinos (Emax 5 264 keV).

The pp neutrino analysis is performed through a fit of the energy dis-
tribution of events selected to maximize the signal-to-background ratio.
The selection criteria (Methods) remove residual cosmic muons, decays of
muon-produced isotopes, and electronic noise events. Furthermore, to
suppress background radiation from external detector components, only
events whose position is reconstructed inside the central detector volume
(the ‘fiducial volume’: 86 m3, 75.5 t) are used in the analysis. The fit is done
within a chosen energy interval and includes all relevant solar neutrino
components and those from various backgrounds, mostly from resid-
ual radioactivity traces dissolved in the scintillator.

Figure 2 shows a calculation of the spectral shape of the pp neutrino
signal (thick red line), as well as of the other solar neutrino components
(7Be, pep and CNO), and of the relevant backgrounds (14C, intrinsic to
the organic liquid scintillator; its ‘pile-up’ (see definition below); 210Bi;
210Po; 85Kr; and 214Pb), all approximately at the observed rates in the data.
The pp neutrino spectral component is clearly distinguished from those
of 85Kr, 210Bi, CNO and 7Be, all of which have flat spectral shapes in the
energy region of the fit. Most of the pp neutrino events are buried

under the vastly more abundant 14C, which is ab-emitter with a Q value
of 156 keV. In spite of its tiny isotopic fraction in the Borexino scintil-
lator (14C/12C < 2.7 3 10218), 14Cb-decay is responsible for most of the
detector triggering rate (,30 counts s21 at our chosen trigger thresh-
old). The 14C and pp neutrino energy spectra are, however, distinguish-
able in the energy interval of interest.

The 14C rate was determined independently from the main analysis,
by looking at a sample of data in which the event causing the trigger is
followed by a second event within the acquisition time window of 16ms.
This second event, which is predominantly due to 14C, does not suffer
from hardware trigger-threshold effects and can thus be used to study
the rate and the spectral shape of this contaminant. We measure a 14C
rate of 40 6 1 Bq per 100 t. The error accounts for systematic effects due
to detector response stability in time, uncertainty in the 14C spectral
shape27, and fit conditions (Methods).

An important consideration in this analysis were the pile-up events:
occurrences of two uncorrelated events so closely in time that they can-
not be separated and are measured as a single event. Figure 2 shows the
expected pile-up spectral shape, which is similar to that of the pp neutrinos.
Fortunately, the pile-up component can be determined independently,
using a data-driven method, which we call ‘synthetic pile-up’ (Methods).
This method provides the spectral shape and the rate of the pile-up com-
ponent, and is constructed as follows. Real triggered events without any
selection cuts are artificially overlapped with random data samples. The
combined synthetic events are selected and reconstructed using the same
procedure applied to the regular data. Thus, some systematic effects, such
as the position reconstruction of pile-up events, are automatically taken
into account. The synthetic pile-up is mainly due to the overlap of two 14C
events, but includes all possible event combinations, for example 14C with
the external background, PMT dark noise or 210Po. 14C–14C events dom-
inate the synthetic pile-up spectrum between approximately 160 and
265 keV. The fit to the 14C–14C pile-up analytical shape in this energy
region gives a total rate for 14C–14C pile-up events of 154 6 10 c.p.d. per
100 t in the whole spectrum, without threshold.

Measurement of the pp neutrino flux
The data used for this analysis were acquired from January 2012 to
May 2013 (408 days of data; Borexino Phase 2). This is the purest data
set available, and was obtained after an extensive purification campaign
that was performed in 2010 and 201128 and reduced, in particular, the
content of 85Kr and 210Bi isotopes, which are important backgrounds
in the low-energy region.

The pp neutrino rate has been extracted by fitting the measured
energy spectrum of the selected events in the 165–590 keV energy win-
dow with the expected spectra of the signal and background components.
The energy scale in units of kiloelectronvolts is determined from the
number of struck PMTs, using a combination of calibration data col-
lected with radioactive sources deployed inside the scintillator29 and a
detailed Monte Carlo model28.

