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Figure 3: (Color online) The solar neutrino spectrum, along with the SSM un-

certainties (Serenelli, Haxton & Peña-Garay 2011). A weak branch from the �

decay of 17F that contributes from the CN II cycle is included. The units for the

continuous sources are cm�2 s�1MeV�1.

Extended Data Figure 2 | Survival probability of electron-neutrinos
produced by the different nuclear reactions in the Sun. All the numbers are
from Borexino (this paper for pp, ref. 17 for 7Be, ref. 18 for pep and ref. 19
for 8B with two different thresholds at 3 and 5 MeV). 7Be and pep neutrinos are
mono-energetic. pp and 8B are emitted with a continuum of energy, and the
reported P(ne R ne) value refers to the energy range contributing to the

measurement. The violet band corresponds to the 61s prediction of
the MSW-LMA solution25. It is calculated for the 8B solar neutrinos,
considering their production region in the Sun which represents the
other components well. The vertical error bars of each data point
represent the 61s interval; the horizontal uncertainty shows the neutrino
energy range used in the measurement.
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Experimental channels
• Radiochemical experiments:  

• Neutrinos capture on nuclei to form radioisotopes; isotopes chemically separated 
for counting 

• Chlorine measured a survival probability ~ 1/3; Gallium measured a survival 
probability ~ 1/2 

• Kiloton scale experiments:  

• Super-K, SNO, Borexino measured neutrino electron elastic scattering 

• Borexino first ‘low threshold’ experiment 

• SNO also measured the charged current reactions

Charged current capture of solar neutrinos in xenon dark matter detectors

Louis E. Strigari
Mitchell Institute for Fundamental Physics and Astronomy,

Department of Physics and Astronomy, Texas A&M University, College Station, TX 77845, USA

We calculate the charged-current capture rate of neutrinos on 131Xe in xenon dark matter detec-
tors. The estimated rate is approximately 0.1 event per ton per year. Though subdominant to the
neutrino-electron elastic scattering signal, the capture rate will be appreciable in larger-scale, next
generation xenon-based dark matter experiments. It can be more easily identified by extending to
larger electron recoil energies beyond the canonical ⇠ 1 � 10 keV electron recoil energy window.
This signal may also be di↵erentiated from the larger solar neutrino-electron elastic scattering rate
because of the associated x-rays produced from the Cs-131 decay, with a half-life of 9.7 days.

I. INTRODUCTION

Xenon liquid noble gases are crucial components to the
dark matter search program, establishing world-leading
limits on Weakly-Interacting Massive Particles (WIMPs)
over a mass range ⇠ 10 GeV - 1 TeV [1, 2]. Attaining
the present levels of sensitivity to WIMPs, and improv-
ing upon them in the future, requires an identification of
backgrounds in both nuclear recoil and electronic recoil
bands. In the nuclear recoil band, the backgrounds arise
from single-scatter neutrons from fission of isotopes in
the detector or from cosmic ray interactions. In the fu-
ture, the astrophysical background will arise from coher-
ent neutrino-nucleus scattering of solar and atmospheric
neutrinos [3] will constitute a background of nuclear re-
coils.

In the electron recoil band, radioactivities intrinsic to
Xenon constitute a background at the level of a few ppt.
In future Xenon experiments, Solar neutrinos elastically-
scattering o↵ of electrons will constitute a background in
the electron recoil band. In the WIMP search region of
2-10 keVee (keV electron equivalent), there is expected
to be ⇠ 17 events per ton per year in the electron recoil
band [4] . It is expected that an electron recoil rejection
e�ciency of ⇠ 2 ⇥ 10�4 results in 3.5 ⇥ 10�3 events per
ton per year [5].

To this point, backgrounds from solar neutrinos have
focused on the aforementioned coherent neutrino-nucleus
scattering and elastic neutrino-electron scattering chan-
nels. An additional channel to detect neutrinos, which
has not yet been discussed in the context of dark matter
searches, is charged current neutrino capture,

⌫e + (A,Z) ! (A,Z + 1) + e�. (1)

Radiochemical methods have been traditionally-invoked
to identify solar neutrinos via this reaction [6], which
does not involve tagging the outgoing electron. Proposals
have been put forth to identify the outgoing electron [7, 8]
though this method has yet to be experimentally realized.

In this paper we calculate the rate of pp solar neutrino
interactions from to the charged current capture reaction

⌫e +
131 Xe ! e� +131 Cs. (2)

We calculate the shape of the outgoing electron recoil
spectrum, and discuss the prospects for identifying it.
Though the total event rate from this reaction is much
lower than the rate due to elastic electron-neutrino scat-
tering, there is still an appreciable rate which must be
accounted for in background models for next generation
Xenon experiments [5]. We discuss the prospects for tag-
ging events from this reaction due to the spatial corre-
lation between the outgoing electron and the x-ray that
results from the decay of Cs-131 with a half-light of 9.7
days. We note that the detection of solar neutrinos us-
ing this reaction was first discussed in the context of ra-
diochemical methods [9]. If this signal is identified, it
would be the first real-time detection of solar neutrinos
via charged current capture.

II. CROSS SECTION AND CAPTURE RATE

To determine the capture rate from the cross section
and the solar neutrino flux we follow the long standard
formalism [10]. We consider a Xenon-based detector with
characteristics similar to that of current dark matter
experiments, and take the abundance of 131Xe as the
naturally-occurring value of ⇠ 21%.
Assuming ground state to ground state transitions, the

cross section for Eq. 2 can be determined from the log
ft-value, the spin quantum numbers, and the appropriate
Fermi function [10]. The log ft value for 131Xe is 5.53, and
the relevant spin and parity quantum numbers for the
ground states of the nuclei in the reaction Eq. 2 are 3/2+

for 131Xe and 5/2+ for 131Cs. For the Fermi function
we use the fit results from (REF VOGEL). The Q-value
for ground state transitions is 352 keV, and neglecting
the recoil energy of the nucleus the outgoing electron
energy is related to the incoming neutrino energy as Ee =
E⌫ �Q.
Ground state to ground state transitions can be in-

duced by pp solar neutrinos, which have an endpoint neu-
trino energy of 423 keV. Standard solar models (SSM)
strongly constrain the shape of the pp spectrum and the
flux normalization to be 6 ⇥ 1010 cm�2 s�1. Since the
predicted pp flux is strongly tied to the solar luminosity,
and there is weak dependence on uncertainty in the so-

⌫ + e� ! ⌫ + e� ⌫e + d ! e� + p+ p

⌫ + d ! ⌫ + p+ n



Standard Solar Model Status

• Initially chemically homogeneous  
• Match the luminosity, radius, and surface metal abundance  
• 3D rotational hydro simulations suggest lower metallicity in the Solar core (Asplund 2009) 
• Low metallicity in conflict with heliosiesmology data
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Table 3: Main characteristics of SSMs representative of high-Z (GS98) and low-Z (AGSS09) solar compositions.Models have been computed
including the most up-to-date input physics [64]. Helioseismic constraints are given when available. See text for details.

SFII-GS98 SFII-AGSS09 Helioseismology(!/")⨀ 0.0229 0.0178 —!" 0.0170 0.0134 0.0172 ± 0.002 [65]#" 0.2429 0.2319 0.2485 ± 0.0034 [60]$CZ/$⨀ 0.7124 0.7231 0.713 ± 0.001 [59]⟨&'/'⟩ 0.0009 0.0037 —⟨&*/*⟩ 0.011 0.040 —!# 0.0200 0.0159 —## 0.6333 0.6222 —⟨,#⟩ 0.7200 0.7136 0.7225 ± 0.0014 [66]!ini 0.0187 0.0149 —#ini 0.2724 0.2620 —
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Figure 1: Sound speed and density relative differences between solar models and the Sun as determined from helioseismic inversions [72].
The convective envelope is depicted by the grey area.

is, high-Z models, reproduce overall the most important
seismic constraints. Improvements in the input physics, for
example, radiative opacities and nuclear reaction rates, that
have occurred over the last 10 years introduce only small
changes to the solar structure as seen by helioseismology. On
the other hand, the solar abundance problem arises if the
solar surface composition used to construct SSMs are derived
from the most sophisticated 3D RHD solar model atmo-
spheres.The family of low-Z SSMs does not match any helio-
seismic constraint.

Have we reached the limit where the paradigm of the SSM
is not good enough as a model of the solar interior? Are the
3D-based determinations of solar abundances systematically
underestimating the metallicity of the solar surface? Does
the microscopic input physics in solar models, for example,
radiative opacities, need to be thoroughly revised? It is not
possible to advance answers to these questions, but solar neu-
trino experiments can play an important role in guiding the
research towards the solution of the solar abundance
problem. In the next section, we discuss the current status
on the theoretical predictions of solar neutrino fluxes and the
prospects of using solar neutrinos to constraint the properties
of the solar core.

3.3. Solar Models: Neutrino Fluxes

3.3.1. Production. Based on theoretical arguments and indi-
rect evidence, it has long been believed that the source of
energy of the Sun is the conversion of protons into helium,4p → 4He+2.++2/$+0.The original quest for solar neutri-
nos was indeed the search for the experimental confirmation
of this hypothesis (Under peculiar conditions reached in
advanced phases of stellar evolution, hydrogen can be con-
verted into heliumby other cycles like theNaMg-cycle.While
important for nucleosynthesis or intermediate mass ele-
ments, these processes are not energetically relevant.). In
more detail, hydrogen burning in the Sun (and in all other
hydrogen-burning stars) takes place either through the pp-
chains or theCNO-bicycle [43, 75]. Proton fusion through the
pp-chains is a primary process because only protons need to
be present in the star. On the contrary, the CNO-bicycle is
secondary because the proton fusion relies on, and is regu-
lated by, the abundance of C, N, andOwhich act as catalyzers.
This qualitative difference is very important, since it renders
neutrino fluxes from the CNO-bicyle a very good diagnostic
tool to study properties of the solar core, particularly its com-
position, as it will be discussed below. A general discussion
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is, high-Z models, reproduce overall the most important
seismic constraints. Improvements in the input physics, for
example, radiative opacities and nuclear reaction rates, that
have occurred over the last 10 years introduce only small
changes to the solar structure as seen by helioseismology. On
the other hand, the solar abundance problem arises if the
solar surface composition used to construct SSMs are derived
from the most sophisticated 3D RHD solar model atmo-
spheres.The family of low-Z SSMs does not match any helio-
seismic constraint.