The fit is done with a software tool developed for previous Borexino
measurements28 and improved for this analysis to include the descrip-
tion of the response of the scintillator to mono-energetic electrons, to
give high statistics; a modified description of the scintillation line-
width at low energy, providing the appropriate response functions
widths for a- and b-particles (mainly from the 210Po and 14C back-
grounds); and the introduction of the synthetic pile-up.

The main components of the fit are the solar neutrino signal (the
dominant pp component and the low-energy parts of the 7Be, pep and
CNO components); the dominant 14C background and the associated
pile-up; and other identified radioactive backgrounds (85Kr, 210Bi,
210Po and 214Pb). The free fit parameters are the rates of the pp solar
neutrinos and of the 85Kr, 210Bi and 210Po backgrounds. The 7Be neut-
rino rate is constrained at the measured value17 within the error, and
pep and CNO neutrino contributions are fixed at the levels of the SSM9,
taking into account the values of the neutrino oscillation parameters25.
The 14C and the synthetic pile-up rates are determined from the data
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Figure 2 | Energy spectra for all the solar neutrino and radioactive
background components. All components are obtained from analytical
expressions, validated by Monte Carlo simulations, with the exception of the
synthetic pile-up, which is constructed from data (see text for details).
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Figure 1 | Solar neutrino energy spectrum. The flux (vertical scale) is given in
cm22 s21 MeV21 for continuum sources and in cm22 s21 for mono-energetic
ones. The quoted uncertainties are from the SSM9.
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Background reduction
Energy spectrum in raw data

Number of detected photons
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Fit of residual energy spectrum
§ Fit of known energy spectra of

neutrino signal and radioactive backgrounds
on the acquired data spectrum

§ expected neutrino rate:
 ~1 event per day and ton

§ required radioactive purity:
 < 10-16 g/g uranium+thorium in LS
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Multivariate analysis

Michael Wurm (JGU Mainz) 30Solar neutrinos in BOREXINO



Veto for cosmogenic background
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Veto for cosmogenic background
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Borexino low-energy solar neutrino results
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based on Borexino Phase-2
(2012-2017)
§ energy spectrum of data set

depleted in cosmogenic 11C
§ fit of neutrino signals 

and background spectra
§ rate results consistent with SSM 

predictions incl. oscillations



Borexino’s measurement of Pee
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à presence of vacuum oscillations at low energies (pp, 7Be, pep)
à confirms more precise data in high-energy 8B energy range

Borexino data points only



Borexino’s measurement of Pee

Michael Wurm (JGU Mainz) 35Solar neutrinos in BOREXINO

à presence of vacuum oscillations at low energies (pp, 7Be, pep)
à confirms more precise data in high-energy 8B energy range
à more data needed for vacuum-matter transition (1-5 MeV) à new physics?

Borexino data points only

à MaVaN, sub-eV steriles ...



(equation (1)) rate to be 131 6 2 counts per day (c.p.d.) per 100 t of
target scintillator.

The scintillation light generated by a 100 keV event typically induces
signals in ,50 photomultiplier tubes (PMTs). This allows for a low de-
tection threshold (,50 keV), much less than the maximum electron recoil
energy of pp neutrinos (Emax 5 264 keV).

The pp neutrino analysis is performed through a fit of the energy dis-
tribution of events selected to maximize the signal-to-background ratio.
The selection criteria (Methods) remove residual cosmic muons, decays of
muon-produced isotopes, and electronic noise events. Furthermore, to
suppress background radiation from external detector components, only
events whose position is reconstructed inside the central detector volume
(the ‘fiducial volume’: 86 m3, 75.5 t) are used in the analysis. The fit is done
within a chosen energy interval and includes all relevant solar neutrino
components and those from various backgrounds, mostly from resid-
ual radioactivity traces dissolved in the scintillator.

Figure 2 shows a calculation of the spectral shape of the pp neutrino
signal (thick red line), as well as of the other solar neutrino components
(7Be, pep and CNO), and of the relevant backgrounds (14C, intrinsic to
the organic liquid scintillator; its ‘pile-up’ (see definition below); 210Bi;
210Po; 85Kr; and 214Pb), all approximately at the observed rates in the data.
The pp neutrino spectral component is clearly distinguished from those
of 85Kr, 210Bi, CNO and 7Be, all of which have flat spectral shapes in the
energy region of the fit. Most of the pp neutrino events are buried

under the vastly more abundant 14C, which is ab-emitter with a Q value
of 156 keV. In spite of its tiny isotopic fraction in the Borexino scintil-
lator (14C/12C < 2.7 3 10218), 14Cb-decay is responsible for most of the
detector triggering rate (,30 counts s21 at our chosen trigger thresh-
old). The 14C and pp neutrino energy spectra are, however, distinguish-
able in the energy interval of interest.

The 14C rate was determined independently from the main analysis,
by looking at a sample of data in which the event causing the trigger is
followed by a second event within the acquisition time window of 16ms.
This second event, which is predominantly due to 14C, does not suffer
from hardware trigger-threshold effects and can thus be used to study
the rate and the spectral shape of this contaminant. We measure a 14C
rate of 40 6 1 Bq per 100 t. The error accounts for systematic effects due
to detector response stability in time, uncertainty in the 14C spectral
shape27, and fit conditions (Methods).

An important consideration in this analysis were the pile-up events:
occurrences of two uncorrelated events so closely in time that they can-
not be separated and are measured as a single event. Figure 2 shows the
expected pile-up spectral shape, which is similar to that of the pp neutrinos.
Fortunately, the pile-up component can be determined independently,
using a data-driven method, which we call ‘synthetic pile-up’ (Methods).
This method provides the spectral shape and the rate of the pile-up com-
ponent, and is constructed as follows. Real triggered events without any
selection cuts are artificially overlapped with random data samples. The
combined synthetic events are selected and reconstructed using the same
procedure applied to the regular data. Thus, some systematic effects, such
as the position reconstruction of pile-up events, are automatically taken
into account. The synthetic pile-up is mainly due to the overlap of two 14C
events, but includes all possible event combinations, for example 14C with
the external background, PMT dark noise or 210Po. 14C–14C events dom-
inate the synthetic pile-up spectrum between approximately 160 and
265 keV. The fit to the 14C–14C pile-up analytical shape in this energy
region gives a total rate for 14C–14C pile-up events of 154 6 10 c.p.d. per
100 t in the whole spectrum, without threshold.

Measurement of the pp neutrino flux
The data used for this analysis were acquired from January 2012 to
May 2013 (408 days of data; Borexino Phase 2). This is the purest data
set available, and was obtained after an extensive purification campaign
that was performed in 2010 and 201128 and reduced, in particular, the
content of 85Kr and 210Bi isotopes, which are important backgrounds
in the low-energy region.

The pp neutrino rate has been extracted by fitting the measured
energy spectrum of the selected events in the 165–590 keV energy win-
dow with the expected spectra of the signal and background components.
The energy scale in units of kiloelectronvolts is determined from the
number of struck PMTs, using a combination of calibration data col-
lected with radioactive sources deployed inside the scintillator29 and a
detailed Monte Carlo model28.

The fit is done with a software tool developed for previous Borexino
measurements28 and improved for this analysis to include the descrip-
tion of the response of the scintillator to mono-energetic electrons, to
give high statistics; a modified description of the scintillation line-
width at low energy, providing the appropriate response functions
widths for a- and b-particles (mainly from the 210Po and 14C back-
grounds); and the introduction of the synthetic pile-up.