Have we reached the limit where the paradigm of the SSM
is not good enough as a model of the solar interior? Are the
3D-based determinations of solar abundances systematically
underestimating the metallicity of the solar surface? Does
the microscopic input physics in solar models, for example,
radiative opacities, need to be thoroughly revised? It is not
possible to advance answers to these questions, but solar neu-
trino experiments can play an important role in guiding the
research towards the solution of the solar abundance
problem. In the next section, we discuss the current status
on the theoretical predictions of solar neutrino fluxes and the
prospects of using solar neutrinos to constraint the properties
of the solar core.

3.3. Solar Models: Neutrino Fluxes

3.3.1. Production. Based on theoretical arguments and indi-
rect evidence, it has long been believed that the source of
energy of the Sun is the conversion of protons into helium,4p → 4He+2.++2/$+0.The original quest for solar neutri-
nos was indeed the search for the experimental confirmation
of this hypothesis (Under peculiar conditions reached in
advanced phases of stellar evolution, hydrogen can be con-
verted into heliumby other cycles like theNaMg-cycle.While
important for nucleosynthesis or intermediate mass ele-
ments, these processes are not energetically relevant.). In
more detail, hydrogen burning in the Sun (and in all other
hydrogen-burning stars) takes place either through the pp-
chains or theCNO-bicycle [43, 75]. Proton fusion through the
pp-chains is a primary process because only protons need to
be present in the star. On the contrary, the CNO-bicycle is
secondary because the proton fusion relies on, and is regu-
lated by, the abundance of C, N, andOwhich act as catalyzers.
This qualitative difference is very important, since it renders
neutrino fluxes from the CNO-bicyle a very good diagnostic
tool to study properties of the solar core, particularly its com-
position, as it will be discussed below. A general discussion
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FIG. 12. Projection of the Te↵ , ⇢, cos ✓�, and �14 for the
Phase II data. Day events hollow circles and dashed lines.
Night events filled circle and solid lines. Note that the sharp
break in the data in the top panel at 5MeV arises from change
of bin width.

ties as they propagate through the Sun, travel to the
Earth, and then propagate through the Earth. For con-
sistency with previous calculations, and because of the
conservative model uncertainties, we used the BS05(OP)
model [21] to predict the solar neutrino production rate
within the Sun rather than the more recent BPS09(GS)
or BPS09(AGSS09) models [6]. Reference [35] provides
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the results presented below assuming these other solar
models. We used the E⌫ spectrum for 8B neutrinos from
Reference [26], and all other spectra were from Refer-
ence [38].

In previous analyses we used numerical calculations to
construct a lookup table of neutrino survival probability
as a function of the neutrino oscillation parameters. Such
a table was still used to study the entire region of neu-
trino oscillation parameters. Previous analyses of SNO
data combined with other solar neutrino experiments left
only the region referred to as LMA. This analysis used an
adiabatic approximation when calculating neutrino oscil-
lation parameters in that region. We verified that these
two calculations gave equivalent results for a fixed set of
neutrino oscillation parameters in the LMA region. Due
to the improved speed of the adiabatic calculation we
could scan discrete values of both �m2

21
and E⌫ , whereas

the lookup table used previously was calculated at dis-
crete values of �m2

21
/E⌫ , which resulted in small but
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ties as they propagate through the Sun, travel to the
Earth, and then propagate through the Earth. For con-
sistency with previous calculations, and because of the
conservative model uncertainties, we used the BS05(OP)
model [21] to predict the solar neutrino production rate
within the Sun rather than the more recent BPS09(GS)
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the results presented below assuming these other solar
models. We used the E⌫ spectrum for 8B neutrinos from
Reference [26], and all other spectra were from Refer-
ence [38].

In previous analyses we used numerical calculations to
construct a lookup table of neutrino survival probability
as a function of the neutrino oscillation parameters. Such
a table was still used to study the entire region of neu-
trino oscillation parameters. Previous analyses of SNO
data combined with other solar neutrino experiments left
only the region referred to as LMA. This analysis used an
adiabatic approximation when calculating neutrino oscil-
lation parameters in that region. We verified that these
two calculations gave equivalent results for a fixed set of
neutrino oscillation parameters in the LMA region. Due
to the improved speed of the adiabatic calculation we
could scan discrete values of both �m2

21
and E⌫ , whereas

the lookup table used previously was calculated at dis-
crete values of �m2

21
/E⌫ , which resulted in small but
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FIG. 18. Various solar ⌫e survival probability measurements
compared to the LMA prediction for 8B neutrino. Using the
results from Section VI of this paper, the dashed line is the
best fit LMA solution for 8B neutrinos and the gray shaded
band is the 1� uncertainty. The corresponding bands for ⌫es
from the pp and 7Be reactions (not shown) are almost iden-
tical in the region of those measurements. The blue shaded
band is the result of the measurement the 8B neutrino ⌫e sur-
vival probability reported here. The red point is the result of
the Borexino measurement [43] of the survival probability for
⌫es produced by 7Be+e� ! 7Li+⌫e reactions in the Sun. The
blue point is the result of various measurements [41] of the
survival probability for ⌫es produced by p+p ! 2H+ e++ ⌫e

reactions in the Sun; note that these measurements did not
exclusively measure this reaction, so the contribution from
other reactions were removed assuming the best fit LMA so-
lution, and so actually depends on all solar neutrino results.
The uncertainty in absolute flux of the subtracted reactions
was included in the calculation of the total uncertainty of
this point, but the uncertainty due to the neutrino oscillation
probability of these reactions was not. The uncertainty due to
the normalization of the two points by the expected flux was
included. For clarity, this plot illustrates the LMA solution
relative to only a subset of the solar neutrino experimental
results.

A two-flavor neutrino oscillation analysis yielded
�m2

21
= (5.6+1.9

�1.4)⇥10�5 eV2 and tan2 ✓12 = 0.427+0.033
�0.029.

A three-flavor neutrino oscillation analysis combining
this result with results of all other solar neutrino exper-

iments and the KamLAND experiment yielded �m2
21

=
(7.41+0.21

�0.19) ⇥ 10�5 eV2, tan2 ✓12 = 0.446+0.030
�0.029, and

sin2 ✓13 = (2.5+1.8
�1.5)⇥10�2. This implied an upper bound

of sin2 ✓13 < 0.053 at the 95% C.L.
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• Parametric fit to survival probability:

3

tions were detected directly through their production of
Cherenkov light. The total amount of light detected by
the PMT array was correlated with the energy of the
interacting neutrino.

The SNO detector operated in three distinct phases
distinguished by how the neutrons from the NC inter-
actions were detected. In Phase I, the detected neu-
trons captured on deuterons in the D2O releasing a sin-
gle 6.25 MeV �-ray, and it was the Cherenkov light of
secondary Compton electrons or e+e� pairs that was
detected. In Phase II, 2 ⇥ 103 kg of NaCl were added
to the D2O, and the neutrons captured predominantly
on 35Cl nuclei, which have a much larger neutron cap-
ture cross-section than deuterium nuclei, resulting in a
higher neutron detection e�ciency. Capture on chlorine
also released more energy (8.6 MeV) and yielded multi-
ple �-rays, which aided in identifying neutron events. In
Phase III, an array of proportional counters (the Neutral
Current Detection, or NCD, array) was deployed in the
D2O [12].

The proportional counters were constructed of approx-
imately 2 m long high purity nickel tubes welded together
to form longer “strings”. Neutrons were detected via the
reaction

3He + n ! 3H + p, (4)

where the triton and proton had a total kinetic energy of
0.76 MeV, and travelled in opposite directions. The NCD
array consisted of 36 strings filled with 3He, and an ad-
ditional 4 strings filled with 4He that were insensitive to
the neutron signals and were used to study backgrounds.
Energetic charged particles within the proportional coun-
ters produced ionization electrons, and the induced volt-
age caused by these electrons was recorded as a function
of time, referred to as a waveform. To increase the dy-
namic range, the waveform was logarithmically amplified
before being digitized [12].

III. COMBINED ANALYSIS

In this article we present an analysis that combines
data from all three phases of the SNO experiment. The
combination accounts for any correlations in the system-
atic uncertainties between phases. The data were split
into day and night sets in order to search for matter ef-
fects as the neutrinos propagated through the Earth.

The general form of the analysis was a fit to Monte
Carlo-derived probability density functions (PDFs) for
each of the possible signal and background types. As
with previous analyses of SNO data, the following four
variables were calculated for each event recorded with the
PMT array: the e↵ective electron kinetic energy, Te↵ ,
reconstructed under the hypothesis that the light was
caused by a single electron; the cube of the radial posi-
tion, r, divided by 600 cm, ⇢ = (r[cm]/600)3; the isotropy
of the detected light, �14; and the angle of the recon-
structed electron propagation relative to the direction of

the Sun, cos ✓�. Di↵erent algorithms to calculate both
Te↵ and ⇢ were used for the first two phases and the third
phase. References [7, 13, 14] contain detailed descriptions
of how these variables were calculated. The energy de-
posited in the gas of a proportional counter, ENCD, was
calculated for each event recorded with the NCD array,
and the correlated waveform was determined [14].

Although there were multiple sets of data in this fit, the
result was a single �B and energy-dependent ⌫e survival
probability as described in Section III.1. We summarize
the event selection and backgrounds in Section III.2. Sec-
tions III.3 and III.4, respectively, describe the PDFs and
e�ciencies. The method for combining the multiple sets
of data in a single analysis is presented in Section III.5.
Finally, Section III.6 outlines the alternative analyses to
verify the combined analysis.

III.1. Parameterization of the 8B neutrino signal

We fitted the neutrino signal based on an average �B

for day and night, a ⌫e survival probability as a function
of neutrino energy, E⌫ , during the day, P d

ee(E⌫), and an
asymmetry between the day and night survival probabil-
ities, Aee(E⌫), defined by

Aee(E⌫) = 2
P n
ee(E⌫) � P d

ee(E⌫)

P n
ee(E⌫) + P d

ee(E⌫)
, (5)

where P n
ee(E⌫) was the ⌫e survival probability during the

night. This was the same parameterization as we used in
our previous analysis of data from Phases I and II [7].

Monte Carlo simulations assuming the standard solar
model and no neutrino oscillations were used to deter-
mine the event variables for 8B neutrino interactions in
the detector. These simulations were then scaled by the
factors given in Table I.

TABLE I. 8B neutrino interactions scaling factors.