The main components of the fit are the solar neutrino signal (the
dominant pp component and the low-energy parts of the 7Be, pep and
CNO components); the dominant 14C background and the associated
pile-up; and other identified radioactive backgrounds (85Kr, 210Bi,
210Po and 214Pb). The free fit parameters are the rates of the pp solar
neutrinos and of the 85Kr, 210Bi and 210Po backgrounds. The 7Be neut-
rino rate is constrained at the measured value17 within the error, and
pep and CNO neutrino contributions are fixed at the levels of the SSM9,
taking into account the values of the neutrino oscillation parameters25.
The 14C and the synthetic pile-up rates are determined from the data
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Figure 2 | Energy spectra for all the solar neutrino and radioactive
background components. All components are obtained from analytical
expressions, validated by Monte Carlo simulations, with the exception of the
synthetic pile-up, which is constructed from data (see text for details).
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Figure 1 | Solar neutrino energy spectrum. The flux (vertical scale) is given in
cm22 s21 MeV21 for continuum sources and in cm22 s21 for mono-energetic
ones. The quoted uncertainties are from the SSM9.
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Measurement of CNO neutrinos?

Michael Wurm (JGU Mainz) 36Solar neutrinos in BOREXINO

§ up to now only results on 
dominant pp-chain neutrinos

§ can a first signal be extracted 
on the CNO neutrinos? 

§ SSM prediction: relatively large 
uncertainty due to S-factors

§ strong rate dependence on 
carbon abundance

→ measurement interesting to 
constrain solar metallicity

CNO

à see talks by
Francesco Villante
Aldo Serenelli



CNO neutrinos in the Borexino spectrum
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§ CNO signal mostly covered by other neutrino signals 
à define a narrow Region of Interest

§ spectral degeneracy with 210Bi β-decays dissolved in scintillator
à CNO rate mostly extracted by statistical subtraction

§ in the absence of convection, 210Bi rate can be linked to subsequent 210Po decay rate

uranium decay chain



How to counteract convection in the liquid?
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§ Thermal insulation of the water tank
§ Temperature probes installed
§ Active temperature control (i.e. heaters)

à increase of positive
temperature gradient

à convection mitigated



Deriving an upper constraint on 210Bi rate
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Find 20-ton low-activity region to extract 210Po rate
→ it is crucial to avoid bias in extracted decay rate!
§ 3D paraboloid fit over 2-month periods
§ extract z-position of 210Po minimum over time
§ align paraboloid using previous month’s position

Extrapolate to entire volume
→ it is crucial to make sure

210Bi rate is homogenous!

à Rmin = 11.5±0.88 cpd à 𝛔 = 0.55 cpd



First CNO neutrino rate analysis

Michael Wurm (JGU Mainz) 40Solar neutrinos in BOREXINO

cross check:
counting analysis in ROI
§ apply 210Bi constraint
§ CNO contribution 

required at 3.5σ

spectral fit 
§ include 210Bi constraint as prior
§ CNO rate fit: 7.2!".$%&.'	cpd/100t
§ Absence disfavored at 5.0σ
à first detection of CNO neutrinos



Directional detection (CID) of solar neutrinos

à used for final CNO ν result of Borexino
          [arXiv:2307.14636]
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Updated result on CNO rate measurement

Michael Wurm (JGU Mainz) 42Solar neutrinos in BOREXINO

predictions by SSM depend on input metallicity: LZ=AGSS09 / HZ=GS98
à Bx result favors high values of metallicty

Bx best fit



Solar abundances and neutrino rates
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The chemical composition of the Sun 49
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Figure 3: The predicted spectral line profile of a typical Fe i line from the 3D
hydrodynamical solar model (red solid line) compared with the observations (blue
rhombs). The agreement is clearly very satisfactory, which is the result of the
Doppler shifts arising from the self-consistently computed convective motions that
broaden, shift and skew the theoretical profile. For comparison purposes also the
predicted profile from a 1D model atmosphere (here Holweger & Müller 1974) is
shown; the 1D profile has been computed with a microturbulence of 1 km s−1 and
a tuned macroturbulence to obtain the right overall linewidth. Note that even
with these two free parameters the 1D profile can neither predict the shift nor
the asymmetry of the line.