Interaction Day/Night Scaling factor

CC,ESe Day �BPd
ee(E⌫)

ESµ⌧ Day �B[1 � Pd
ee(E⌫)]

CC,ESe Night �BPn
ee(E⌫)

ESµ⌧ Night �B[1 � Pn
ee(E⌫)]

NC Day+Night �B

Unlike our earlier publications [8, 13, 15], this param-
eterization included a constraint on the rate of ES inter-
actions relative to the rate of CC interactions based on
their relative cross-sections. It also had the advantage
that the fitted parameters (�B, P d

ee(E⌫), and Aee(E⌫))
were all directly related to the scientific questions under
investigation. Moreover, it disentangled the detector re-
sponse from the fit result as P d

ee(E⌫) and Aee(E⌫) were
functions of E⌫ as opposed to Te↵ .

Appendix A explains how this parameterization can
be used to describe sterile neutrino models that do not

• Parametric fit to day/night asymmetry:
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TABLE VII: Energy-uncorrelated systematic uncertainties on the spectrum shape. The systematic error of the (unlisted) small
hit cluster cut (only applied below 4.99 MeV) is negligible.

Energy (MeV) 3.49-3.99 3.99-4.49 4.49-4.99 4.99-5.49 5.49-5.99 5.99-6.49 6.49-6.99 6.99-7.49 7.49-19.5
Trigger Efficiency +3.6

−3.3% ±0.8% - - - - - - -
Reconstruction Goodness ±0.6% ±0.7% +0.6

−0.5% ±0.4% ±0.2% ±0.1% ±0.1% ±0.1% ±0.1%
Hit Pattern - - - - - ±0.6% ±0.6% ±0.6% ±0.4%
External Event Cut ±0.1% ±0.1% ±0.1% ±0.1% ±0.1% ±0.1% ±0.1% ±0.1% ±0.1%
Vertex Shift ±0.4% ±0.4% ±0.2% ±0.2% ±0.2% ±0.2% ±0.2% ±0.2% ±0.2%
Background Shape ±2.9% ±1.0% ±0.8% ±0.2% ±0.1% ±0.1% ±0.1% ±0.1% ±0.1%
Signal Extraction ±2.1% ±2.1% ±2.1% ±0.7% ±0.7% ±0.7% ±0.7% ±0.7% ±0.7%
Cross Section ±0.2% ±0.2% ±0.2% ±0.2% ±0.2% ±0.2% ±0.2% ±0.2% ±0.2%
MSG ±0.4% ±0.4% ±0.3% ±0.3% ±0.3% ±1.7% ±1.7% ±1.7% -
Total +5.1

−4.9% ±2.6% +2.4
−2.3% ±0.9% ±0.9% ±2.0% +2.0

−1.9% ±1.9% +0.9
−0.8%

(±1.0%for < 4.89 MeV, 0.6% for > 6.81 MeV) [12], will
shift all energy bins in a correlated manner. The size and
correlation of these uncertainties are calculated from the
neutrino spectrum, the differential cross section, the en-
ergy resolution function, and the size of the systematic
shifts. We vary each of these three parameters (8B neu-
trino spectrum shift, energy scale, and energy resolution)
individually. Fig. 23 shows the result of this calculation.
When we analyze the spectrum, we apply these shifts to
the spectral predictions. When the SK-IV spectrum is
combined with the SK-I, II, and III spectra, the 8B neu-
trino spectrum shift is common to all four phases, while
each phase varies its energy scale and resolution individ-
ually (without correlation between the phases).

C. SK-I/II/III/IV combined spectrum analysis

In order to discuss the energy dependence of the solar
neutrino flavor composition in a general way, SNO [18]
has parametrized the electron survival probability Pee

using a quadratic function centered at 10 MeV:

Pee(Eν) =

c0 + c1

(

Eν

MeV
− 10

)

+ c2

(

Eν

MeV
− 10

)2

, (4.1)

where c0, c1 and c2 are polynomial parameters.
As seen in Fig. 24, this parametrization does not de-

scribe well the MSW resonance based on the oscillation
parameters of either best fit. This is also true for alterna-
tive solutions such as non-standard interactions [20] and
mass-varying neutrinos [21]. However, it is simple, and
the SNO collaboration found that it introduces no bias
when determining oscillations parameters. In addition
to this quadratic function we have explored two differ-
ent alternatives to parametrize the survival probability
in order to study any limitations the quadratic function
might have: an exponential fit and a cubic extension of

Eν in MeV

P ee

0.3

0.32

0.34

0.36

0.38

0.4

0.42

0.44

4 6 8 10 12 14

FIG. 24: νe survival probability Pee based on the oscillation
parameters fit to SK (thick solid green) and all solar neu-
trino and KamLAND data (thick solid blue). The solid yel-
low (cyan) line is the best exponential approximation to the
thick solid green (blue) line. The dashed black (dotted green)
line is the best quadratic (cubic) approximation to the thick
solid green line and the dashed red (dotted pink) line the best
quadratic (cubic) approximation to the thick solid blue.

the quadratic fit. The exponential fit is parametrized as

Pee(Eν) = e0 +
e1
e2

(

e
e2

(

Eν

MeV
−10

)

− 1

)

. (4.2)

This particular functional form allows direct comparison
of e0 and e1 to the quadratic coefficients c0 and c1, if c1
and e1 are small. The parameter e2 controls the “steep-
ness” of the exponential fall or rise. Both exponential
and cubic parametrizations describe the MSW resonance
curve reasonably well as shown in Fig. 24. This is true
for both the SK-only and the solar+KamLAND best-fit
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predict any day/night asymmetry in the sterile neutrino
flux and do not predict any distortion in the sterile E⌫

spectrum [16]. Reference [17] presents a very general
sterile neutrino analysis that includes day versus night
asymmetries.

Due to the broad Te↵ resolution of the detector,
P d
ee(E⌫) was not sensitive to sharp distortions and was

parameterized by

P d

ee(E⌫) = c0 + c1(E⌫ [MeV] � 10) (6)

+c2(E⌫ [MeV] � 10)2,

where c0, c1, and c2 were parameters defining the ⌫e sur-
vival probability. Simulations showed that the fit was not
sensitive to higher order terms in the polynomial. Ex-
panding the function around 10 MeV, which corresponds
approximately to the peak in the detectable 8B neutrino
E⌫ spectrum, reduced correlations between c0, c1, and
c2. For the same reasons, Aee(E⌫) was parameterized by

Aee(E⌫) = a0 + a1(E⌫ [MeV] � 10), (7)

where a0, and a1 were parameters defining the relative
di↵erence between the night and day ⌫e survival prob-
ability. By disallowing sharp changes in the neutrino
signal that can mimic the background signal at low en-
ergies, these parameterizations reduced the covariances
between the neutrino interaction and background rates.

To correctly handle ES events, we simulated ⌫µs with
the same E⌫ spectrum as ⌫es, such that scaling factors
for these interactions in Table I were satisfied. In our pre-
vious analysis [7] we approximated the ⌫µ and ⌫⌧ cross-
section by 0.156 times the ⌫e cross-section, and then in-
cluded an additional systematic uncertainty to account
for the fact that the ratio of the ⌫e to ⌫µ ES cross-section
is not constant as a function of E⌫ .

III.2. Event selection and backgrounds

Table II summarizes the data periods used in this anal-
ysis. We used the same periods of data as our most recent
analyses of data from these phases [7, 8].

TABLE II. Dates for the data in the di↵erent phases used in
this analysis.

Phase Start date End date Total time [days]

Day Night

I November 1999 May 2001 119.9 157.4

II July 2001 August 2003 176.5 214.9

III November 2004 November 2006 176.6 208.6

Event cuts to select good candidates were identical
to those in the previous analyses of these data [7, 8].
The following cuts on the event variables were applied:
⇢ < (550 [cm]/600 [cm])3 = 0.77025, �0.12 < �14 < 0.95,
3.5 MeV < Te↵ < 20.0 MeV for Phases I and II, and
6.0 MeV < Te↵ < 20.0 MeV for Phase III. After these

cuts the data consisted of events from ES, CC, and NC
interactions of 8B neutrinos, and a number of di↵erent
background sources.

Radioactive decays produced two main background
types: “electron-like” events, which resulted from �-
particles or �-rays with a total energy above our
Te↵ threshold, and neutrons produced by the photo-
disintegration of deuterons by �-rays with energies above
2.2 MeV. During Phase III, only the neutron events were
observed from radioactive background decays, due to the
higher Te↵ threshold for that phase.

The radioactive decays of 214Bi and 208Tl within the
regions of the detector filled with D2O and H2O were
major sources of background events. 214Bi is part of the
238U decay chain, but it was most likely not in equilib-
rium with the early part of the decay chain. The most
likely source of 214Bi was from 222Rn entering the D2O
and H2O from mine air. 208Tl is part of the 232Th de-
cay chain. These sources of radiation produced both
electron-like events and photo-disintegration neutrons.
Ex-situ measurements [18, 19] of background levels in the
D2O and H2O provided constraints on the rate of these
decays, as given in Tables XVIII and XIX of Appendix B.

Background sources originating from the AV included
decays of 208Tl within the acrylic, which produced both
electron-like events and photo-disintegration neutrons.
In addition, radon progeny that accumulated on the sur-
face of the AV during construction could create neutrons
through (↵,n) reactions on isotopes of carbon and oxy-
gen within the AV. Near the Te↵ threshold in Phases I
and II the majority of background events originated from
radioactive decays within the PMTs.

Due to the dissolved NaCl in the D2O during Phase
II, calibration sources that produced neutrons, and other
sources of neutrons, led to the creation of 24Na via
neutron capture on 23Na. 24Na decays with a half-life
of approximately 15 hours, producing a low energy �
particle and two �-rays. One of these �-rays has an
energy of 2.75MeV, which could photo-disintegrate a
deuteron. This resulted in additional electron-like events
and photo-disintegration neutrons during Phase II. Peri-
ods after calibrations were removed from the data, but
there were remaining backgrounds.

During Phase III there were additional photo-
disintegration neutron backgrounds due to radioactivity
in the nickel and cables of the NCD array, as well as two
“hotspots” on the strings referred to as K2 and K5. The
estimated number of these background events, given in
Table XIX of Appendix B, were based on previous anal-
yses of these data [14] except for backgrounds from the
K5 hotspot, which was based on a recent reanalysis [20].
The previously estimated number of neutrons observed
in the NCD array due to the K5 hotspot was 31.6 ± 3.7,
which assumed there was Th and a small amount of U in
the hotspot based on both ex-situ and in-situ measure-
ments. Based on measurements performed on the strings
after they were removed from the D2O, it was determined
that the radioactivity was likely on the surface and most



V. NEUTRINO INTERACTION RATES AND
ELECTRON SCATTERING SPECTRUM

The mean value for 8B neutrinos in the sample above
3 MeV (5 MeV) is 75! 13 (46! 8) counts.