modeling of Fraunhofer lines (e.g. Fe-I)
Asplund et al. (2008)

solar spectroscopy vs. helioseismology
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Two differing sets of solar metallicity Z
§ based on analyses of Fraunhofer lines
§ cross-checked by helioseismology

data
1D≈GD98≈LZ

3D≈AGSS09≈HZ

à see talks by
Maria Bergemann
Aldo Serenelli



Solar abundances and neutrino rates
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The chemical composition of the Sun 49
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Figure 3: The predicted spectral line profile of a typical Fe i line from the 3D
hydrodynamical solar model (red solid line) compared with the observations (blue
rhombs). The agreement is clearly very satisfactory, which is the result of the
Doppler shifts arising from the self-consistently computed convective motions that
broaden, shift and skew the theoretical profile. For comparison purposes also the
predicted profile from a 1D model atmosphere (here Holweger & Müller 1974) is
shown; the 1D profile has been computed with a microturbulence of 1 km s−1 and
a tuned macroturbulence to obtain the right overall linewidth. Note that even
with these two free parameters the 1D profile can neither predict the shift nor
the asymmetry of the line.

data
1D≈GD98≈LZ

3D≈AGSS09≈HZ

modeling of Fraunhofer lines (e.g. Fe-I)
Asplund et al. (2008)

solar spectroscopy vs. helioseismology

de
vi

at
io

n 
of

 so
un

d 
sp

ee
d

solar radii

LZ

HZ

Two differing sets of solar metallicity Z
§ based on analyses of Fraunhofer lines
§ cross-checked by helioseismology

fusion/neutrino rates depend on Z
o core metallicity
o radiative opacities

Species ΔFn	(Z) ΔFSSM ΔFexp
pp 1.2% 0.6% 11%
pep 2.8% 1.1% 20%
7Be 10% 6% 5%
8B 20% 11% 3%
CNO 38% 16% −



Comparison to solar neutrino results I

Michael Wurm (JGU Mainz) 45Solar neutrinos in BOREXINO

Species ΔFn	(Z) ΔFSSM ΔFexp
pp 1.2% 0.6% 11%
pep 2.8% 1.1% 20%
7Be 10% 6% 5%
8B 20% 11% 3%
CNO 38% 16% −

Two differing sets of solar metallicity Z
§ based on analyses of Fraunhofer lines
§ cross-checked by helioseismology

fusion/neutrino rates depend on Z
o core metallicity
o radiative opacities



Species ΔFn	(Z) ΔFSSM ΔFexp
pp 1.2% 0.6% 11%
pep 2.8% 1.1% 20%
7Be 10% % 5%
8B 20% 11% 3%
CNO 38% 16% .!"#%

%#"%

Comparison to solar neutrino results II

Michael Wurm (JGU Mainz) 46Solar neutrinos in BOREXINO

Bx favored

Two differing sets of solar metallicity Z
§ based on analyses of Fraunhofer lines
§ cross-checked by helioseismology

fusion/neutrino rates depend on Z
o core metallicity
o radiative opacities



Future experiments for solar neutrinos?
§ Borexino concluded data taking in 2021, no dedicated experiments on the horizon
§ but: there are new low-background experiments also sensitive solar neutrinos

Michael Wurm (JGU Mainz) 47Solar neutrinos in BOREXINO

o SNO+
o JUNO
o LXe-experiments

for WIMPs
o DUNE, HK
o Hybrid detectors

What to explore?
o more precise CNO measurement
o Pee vacuum-matter transition region
o precision pp neutrino flux ~1%



SNO+ Experiment
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§ upgrade of SNO with (loaded) liquid scintillator 
to search for neutrino-less double-beta decay 

§ scintillator filled but not yet tellurium-loaded
à potentially excellent sensitivity to CNO-v‘s