The dominant sources of systematic errors are the deter-
minations of the energy threshold and of the fiducial mass,
both already discussed in the previous sections. The first
introduces a systematic uncertainty of þ3:6% #3:2%
(þ 6:1% #4:8% above 5 MeV). The second systematic
source is responsible for a !3:8% uncertainty in the 8B
neutrino rate. A secondary source of systematics, related to
the effect of the energy resolution on the threshold cuts, has
been studied on a simulated 8B neutrino spectrum and is
responsible for a systematic uncertainty of þ0:0% #2:5%
(þ 0:0% #3:0% above 5 MeV).

The total systematic errors are shown in Table IV.
The resulting count rate with E> 3 MeV is

0:22! 0:04ðstatÞ ! 0:01ðsystÞ cpd=100 t

and with E> 5 MeV

0:13! 0:02ðstatÞ ! 0:01ðsystÞ cpd=100 t:

The final energy spectrum after all cuts and residual back-
ground is shown in Fig. 7. It is in agreement with the
scenario which combines the high metallicity standard
solar model, called BPS09(GS98) [13], and the prediction
of the MSW-LMA solution.

VI. SOLAR 8B NEUTRINO FLUX AND NEUTRINO
OSCILLATION PARAMETERS

The equivalent unoscillated 8B neutrino flux, derived
from the electron scattering rate above 5 MeV (Table V)
is ð2:7! 0:4stat ! 0:2systÞ & 106 cm#2 s#1, in good agree-

ment with the SuperKamiokaNDE I and SNO D2O mea-
surements with the same threshold, as reported in Table VI.
The corresponding value above 3 MeV is (2:4! 0:4stat !
0:1systÞ & 106 cm#2 s#1. The expected value for the case of

no neutrino oscillations, including the theoretical uncer-
tainty on the 8B flux from the standard solar model [11–13]
is ð5:88! 0:65Þ & 106 cm#2 s#1 and, therefore, solar !e

disappearance is confirmed at 4:2".
To define the neutrino electron survival probability !Pee

averaged in the energy range of interest, we define the
measured recoiled electron rate R, through the convolution
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FIG. 7 (color online). Comparison of the final spectrum after
data selection and background subtraction (dots) to Monte Carlo
simulations of oscillated 8B interactions, with amplitude from
the standard solar models BPS09(GS98) (high metallicity) and
BPS09(AGS05) (low metallicity), and from the MSW-LMA
neutrino oscillation model.

FIG. 6 (color). Comparison of the final spectrum after data
selection (red dots) to Monte Carlo simulations (black line). The
expected electron recoil spectrum from oscillated 8B ! interac-
tions (filled blue histogram), 208Tl (green), 11Be (cyan), and
external background (violet), are equal to the measured values
in Table III.

TABLE IV. Systematic errors.

Source E > 3 MeV E > 5 MeV
"þ "# "þ "#

Energy threshold 3.6% 3.2% 6.1% 4.8%
Fiducial mass 3.8% 3.8% 3.8% 3.8%
Energy resolution 0.0% 2.5% 0.0% 3.0%
Total 5.2% 5.6% 7.2% 6.8%

TABLE V. Measured event rates in Borexino and comparison
with the expected theoretical flux in the BPS09(GS98) MSW-
LMA scenario [10].

3.0–16.3 MeV 5.0–16.3 MeV

Rate [cpd=100 t] 0:22! 0:04! 0:01 0:13! 0:02! 0:01
"ES

exp [106 cm#2 s#1] 2:4! 0:4! 0:1 2:7! 0:4! 0:2
"ES

exp="
ES
th 0:88! 0:19 1:08! 0:23

G. BELLINI et al. PHYSICAL REVIEW D 82, 033006 (2010)

033006-8

• Borexino, SNO, SK (I-III) indicate the low energy ES data lower than MSW predicts 
• No clear upturn in MSW survival probability not been measured 
• May indicate new physics (e.g. Holanda & Smirnov 2011)

Borexino collaboration

Neutrino-electron elastic scattering 



Super-K IV electron recoil spectrum
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FIG. 25: SK-I, II, III and IV recoil electron spectra divided by the non-oscillated expectation. The green (blue) line represents
the best fit to SK data using the oscillation parameters from the fit to all solar (solar+KamLAND) data. The orange (black)
line is the best fit to SK data of a general exponential or quadratic (cubic) Pee survival probability. Error bars on the data
points give the statistical plus systematic energy-uncorrelated uncertainties while the shaded purple, red and green histograms
give the energy-correlated systematic uncertainties arising from energy scale, energy resolution, and neutrino energy spectrum
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• Possible indication of ‘upturn’ in SK IV spectrum at low energy, but not statistically significant 
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FIG. 4. Distribution of event directions with respect to solar
direction for events with energy in 6.0–15.0MeV.

dioactive isotopes, such as radon, within the detector.
Figure 4 shows the distribution in cos ✓sun of events at
energies above 6 MeV, illustrating the low background
rate. In that energy region the best fit background rate
was 0.25+0.09

�0.07 events/kt-day, much lower than the mea-

sured solar rate in that energy range, 1.03+0.13
�0.12 events/kt-

day. For the region above 6 MeV, this is the lowest back-
ground elastic scattering measurement of solar neutrinos
in a water Cherenkov detector.

IX. CONCLUSION

Described here is the first measurement of the 8B so-
lar neutrino flux as observed by the SNO+ detector in
its water phase using 114.7 days of data. Our results are
consistent with measurements from other experiments,
and serve to provide continued monitoring of reactions
within the core of the Sun.
The low rate of backgrounds above 6MeV, in conjunc-

tion with the measured systematic uncertainties, allows
an accurate measurement of the solar neutrino flux de-
spite the limited size of the dataset. The low background
rates at high energies come primarily from a low rate of
cosmic-ray muons within the detector volume, and allows
the measurement of other physical phenomena, including
invisible nucleon decay [24] and potentially the local re-
actor anti-neutrino flux in the SNO+ water phase. The
presence of radon backgrounds from the internal water
limits this analysis at lower energies. In SNO+’s scintilla-
tor and tellurium loaded phases the internal radioactive
backgrounds will be significantly reduced, allowing fur-
ther measurements of solar neutrinos at lower energies.
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energy bin, a maximum likelihood fit was performed on
the distribution of events in cos ✓sun to determine the rate
of solar neutrino events and the rate of background events
as a function of energy. The expected distribution for
solar neutrino events in cos ✓sun was calculated from MC
simulation. The PDF for background events was taken to
be uniform in cos ✓sun. The best fit flux over all energies
was found by maximizing the product of the likelihoods
from the fit in each energy bin. The resulting likelihood
function is given by

L(S,B, �✓|n, µ✓,�✓) =
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The number of energy bins and angular bins are repre-
sented by NE and N✓ respectively. S is the solar neutrino
interaction rate and is the parameter of interest for this
analysis, Bj is the background rate in each energy bin.
N represents a normalized Gaussian distribution. The �✓
parameter represents an adjustment to the angular res-
olution; µ✓ and �✓ are respectively the best fit and the
constraint on �✓ from the 16N source analysis. The num-
ber of observed counts in the ith angular bin and jth

energy bin is given by nij , and pij(�✓) is the correspond-
ing predicted solar probability density for a given angular
resolution parameter. Pois (k,�) is the value of the Pois-
son distribution at the value k for a rate parameter �.

Systematic uncertainties were propagated by varying
the reconstructed quantities for each simulated event. A
fit was then performed with each modified solar PDF to
determine the e↵ect the systematic uncertainty has on
the final result. Because this analysis relies heavily on
direction reconstruction, the angular resolution (�✓) was
treated as a nuisance parameter in the fit for the solar
flux. Details about the systematic uncertainties can be
found in Ref. [24].

VIII. RESULTS

Figure 2 shows the distribution of events in cos ✓sun for
events over the entire energy range of 5 to 15MeV and
the fit to that distribution. The fit gives a solar event
rate of 1.30 ± 0.18 events/kt-day and background rate
of 10.23± 0.38 events/kt-day. Performing a similar fit in
each individual energy bin yielded a best fit solar flux as a
function of energy. The fits were combined, in accordance
with Eq. 1, yielding an overall best fit flux of

�ES = 2.53+0.31
�0.28(stat.)

+0.13
�0.10(syst.)⇥ 106 cm�2s�1.

This value assumes the neutrino flux consists purely
of electron flavor neutrinos. The result agrees with
the elastic scattering flux published by Super-K,
�ES=(2.345± 0.039)⇥106 cm�2s�1 [26], combining sta-
tistical and systematic errors.
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FIG. 2. Distribution of event direction with respect to solar
direction. The systematic error bar includes angular corre-
lated and uncorrelated errors.

Systematic E↵ect
Energy Scale 3.9%
Fiducial Volume 2.8%
Angular Resolution 1.7%
Mixing Parameters 1.4%
Energy Resolution 0.4%
Total 5.0%

Table III. E↵ect of each systematic uncertainty on the ex-
tracted solar neutrino flux. Systematic uncertainties with
negligible e↵ects are not shown. For asymmetric uncertain-
ties, the larger is shown.

Including the e↵ects of solar neutrino oscillations, us-
ing the neutrino mixing parameters given in Ref. [28] and
the solar production and electron density distributions
given in Ref. [1] gave a best fit solar flux of

�8B = 5.95+0.75
�0.71(stat.)

+0.28
�0.30(syst.)⇥ 106cm�2s�1.

This result is consistent with the 8B flux
as measured by the SNO experiment,
�8B=(5.25± 0.20)⇥106 cm�2s�1 [27], combining
statistical and systematic uncertainties. Figure 3 shows
the best fit solar neutrino 8B event rate in each energy
bin along with the predicted energy spectrum scaled to
the best fit flux, and scaled to the flux measured by
SNO. Each statistical error bar on the measured rate is
a↵ected by both the solar neutrino and background rates
in that energy bin. Table III details how each systematic
uncertainty a↵ects this result.
The upper five energy bins, 6.0–15.0MeV, were an ex-

tremely low background region for this analysis. There
was very little background contamination from cosmo-
genically produced isotopes due primarily to depth of the
detector. The comparatively high rate of backgrounds in
the 5.0–6.0MeV bin comes primarily from decays of ra-
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direction. The systematic error bar includes angular corre-
lated and uncorrelated errors.
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ties, the larger is shown.
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the solar production and electron density distributions
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as measured by the SNO experiment,
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statistical and systematic uncertainties. Figure 3 shows
the best fit solar neutrino 8B event rate in each energy
bin along with the predicted energy spectrum scaled to
the best fit flux, and scaled to the flux measured by
SNO. Each statistical error bar on the measured rate is
a↵ected by both the solar neutrino and background rates
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detector. The comparatively high rate of backgrounds in
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as a function of energy. The expected distribution for
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energy bin is given by nij , and pij(�✓) is the correspond-
ing predicted solar probability density for a given angular
resolution parameter. Pois (k,�) is the value of the Pois-
son distribution at the value k for a rate parameter �.

Systematic uncertainties were propagated by varying
the reconstructed quantities for each simulated event. A
fit was then performed with each modified solar PDF to
determine the e↵ect the systematic uncertainty has on
the final result. Because this analysis relies heavily on
direction reconstruction, the angular resolution (�✓) was
treated as a nuisance parameter in the fit for the solar
flux. Details about the systematic uncertainties can be
found in Ref. [24].
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events over the entire energy range of 5 to 15MeV and
the fit to that distribution. The fit gives a solar event
rate of 1.30 ± 0.18 events/kt-day and background rate
of 10.23± 0.38 events/kt-day. Performing a similar fit in
each individual energy bin yielded a best fit solar flux as a
function of energy. The fits were combined, in accordance
with Eq. 1, yielding an overall best fit flux of
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FIG. 2. Distribution of event direction with respect to solar
direction. The systematic error bar includes angular corre-
lated and uncorrelated errors.
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tracted solar neutrino flux. Systematic uncertainties with
negligible e↵ects are not shown. For asymmetric uncertain-
ties, the larger is shown.

Including the e↵ects of solar neutrino oscillations, us-
ing the neutrino mixing parameters given in Ref. [28] and
the solar production and electron density distributions
given in Ref. [1] gave a best fit solar flux of

�8B = 5.95+0.75
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+0.28
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This result is consistent with the 8B flux
as measured by the SNO experiment,
�8B=(5.25± 0.20)⇥106 cm�2s�1 [27], combining
statistical and systematic uncertainties. Figure 3 shows
the best fit solar neutrino 8B event rate in each energy
bin along with the predicted energy spectrum scaled to
the best fit flux, and scaled to the flux measured by
SNO. Each statistical error bar on the measured rate is
a↵ected by both the solar neutrino and background rates
in that energy bin. Table III details how each systematic
uncertainty a↵ects this result.
The upper five energy bins, 6.0–15.0MeV, were an ex-

tremely low background region for this analysis. There
was very little background contamination from cosmo-
genically produced isotopes due primarily to depth of the
detector. The comparatively high rate of backgrounds in
the 5.0–6.0MeV bin comes primarily from decays of ra-
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flux. Details about the systematic uncertainties can be
found in Ref. [24].
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FIG. 2. Distribution of event direction with respect to solar
direction. The systematic error bar includes angular corre-
lated and uncorrelated errors.
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Including the e↵ects of solar neutrino oscillations, us-
ing the neutrino mixing parameters given in Ref. [28] and
the solar production and electron density distributions
given in Ref. [1] gave a best fit solar flux of
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This result is consistent with the 8B flux
as measured by the SNO experiment,
�8B=(5.25± 0.20)⇥106 cm�2s�1 [27], combining
statistical and systematic uncertainties. Figure 3 shows
the best fit solar neutrino 8B event rate in each energy
bin along with the predicted energy spectrum scaled to
the best fit flux, and scaled to the flux measured by
SNO. Each statistical error bar on the measured rate is
a↵ected by both the solar neutrino and background rates
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uncertainty a↵ects this result.
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genically produced isotopes due primarily to depth of the
detector. The comparatively high rate of backgrounds in
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FIG. 33: Contours of ∆m2
21 vs. tan2 θ12 from the SK-IV (left panel) and SK-I/II/III/IV (right panel) spectral+day/night data
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about one standard deviation because for low energy so-
lar neutrinos the survival probability (e.g 7Be) is about
(1 − 1

2 sin
2(2θ12)) cos4(θ13) while the MSW effect causes

a high energy (8B) solar neutrino survival probability
of sin2(θ12) cos4(θ13). This results in a correlation of
sin2(θ12) and sin2(θ13) for high energy neutrinos and an

anti-correlation for low energy neutrinos. KamLAND re-
actor neutrino data has the same anti-correlation as the
low energy solar neutrinos because in both cases matter
effects play a minor role. Therefore the significance of
non-zero θ13 increases in the solar+KamLAND data com-
bined fit to about two σ, favoring sin2 θ13 = 0.028±0.015.

• Approximately 2sigma difference between 
reactor and solar measurements of solar 
mass splitting (Maltoni and Smirnov 2015) 

• Mostly from day-night asymmetry in Super-K 
data  

• Solutions in the form of Non-Standard 
Interactions (NSI)
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FIG. 29: Allowed survival probability 1 σ band from the com-
bined data of SK and SNO (red). Also shown are predictions
based on the oscillation parameters of a fit to all solar data
(green) and a fit to all solar+KamLAND data (blue). The
pastel colored bands are the separate SK (green) and SNO
(blue) fits.

the pp and CNO neutrino flux constraints from all solar
data [23] and the 7Be, the pep and the 8B flux measure-
ment of the Borexino experiment [24]. The SK and SNO
combined allowed band (and the other solar data) are in
good agreement with the MSW curves (based on different
parameters: blue=solar+KamLAND best fit, data best
fit, green=solar best fit).

V. DAY/NIGHT ASYMMETRY

The matter density of the Earth affects solar neutrino
oscillations while the Sun is below the horizon. This so
called “day/night effect” will lead to an enhancement of
the νe flavor content during the nighttime for most oscil-
lation parameters. The most straightforward test of this
effect uses the solar zenith angle θz (defined in Fig. 17)
at the time of each event to separately measure the solar
neutrino flux during the day ΦD (defined as cos θz ≤ 0)
and the night ΦN (defined as cos θz > 0). The day/night
asymmetry ADN = (ΦD − ΦN )/ 1

2 (ΦD + ΦN ) defines a
convenient measure of the size of the effect.
A more sophisticated method to test the day/night

effect is given in [1, 25]. For a given set of oscillation pa-
rameters, the interaction rate as a function of the solar
zenith angle is predicted. Only the shape of the cal-
culated solar zenith angle variation is used; the ampli-
tude is scaled by an arbitrary parameter. The extended
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maximum likelihood fit to extract the solar neutrino sig-
nal (see section III C) is expanded to allow time-varying
signals. The likelihood is then evaluated as a function
of the average signal rates, the background rates and a
scaling parameter, termed the “day/night amplitude”.
The equivalent day/night asymmetry is calculated by
multiplying the fit scaling parameter with the expected
day/night asymmetry. In this manner the day/night
asymmetry is measured more precisely statistically and
is less vulnerable to some key systematic effects.
Because the amplitude fit depends on the assumed

shape of the day/night variation (given for each energy
bin in [25] and [1]), it necessarily depends on the os-
cillation parameters, although with very little depen-
dence expected on the mixing angles (in or near the
large mixing angle solution and for θ13 values consis-
tent with reactor neutrino measurements [26]). The fit
is run for parameters covering the MSW region of oscil-
lation parameters (10−9 eV2 ≤ ∆m2

21 ≤ 10−3 eV2 and
10−4 ≤ sin2 θ12 < 1), and values of sin2 θ13 between 0.015
and 0.035.

A. Systematic uncertainty on the solar neutrino
amplitude fit day/night flux asymmetry

1. Energy scale

True day (night) solar neutrino events will mostly be
coming from the downward (upward) direction, and so
the directional dependence of the SK light yield or en-

SNO

SK



Updated Borexino 8B results 

• ES flux in agreement with SK, 
factor of 2 improvement over 
previous Borexino 8B results 

11

Neutrino Energy [MeV]
0 2 4 6 8 10 12 14

Ar
bi

tra
ry

 U
ni

t
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

FIG. 12. The 8B neutrino energy spectrum (black) and the
portions of the same spectrum contributing to the LE (red),
HE (blue), and LE+HE (green) energy windows used in this
analysis. No flavor transformation is assumed. The error
bands are obtained by combining statistical and systematic
uncertainties of the measured rates.

Figure 12 shows the fraction of the 8B neutrino spec-
trum generating scattered electrons falling in the LE, HE,
and combined LE+HE ranges. The corresponding neu-
trino mean energies are 7.9 MeV, 9.9 MeV, and 8.7 MeV
respectively.

For each range, we calculate the average electron neu-
trino survival probability, P̄ee, according to the MSW-
LMA model and following the same procedure used
in [19]. This is shown, together with P̄ee for other so-
lar neutrino sources, in Figure 13. We find P̄ee in the
LE+HE range, including the uncertainty on the solar
neutrino flux, equal to 0.36±0.08, in good agreement with
the expected value (0.335±0.008). The 8B neutrino rates
for the LE and HE ranges are fully compatible (albeit
with weak discrimination power) with the presence of an
“upturn” of P̄ee in the transition region between matter
and vacuum flavor conversion predicted by MSW-LMA.

It is interesting to alternatively consider the low metal-
licity solar model AGSS09met [26], which predicts almost
identical (to the percent level) pp and pep neutrino fluxes
and significantly reduced 7Be and 8B neutrino fluxes by
⇠18% with respect to high metallicity models. Figure 14
shows P̄ee for the low-Z case. The average electron neu-
trino survival probability for the LE+HE 8B solar neu-
trino increases in this case to 0.479±0.09. The ensemble
of solar neutrino measurements by Borexino show some
tension with low-Z solar models.