§ SNO site is very deep à low cosmogenic BG
à sensitivity depends on radiopurity

§  few years of data taken but no results yet

unloaded SNO+ à 900 tons of scintillator

Recoil spectrum predicted for SNO+

210Bi

pep

CNO



JUNO Neutrino Observatory
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§ located in Jiangmen province, southern China

§ large liquid scintillator detector
scintillator mass : 20,000 t
sphere diameter : 35 m
number of 20“-PMTs : 18,000

§ construction completed in 2024,
currently being filled (60~70%)

§ main motivation:
precision measurement of 
reactor neutrino oscillations
à sub-% level on osc. parameters
à neutrino mass ordering

§ broad astrophysical program
§ solar neutrinos
§ galactic/diffuse Supernova v‘s
§ geo-neutrinos
§ dark matter annihilation



JUNO’s solar neutrino sensitivity
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§ JUNO measures solar neutrinos with the same technique as Borexino
§ by comparison, JUNO features x100 larger detection volume

and x3 better energy resolution à significant increase in instrumental performance
à under ideal conditions, precision for e.g. 7Be-v‘s ~0.2% and CNO-v‘s ~10%
§ however, scintillator background levels from radioactivity likely higher

and more cosmogenic backgrounds due to reduced depth
à stay tuned for first results!



LXe Dark Matter Detectors
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§ current generation of underground 
liquid-xenon detectors searches for 
Dark Matter nuclear recoils (WIMPs)

§ in 2024, both XENONnT and Panda-X 
reported first signs of coherent 
elastic neutrino-nucleus scattering 
(CEvNS) from solar 8B neutrinos

§ both report low-E rate surplusses of 
2-3σ significance over background

§ NC reaction à no impact of flavor 
oscillations on detection rates

§ next generation of experiments will 
feature x10 higher target mass

§ in addition, will look for electron 
scatters at tens of keV energies
à great sensitivity for pp neutrinos
on the sub-% level

ionization signal low à low recoil energy
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Upcoming long-baseline neutrino detectors

Michael Wurm (JGU Mainz) 52Solar neutrinos in BOREXINO

DUNE
à nominal: 4x 10kt LAr-TPCs
à optimized for much higher (GeV+) energies
à but some potential to first detect hep neutrinos

Hyper-Kamiokande
à giant water-Cherenkov detector
     with target mass ~250 kt
à optimized for higher energies
à high-statistics measurement of 8B neutrinos,
      especially day-night effect from Earth matter



New ideas using advanced scintillators
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Organic liquid scintillators can be modified to enhance
their sensitivity to solar neutrinos:

THEIA
hybrid detection of Cherenkov and scintillation photons
§ transparent/slow scintillator
§ fast or wavelength-sensitive light sensors
§ Li-loading of scintillator for CC interaction
à substantially improved background discrimination
à e.g. CNO neutrino flux at better than 10%

SERAPPIS
upgrade of existing small (20t) detector 
(e.g. JUNO‘s pre-detector OSIRIS) for high 
light collection and 14C-depleted scintillator  
§ reduced background levels and better 

spectral separation for pp neutrinos
à 1%-level pp measurement to check
     solar luminosity constraint
à emission of feebly interacting particles



Conclusions
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§ After discovering neutrino oscillations, 
solar neutrinos are useful probes of 
the solar interior

§ Measurements of pp-chain and 
especially CNO neutrinos are sensitive 
to solar (core) metallicity

§ State-of-the-art are liquid-scintillator 
detectors like Borexino, 
with SNO+ and JUNO on the horizon

§ While there are no dedicated solar 
neutrino experiments planned, many 
upcoming experiments potentially offer 
sensitivity: DUNE, HK, XLZD, …

→ path towards more precise
measurements of solar neutrino rates!