The combination of solar neutrino measurements by
Borexino (8B from this work, pp and 7Be from [28]),
by SuperKamiokande [14] and by SNO [20] prefers the
high-Z solar model at ⇠2 � (p-value = 0.956), while
it is less compatible with the low-Z model (⇠0.6 �,
p-value = 0.465). Using Borexino data only, the high-Z
solar model is preferred at 3.1 �, while the low-Z
one is compatible at 0.3 � only. The discrimination
between the two models solely based on 8B, pp, and 7Be
neutrino rates is limited by SSM uncertainties. It is
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[47]). Dots represent the Borexino results from pp (red), 7Be
(blue), pep (azure), and 8B neutrino measurements (black for
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and 8B dots are set at the mean energy of detected neutrinos,
weighted on the detection range in electron recoil energy. The
error bars include experimental and theoretical uncertainties.
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noteworthy that a measurement of CNO solar neutrinos
with 10-15% precision, whose flux predictions vary by
⇠30% between high-Z and low-Z models, has the poten-
tial to definitively settle the solar metallicity controversy.
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the expected value (0.335±0.008). The 8B neutrino rates
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It is interesting to alternatively consider the low metal-
licity solar model AGSS09met [26], which predicts almost
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⇠18% with respect to high metallicity models. Figure 14
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trino survival probability for the LE+HE 8B solar neu-
trino increases in this case to 0.479±0.09. The ensemble
of solar neutrino measurements by Borexino show some
tension with low-Z solar models.
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with 10-15% precision, whose flux predictions vary by
⇠30% between high-Z and low-Z models, has the poten-
tial to definitively settle the solar metallicity controversy.
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from the rate of 212BiPo coincidences. The weak anti-
correlation coefficient (�0.299) between 8B neutrinos and
208Tl substantiates the ability of the fit to discriminate
between these two distributions.

The best-fit rate of 8B neutrinos, after subtraction of
residual backgrounds itemized in table III, is 0.133±0.013
cpd/100 t for the LE energy range and 0.087+0.008

�0.010
cpd/100 t for the HE window. The total rate above 1650
p.e. is 0.220+0.015

�0.016 cpd/100 t.
The result from the fit is stable (within 1 �stat) to

changes of the histogram binning and to a ±3% linear
distortion of the simulated radius. A slight decrease in
the normalized �2 was observed by multiplying the sim-
ulated radius by 1.015, improving the agreement at large
radii, small enough to raise any issue with the radius in
the model.

The fitted 8B neutrino interaction rates were tested to
be stable to changes of the response function used for de-
convolving (convolving) the 212Bi (208Tl) spatial distri-
bution, determining the radial profile of the emanation
208Tl component (see Fig. 5). Its stability was specifi-
cally tested with a response function simulating events
located 6 cm away from the IV, inside the scintillator,
and no appreciable effect was observed.

Finally, we tested the fit stability against variations of

the radial shape of the neutron capture �-rays compo-
nent, assuming the limiting cases of neutrons exclusively
capturing on the SSS or the buffer fluid, shown in Fig-
ure 8. A smaller normalized �2 is obtained when consid-
ering neutron captures on SSS only, but the 8B neutrino
rate is stable within statistical uncertainty.

The systematic sources mostly affecting the result are
the determination of the active mass and the uncertainty
on the energy scale (both discussed in section IV), and
the z-cut applied in the LE range. To quantify the effect
of the latter, we performed the fit with a modified z-
cut, ±0.5 m around the chosen value (2.5 m). The other
systematic effects were evaluated with Monte Carlo sim-
ulations. Subdominant sources of systematic uncertainty
relate to the scintillator density and to the live time es-
timation. Systematic uncertainties for the LE and HE
ranges are collected in Table IV.

TABLE IV. Systematic sources and percentage uncertainties
of the measured rates in the LE, HE, and LE+HE ranges.

LE HE LE+HE
Source � � �
Active mass 2.0 2.0 2.0
Energy scale 0.5 4.9 1.7
z-cut 0.7 0.0 0.4
Live time 0.05 0.05 0.05
Scintillator density 0.5 0.5 0.5
Total 2.2 5.3 2.7

In summary, the final 8B solar neutrino rates in the
LE, HE, and combined energy regions are:

RLE = 0.133+0.013
�0.013 (stat)

+0.003
�0.003 (syst) cpd/100 t,

RHE = 0.087 +0.08
�0.010 (stat)

+0.005
�0.005 (syst) cpd/100 t,

RLE+HE = 0.220+0.015
�0.016 (stat)

+0.006
�0.006 (syst) cpd/100 t.

The precision on the LE+HE 8B rate measurement is
⇠8%, improved by more than a factor 2 with respect to
our previous result [19].

VII.
8
B NEUTRINO FLUX AND SURVIVAL

PROBABILITY

The measured 8B solar neutrino rate in the LE+HE
range is in good agreement with 0.211±0.025 cpd/100t,
i.e. that expected from the B16 SSM [24] with high
metallicity (GS98 [27]), and assuming MSW+LMA
flavor transformation. The equivalent flavor-stable
8B neutrino flux inferred from this measure-
ment is 2.55+0.17

�0.19(stat)
+0.07
�0.07(syst)⇥106 cm�2s�1, in

good agreement with the previous Borexino re-
sult of 2.4±0.4⇥106 cm�2s�1 [19] and with the
high-precision measurement by SuperKamiokande,
2.345±0.014(stat)±0.036(syst)⇥106 cm�2 s�1 [14]).
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Figure 2. Same as Fig. 1 but without the luminosity constraint, Eq. (2.10).

in perfect agreement with the SSMs which predict Lcno/L�  1% at the 3� level. Note that

the same comment as on the f13N and f15O fluxes applies to the total CNO luminosity, so

we can understand the result in Eq. (3.3) e↵ectively as an upper bound on the contribution

of the CNO-cycle to the Sun Luminosity: Lcno/L�  2.2% at 99% CL.

In order to check the consistency of our results we have performed the same analysis

without imposing the luminosity constraint, Eq. (2.10). The corresponding results for

p(fi|D, /L�) and the two-dimensional allowed regions are shown in Fig. 2. As expected, the

pp flux is the most a↵ected by the release of this constraint. This is so because the pp

reaction gives the largest contribution to the solar energy production, as can be seen in

Table 1. Hence, using the luminosity constraint only as an upper bound would imply that

the pp flux cannot exceed its SSM prediction by more than 9%, while completely removing

this constraint allows for a much larger pp flux. The pep flux is also severely a↵ected due

to its strong correlation with the pp flux, Eq. (2.9). On a smaller scale the CNO fluxes

are also a↵ected, mainly as an indirect e↵ect due to the modified contribution of the pp

and pep fluxes to the Gallium and Chlorine experiments, which leads to a change in the

allowed CNO contribution to these experiments. Thus in this case we get:

fpp = 1.04± 0.08 [+0.22
�0.20] ,

f7Be = 0.97+0.04
�0.05 [±0.12] ,

fpep = 1.05± 0.08 [+0.23
�0.20] ,

f13N = 1.7+2.8
�1.0 [

+8.4
�1.6] ,

f15O = 0.6+0.7
�0.4 [ 2.6] ,

f17F  15 [47] .

(3.4)

– 8 –

|log(odds)| odds Interpolation

< 1.0 . 3 : 1 Inclusive

1.0 ' 3 : 1 Weak evidence

2.5 ' 12 : 1 Moderate evidence

5.0 ' 150 : 1 Strong evidence

Table 2. Values of Je↵rey’s scale used for the interpretation of model odds.

The determination of the 8B and hep fluxes (as well as the oscillation parameters) is

basically una↵ected by the luminosity constraint.

Interestingly, the idea that the Sun shines because of nuclear fusion reactions can

be tested accurately by comparing the observed photon luminosity of the Sun with the

luminosity inferred from measurements of solar neutrino fluxes. We find that the energy

production in the pp-chain and the CNO-cycle without imposing the luminosity constraint

are given by:

Lpp-chain

L�
= 1.03+0.08

�0.07 [
+0.21
�0.18] and

Lcno

L�
= 0.008+0.005

�0.004 [
+0.014
�0.007] . (3.5)

Comparing Eqs. (3.3) and (3.5) we see that the luminosity constraint has only a limited

impact on the amount of energy produced in the CNO-cycle. However, as discussed above,

the amount of energy in the pp-chain can now significantly exceed the total quantity allowed

by the luminosity constraint. Altogether we find that the present value for the ratio of the

neutrino-inferred solar luminosity, L�(neutrino-inferred), to the photon luminosity L� is:

L�(neutrino-inferred)

L�
= 1.04[+0.07

�0.08] [
+0.20
�0.18] . (3.6)

Thus we find that, at present, the neutrino-inferred luminosity perfectly agrees with the

measured one, and this agreement is known with a 1� uncertainty of 7%, which is a factor

two smaller than the previous best determination [25].

4 Comparison with the Standard Solar Models

Next we compare the results of our determination of the solar fluxes with the expectations

from the solar models, SSM=GS (for GS98) and SSM=AGS (for AGSS09). In order to

do so we use the predictions hf ssm
i i for the fluxes, the relative uncertainties �ssm

i and their

correlations ⇢ssmij in both models as obtained from Refs. [10, 58]. The prior distribution

⇡(~f |SSM) with maximum entropy (i.e., minimum information) satisfying these constraints

is a multivariate normal distribution, and this is what we assume in what follows. In Fig. 3

we show the marginalized one-dimensional probability distributions for the solar neutrino

fluxes as determined by our analysis including the luminosity constraint, together with the

corresponding prior distributions for the two SSMs.

– 9 –
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Abstract: We present an update of the determination of the solar neutrino fluxes from a

global analysis of the solar and terrestrial neutrino data in the framework of three-neutrino

mixing. Using a Bayesian analysis we reconstruct the posterior probability distribution

function for the eight normalization parameters of the solar neutrino fluxes plus the relevant

masses and mixing, with and without imposing the luminosity constraint. We then use

these results to compare the description provided by di↵erent Standard Solar Models. Our

results show that, at present, both models with low and high metallicity can describe

the data with equivalent statistical agreement. We also argue that even with the present

experimental precision the solar neutrino data have the potential to improve the accuracy

of the solar model predictions.
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FIG. 1. Multivariate fit results (an example obtained with the MC method) for the TFC-subtracted (left) and the TFC-tagged
(right) energy spectra, with residuals. The sum of the individual components from the fit (black lines) are superimposed on
the data (grey points).
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tion rates: (i) the light yield, (ii) a resolution parameter
which accounts for the non-uniformity of the response
and is relevant for the high-energy part of the spectrum,
(iii) a resolution parameter which accounts for the intrin-
sic resolution of the scintillator and e↵ectively takes into
account other contributions at low energy, (iv) the posi-
tion and width of the 210Po-↵ peak (to account for non-
uniform and time-varying spatial distribution of 210Po
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FIG. 3. Results of the fit for TFC-subtracted energy spectrum
zoomed in to the lowest energy region (an example obtained
with the analytical method) and residuals.

in the detector), and (v) the starting point of the 11C
spectrum, corresponding to the annihilation of the two
511 keV �’s. Leaving the above listed parameters free
gives the analytical fit the freedom to account for second-
order unexpected e↵ects or unforeseen variations of the
detector response in time.
The second method is based on the Borexino MC [14],

a customized Geant4-based simulation package [17],
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0.02 [20]) is found to be: �(7Be)= (5.00±0.15)⇥ 109 cm2/s�1;
�(8B)= (5.08± 0.10)⇥ 106 cm2/s�1; tan2✓12 =0.47± 0.03;
�m2

12 =7.5⇥10�5± 0.2 eV2.

metallicity solar models is now largely dominated by the-
oretical uncertainties.