§ minor contribution
to solar fusion (~1%)

§ dominant in heavier
and older stars

§ relatively large uncertainties
in nuclear cross sections

fusion rate vs. solar core temperature

The catalyst CNO cycle
Net fusion reaction:    4p  à  4He + 2e+ + 2νe  [+26.7 MeV]
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Astrophysical neutrino sources

Geoneutrinos
radioactive decays of U,Th,K
in Earth crust/mantle

Solar neutrinos
pp/CNO fusion chains

Supernova neutrinos
collapse of Fe core
of a heavy (>8M⊙) star

Diffuse Supernova neutrinos
from all core-collapse SNe
throughout the Universe

Extragalactic neutrinos
from cosmic accelerators
(AGNs, GRBs ...?)

Cosmic Neutrino Background
from the Big Bang (cf. CMB)
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Energy spectrum of astrophysical v‘s

Neutrino energy (eV)

Solar neutrinos

Cosmic Neutrino Background
Supernova neutrinos
(galactic SN)

Atmospheric neutrinos
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Observation of solar neutrinos

electron neutrinos
created in solar
fusion processes

e+

standard solar
neutrino detector
mostly sensitive to
electron neutrinos

ne
ne e-

neutrinos propagate through space
some undergo flavor transition νeà νμ
caused by neutrino oscillations
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§ Sun proposed as intense neutrino sources in 1960‘s
§ several solar ν experiments in the 3-4 decades after:

Homestake, Gallex/GNO+SAGE, (Super-)Kamiokande, SNO
§ ALL found an overall deficit in electron neutrino (𝛎e) flux

à Solar Neutrino Problem
§ SNO could finally show that the deficit is caused by

neutrino flavor transitions 𝜈& ↔ 𝜈',)
§ the corresponding mechanism is ν flavor oscillations Image of Sun in neutrino

light by Super-Kamiokande

e+ nμ



Neutrino masses and mixing
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ν1

ν2

Weak interaction
creates neutrino in
flavor-eigenstate.

e.g. β+-decay
e+

ν3

νe

Different masses create a 
phase difference over time.

as coherent superposition
of mass-eigenstates.

ν1

ν2

ν3

ν?

.

as flavor-eigenstate:
Superposition of mass
eigenstate has changed 
because of phase factors.

𝛎 production 𝛎 propagation 𝛎 detection

W+

p

n

Finite probability to detect 
a different neutrino-flavor!

66%
17%
17%

P = 20% : νe
40% : νµ

 40% : ντ

P=100%

Δ21

Δ32



The Sudbury Neutrino Observatory (SNO)
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§ Water Cherenkov detector
Underground water tank to 
measure neutrino interactions by 
final-state charged particles 

§ Location: Sudbury mine
depth: 2000 m à 6000 mwe

§ Target mass: 1 kt of D2O



Neutrino detection in SNO

10,000 photomultiplier tubes

Event detection:
Cherenkov light e—

v

v

Michael Wurm (JGU Mainz) 61Solar neutrinos in BOREXINO



Detection reactions in heavy water
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d

νe

(CC) on deuterons
 

– sensitive only to νe  

à determine total neutrino flux (all flavors) and νe-flux separately

e-

pp

(NC) on deuterons
 

– sensitive to all flavors

elastic scattering
on electrons (ES)

– mostly νe, but also νμ,τ

d

νx

νx

np

d

g

νx

νx

e- e-

t



SNO result: Neutrino flavor conversion
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Nobel Prize in Physics 2015
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à νμ disappear with the correct 
L/E dependence of oscillations à νe disappear and re-appear as νμ,τ+

à ν‘s undergo flavor oscillations!
à at least 2 ν states have mass!



Solar neutrinos: vacuum oscillation pattern
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oscillation amplitude
depends on sin22θ

oscillation length
is given by 4π/Δm2 oscillation phase depends on L/E:

à P (⌫e ! ⌫e) = 1� sin2(2✓12) sin
2
⇣�m2

21L

4E

⌘

Pee = 1� 1

2
sin2(2✓12)

→ For standard oscillations in
vacuum, energy dependence 
is averaged out:

→ in vacuum, minimum survival 
probability νe→νe is Pee~0.5