Following the procedure described in [12], we combine
our new result on the 7Be solar ⌫ interaction rate with all
the solar and KamLAND data and obtain the regions of
allowed values for the reduced fluxes fBe and fB (fBe =
�(7Be)/�(7Be)HZ, fB = �(8B)/�(8B)HZ). Fig. 5 shows
the allowed contours together with the 1� theoretical pre-
dictions for high metallicity and low metallicity SSM.

The pp interaction rate is consistent with our previ-
ous result and its uncertainty is reduced by about 20%.
The combination of the Borexino results on pp and 7Be ⌫
fluxes can be used to measure experimentally for the first
time the ratio R between the rates of the 3He-4He and
the 3He-3He reactions occurring in the pp chain inside
the Sun [21]. The value of R reflects the competition
between the two primary modes of terminating the pp
chain and hence is a critical probe of solar fusion. By ne-
glecting the pep and 8B ⌫ contribution, R can be written
as 2�(7Be)/[�(pp)-�(7Be)] . We find R=0.18± 0.02, in
agreement with the most up-to-date predicted values for
R=0.180± 0.011 (HZ) and 0.161± 0.010 (LZ) [4].

The correlation between the CNO and pep ⌫ interac-
tion rates is broken by constraining the CNO one. The
7Be and pp ⌫ interaction rates are not a↵ected by the hy-
pothesis on CNO ⌫’s within our sensitivity. However, the
pep ⌫ interaction rate depends on it, being 0.22 cpd/100 t
higher if the LZ hypothesis is assumed (see Table I).

The��2 profile obtained by marginalizing the pep rate
is shown in Fig. 6 (left) for both the HZ and LZ assump-
tions on CNO ⌫ rate. Both curves are symmetric and
allow us to establish, for the first time, that the absence

of pep reaction in the Sun is rejected at more than 5�.

From the measured interaction rates of pp, 7Be,
and pep neutrinos and assuming the HZ SSM fluxes,
the calculation of the survival probability Pee yields:
Pee(pp)= 0.57± 0.10, Pee(7Be, 862 keV)=0.53± 0.05,
and Pee(pep)= 0.43± 0.11. Fig. 7 compares these
Pee results with the expectations from the standard
MSW-LMA oscillation scenario (taken from [20]).

The similarity between the e� recoil spectrum induced
by CNO neutrinos and the 210Bi spectrum makes it im-
possible to disentangle the two contributions with the
spectral fit. For this reason, we can only provide an up-
per limit on the CNO neutrinos. In order to do so, we
need further to break the correlation between the CNO
and pep contributions. In Phase-I, this was achieved by
fixing the pep ⌫ rate to the theoretical value [10]. In
the current analysis, where pp ⌫’s are included in the ex-
tended energy range, we place an indirect constraint on
pep ⌫’s by exploiting the theoretically well known pp and
pep flux ratio. The interaction rate ratio R(pp/pep) is
constrained to (47.7 ± 1.2) (HZ) [4], [20]. Constraining
R(pp/pep) to the LZ hypothesis value 47.5 ± 1.2 gives
identical results.

We carried out a sensitivity study by performing the
analysis on thousands of data-sets simulated with a toy
Monte Carlo tool: this study shows that under the
current experimental conditions the total expected un-
certainty (statistical plus systematical) is 3.4 cpd/100 t.
With this error, we expect the median 95% C.L. upper
limit for CNO to be ⇠ 9 cpd/100 t and 10 cpd/100 t, for
low and high metallicity, respectively. On data, we ob-
tain an upper limit on CNO ⌫ rate of 8.1 cpd/100 t (95
% C.L.) (see Table I), which is slightly stronger than the
median limit expected from the toy Monte Carlo study.
The likelihood profile for the CNO rate is shown in Fig. 6
(right). This result, using a weaker hypothesis on pep ⌫,
confirms the current best limit on CNO ⌫’s previously
obtained with Borexino Phase-I data [10].

In summary, we have reported the results of the first
simultaneous measurement of the pp, 7Be, and pep com-
ponents of the solar neutrino spectrum providing a com-
prehensive investigation of the main pp chain in the Sun:
we achieved a 2.7% precision on the 7Be ⌫ flux and the
strongest evidence (higher than 5�) of the pep reaction.
Furthermore, by combining our new results on the 7Be
and pp ⌫ fluxes we obtain the first direct measurement
of the ratio R between the 3He-4He and the 3He-3He
reactions which is a critical probe of solar fusion.
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The neutrino capture reaction by 13’Xe with the threshold of 352 keV is suggested for solar neutrinos detec- 
tion. The most important feature of this process is its high sensitivity to beryllium neutrinos, that contribute 
approximately 40% to the total capture rate predicted in the Standard Solar Model (45 SNU). The expected 
counting rate of the xenon detector from the main solar neutrino sources predicted by the Standard Solar Model 
is = 1500 events@. 

1. INTRODUCTION 

Lower neutrino fluxes compared to those predicted 
by Standard Solar Models (SSM) [l-3] have been 
observed in most currently available solar neutrino 
experiments [4-81. 

From the Kamiokande and Homestake experi- 
ments the conclusion was obtained that not only 8B 
but ‘Be neutrinos suffer considerable reduction with 
respect to predictions of the SSM. After calibration 
of the GALLEX experiment with a “Cr neutrino 
source a deficit of ‘Be neutrinos was claimed at a 30 
confidence level [9]. The ‘Be neutrino deficit can 
lead to many important conclusions (in &une of so- 
called ((terrestrial)), ((astrophysical)) and (mew parti- 
cle physics)) solutions of the solar neutrino problem 
[IO- 111) and therefore should be proved in another 
experiment with essential sensitivity to beryllium 
neutrinos. In such an attempt we are discussing here 
the possibility to use the neutrino capture reaction on 
13’Xe with the threshold at 352 keV for detection of 
the ‘Be solar neutrinos. 

2. CAPTURE RATES 

The neutrino detection is based on the capture 
reaction v+13’Xe + ‘3’Cs+e-. Its threshold of 
E,=352 keV [ 121 allows to record approximately one 
a fifth of the solar neutrino flux from the p-p reaction 
and both lines from 7Be decay. The reduced transi- 
tion probability for neutrino capture by the 131Xe 
(ground-state to ground-state transition) can be 
derived from electron capture of 131Cs. The half-life 
of 13’Cs is T’12=9.689 days [12] and logcfEct,&=5.53 
[13], that gives [B’F+B’&0.018. 
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Fig. 1. Level scheme representing neutrino capture 
transitions between 13’Xe and ground and excited states of 
‘3’Cs. At the right side the energies (in MeV) of the main 
solar neutrino sources and of the 5’Cr calibration source 
are shown. 

The capture rates predicted for the 13’Xe by the 
SSM [l] for the ground-state to ground-state transi- 
tions are presented in Table 1 (in raw a). They 
indicate the least neutrino capture rate, based on 
experimentally known transition strength. To take 
into account the contribution of the excited states we 
have performed pn-QRPA calculations following 
the procedure given in [ 14,151. The chosen parame- 
ter set included the Nilsson potential parameter of 
Ragnarsson and Sheline [ 161 and the pairing interac- 
tion strength, which were fitted to reproduce the 
energy gap, the nuclear deformation obtained from 
the mass formulae of Moeller and Nix [ 171 for the 
daughter nucleus 13’Cs and the strength of the Ga- 
mow-Teller interaction obtained by a fit of experi- 
mental half-life values of the isotope series of the 
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Direct dark matter detection
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FIG. 1. WS2014–16 data passing all selection criteria. Fidu-
cial events within 1 cm of the radial fiducial volume boundary
are indicated as unfilled circles to convey their low WIMP-
signal probability relative to background models (in particu-
lar the 206Pb wall background). Exposure-weighted average
ER and NR bands are indicated in blue and red, respectively
(mean, 10%, and 90% contours indicated). Of the 16 models
used, the scale of model variation is indicated by showing the
extrema boundaries (the upper edge of the highest-S2 model
and the lower edge of the lowest-S2 model) as fainter dashed
lines for both ER and NR. Gray curves indicate a data selec-
tion boundary applied before application of the profile likeli-
hood ratio method. Green curves indicate mean (exposure-
weighted) energy contours in the ER interpretation (top la-
bels) and NR interpretation (lower labels), with extrema mod-
els dashed.

ground populations are simulated: Compton scatter-
ing of � rays (originating in trace radioactivity in de-
tector components), and � decays (originating in the
bulk LXe from trace amounts of 85Kr and 222Rn daugh-
ters). Simulated true recoil positions are converted
to S2 observed coordinates {xS2, yS2, zS2} using electric
field maps specific to each date bin. Distributions in
{S1, log10(S2)} result from the NEST model specific to
the simulated exposure segment. The contributions of
these ER backgrounds are additionally constrained by
the WIMP-search data, selecting a region of the ER
band [log10(S2) >medianER] that avoids overlap with
the NR signal region. There are two NR background
event populations: neutrons (from detector components
and cosmic muons), and coherent elastic nuclear scat-
ters of 8B solar neutrinos. Single-scatter neutron inter-
action rates have been estimated through radioactivity
screening data, simulations, and tests for multiple scat-
ter neutron events. Simulations show that the multiple
scatter event rates are significantly higher than the single
scatter rates, and so the former can be used to establish
upper limits on the latter event rates. These analyses
show that single scatter neutron events can be left out
of the background model due to their negligible event

Nuclear Recoil Energy (keV)

Ef
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FIG. 2. E�ciencies for NR event detection, estimated us-
ing simulation with parameters tuned to calibration data. In
descending order of e�ciency—red: detection of an S2 (and
classification as such by analysis); green: detection of an S1
(�2 PMTs detecting photons); blue: detection of both an
S1 and an S2; black: detection passing analysis selection cri-
teria. Solid curves indicate exposure-weighted means of the
16 calibrated models. The scale of model variation is illus-
trated by including the e�ciencies of the date and z bins with
highest and lowest total e�ciency (black dashed curves). Be-
low 1.1 keV nuclear recoil energy, the lowest energy for which
light yield was measured in [11], e�ciency is conservatively
assumed to be zero.

contribution in the WS2014–16 exposure. The 8B solar
neutrino background is included as a low-rate NR back-
ground contribution in the PLR model.
Events from radon progeny on the PTFE surface can

exhibit suppressed charge yield, due to charge loss to the
PTFE (some radon progeny exhibit further charge sup-
pression due to nuclear recoil type, as in 210Po decay,
emitting 206Pb nuclei). The true recoil positions of these
events are ⌧1 mm from the wall surface, and as a result
inward leakage from the wall surface in the {rS2,�S2, zS2}
observation space is determined by S2 position recon-
struction uncertainty alone. This uncertainty scales as
S2�1/2. A small fraction of these events can leak into the
fiducial volume near the S2 threshold. This population
at high radius and low log10S2 can be seen in Fig. 1. An
empirical model is constructed similar to [9], using two
samples of the WIMP-search data outside the region of
interest. The PDF in {S1, log10(S2),�S2, zS2} is inferred
from a high-radius sample (greater than 1 cm beyond the
fiducial boundary). A high-S1 sample (S1 > 55 phd) of
events below the NR median is used to characterize the
radial distribution of these events as a function of S2.
Isolated S1 pulses appear in the event record, as do iso-

lated S2 pulses. Though these pulses are rare, they may
accidentally occur close enough in time (and in the cor-
rect order) to resemble a single-scatter energy deposition
in the LXe. The {S1, log10(S2)} distribution of these



Astrophysical neutrino signals 
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Elastic Solar neutrino-electron scattering 
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FIG. 1: Electronic recoil spectrum from solar neutrinos in
xenon experiments for elastic ⌫ + e� scattering. The labels
denote the pp, 7Be, CNO, and pep fluxes. The blue curves
show the relevant CNO components (15O and 13N).

measurements are important for understanding the solar
interior, and the possibility of alternative energy sources
within the solar interior.

II. NEUTRINO FLUXES AND EXPERIMENTAL

BACKGROUNDS

In this section we discuss the relevant features of the
neutrino-electron elastic scattering rate from solar neu-
trinos. We work within the context of a xenon dark mat-
ter detector, outlining both the flux predictions and the
experimental background rates. It is straightforward to
translate this analysis to other targets (or to incorporate
multiple targets), such as argon, though in general the
experimental backgrounds will be di↵erent for di↵erent
targets. For all the results in this section we use the
high-Z SSM, with flux normalization coe�cients given in
Ref. [16].

A. Neutrino signals

Figure 1 shows the electron recoil event rate spectrum
for the most prominent low-energy solar flux components:
pp, 7Be (both 384 keV and 861 keV lines), pep, 15O and
13N. We take an electron neutrino survival probability of
Pee ' 0.55, which is consistent with the LMA-MSW solu-
tion in the low energy, vacuum-dominated regime [14, 15].
The stepping approximation is taken to account for elec-
tron energy levels, more detailed atomic e↵ects have been
neglected but may produce corrections to the rate [25].
The event rates have been smoothed by a gaussian energy

FIG. 2: The background electronic recoil spectrum from
sources relevant to xenon experiments. The solid blue
(dashed) line is the 2⌫�� decay of 136Xe, at natural abun-
dances (depleted to 1% of its natural abundance). The purple
line is the background due to 85Kr at a concentration of 0.1
ppt. The red line is the spectrum from 216Pb due to 222Rn
emanation, with an activity of 0.1 µBq/kg.

resolution of width (in percent) given by:

�(ER)

ER

=
31p
ER

+ 0.35, (1)

where the recoil energy, ER, is in keV. This parameter-
ization provides a good fit to energy resolution achieved
by XENON1T.
The elastic scattering rate in xenon is dominated by pp

neutrinos, for which the integrated rate up to the end-
point of the spectrum is ⇠ 330 per ton per year. In the
1�10 keV window which is the most relevant for present
dark matter searches, the corresponding rate is ⇠ 25 per
ton per year, where it contributes to the electronic recoil
background. The pp rate is theoretically well determined,
and is only very weakly sensitive to the assumed solar
metallicity model.
After pp, the 7Be component of the flux is the most

significant. There are two separate spectral components
that contribute to the 7Be flux: a 861 keV line which
has a 90% branching fraction, and a 384 keV line which
has a 10% branching fraction. In contrast to the pp flux,
the 7Be flux is very sensitive to the assumed solar metal-
licity. Assuming the high metallicity SSM, the total 7Be
neutrino flux is 5⇥109 cm�2 s�1. Averaging over all scat-
tering angles (which remain unknown in a typical liquid
xenon experiment), the spectra as shown in Figure 1 re-
sult. For the 861 keV line, the interaction rate is ⇠ 129
per ton per year integrated over all recoil energies up to
the endpoint. For the 384 keV line, the corresponding
interaction rate is ⇠ 5 per ton per year integrated over
all energies up to the endpoint.

• Primary sensitivity to low energy solar 
neutrino components, pp, 7Be 

• Sensitivity to lower energy electron recoils 
than any solar neutrino experiment  

• Several events in Xenon 1T data, but buried 
under detector backgrounds 

Newstead, Lang, LS 2018
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Table 2: SSM neutrino fluxes from the GS98-SFII and AGSS09-SFII SSMs, with

associated uncertainties (averaging over asymmetric uncertainties). The solar

values come from a luminosity-constrained analysis of all available data by the

Borexino Collaboration.

⌫ flux Emax
⌫ (MeV) GS98-SFII AGSS09-SFII Solar units

p+p!2H+e++⌫ 0.42 5.98(1 ± 0.006) 6.03(1 ± 0.006) 6.05(1+0.003
�0.011) 1010/cm2s

p+e�+p!2H+⌫ 1.44 1.44(1 ± 0.012) 1.47(1 ± 0.012) 1.46(1+0.010
�0.014) 108/cm2s

7Be+e�!7Li+⌫ 0.86 (90%) 5.00(1 ± 0.07) 4.56(1 ± 0.07) 4.82(1+0.05
�0.04) 109/cm2s

0.38 (10%)

8B!8Be+e++⌫ ⇠ 15 5.58(1 ± 0.14) 4.59(1 ± 0.14) 5.00(1 ± 0.03) 106/cm2s

3He+p!4He+e++⌫ 18.77 8.04(1 ± 0.30) 8.31(1 ± 0.30) — 103/cm2s

13N!13C+e++⌫ 1.20 2.96(1 ± 0.14) 2.17(1 ± 0.14)  6.7 108/cm2s

15O!15N+e++⌫ 1.73 2.23(1 ± 0.15) 1.56(1 ± 0.15)  3.2 108/cm2s

17F!170+e++⌫ 1.74 5.52(1 ± 0.17) 3.40(1 ± 0.16)  59. 106/cm2s

�
2
/P

agr 3.5/90% 3.4/90%

Table 3: Results from global 3⌫ analyses including data through Neutrino2012.

Bari Analysis (Fogli et al. 2012) Valencia Analysis (Forero, Tórtola & Valle 2012)

Parameter/hierarchy Best 1� Fit 2� Range 3� Range Best 1� Fit 2� Range 3� Range

�m
2
21(10�5eV2) 7.54+0.26

�0.22 7.15 $ 8.00 6.99 $ 8.18 7.62±0.19 7.27 $ 8.01 7.12 $ 8.20

�m
2
31(10�3eV2) NH 2.47+0.06

�0.10 2.31 $ 2.59 2.23 $ 2.66 2.55+0.06
�0.09 2.38 $ 2.68 2.31 $ 2.74

IH �(2.38+0.07
�0.11) �(2.22 $ 2.49) �(2.13 $ 2.57) �(2.43+0.07

�0.06) �(2.29 $ 2.58) �(2.21 $ 2.64)

sin2
✓12 0.307+0.018

�0.016 0.275 $ 0.342 0.259 $ 0.359 0.320+0.016
�0.017 0.29 $ 0.35 0.27 $ 0.37

sin2
✓23 NH 0.386+0.024

�0.021 0.348 $ 0.448 0.331 $ 0.637

8
>><

>>:

0.613+0.022
�0.040

0.427+0.034
�0.027

0.38 $ 0.66 0.36 $ 0.68

IH 0.392+0.039
�0.022

8
>><

>>:

0.353 $ 0.484

0.543 $ 0.641

0.335 $ 0.663 0.600+0.026
�0.031 0.39 $ 0.65 0.37 $ 0.67

sin2
✓13 NH 0.0241 ± 0.0025 0.0193 $ 0.0290 0.0169 $ 0.0313 0.0246+0.0029

�0.0028 0.019 $ 0.030 0.017 $ 0.033

IH 0.0244+0.0023
�0.0025 0.0194 $ 0.0291 0.0171 $ 0.0315 0.0250+0.0026

�0.0027 0.020 $ 0.030 0.017 $ 0.033

High-Z Low-Z

Haxton et al. 2013

Solar metallicity 



FIG. 3: Electron neutrino survival probability for the SM (blue) compared to cases in which the

NSI give significant deviations from the SM. The left panel shows ✏’s which give deviation from

the SM for electron recoils, and the right panel shows ✏’s which give deviation from the SM for

nuclear recoils.
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FIG. 4: Event rate as a function of energy threshold for di↵erent NSI models. Horizontal lines

indicate where the event rate falls below one per year for, from top to bottom, 0.1, 1 and 10 ton

detectors.

The aforementioned results clearly indicate that NSI will a↵ect future low-mass dark

matter searches. Previous studies have used a specific statistical criteria, i.e. a discovery

limit [8, 41], to quantify how the dark matter sensitivity scales as a function of detector

exposure. For simplicity, here we just consider dark matter searches to be significantly

impacted when the number of neutrino events above a given nuclear energy threshold exceeds

one, for a given detector exposure. Figure 4 shows how this event rate depends on energy

threshold, for NSI parameters which give a maximal deviation from the SM. This clearly

indicates how the neutrino floor may ultimately be either raised or lowered if NSI are allowed.

Finally, we note that when NSI are allowed, a “dark side” solution for the LMA appears,

characterized by ✓12 > 45� (LMA-d) [35]. In Figure 5, we show that this solution can be
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• NSI may increase or decrease event rate in Xenon 
• 1t sensitive to models still consistent with nu oscillations 
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We employ a framework of simplified models to explore the available parameter space of of non-
standard neutrino interactions (NSI). We use current global oscillation, LHC, and neutrino scattering
data to constrain these models. In the near-term, better constraints will come from long-baseline
experiments like NO⌫A and DUNE but also importantly low-energy coherent neutrino-nuclear and
neutrino-electron scattering data. We find that if DUNE uncovers evidence of NSI it will imply the
existence of a ⌫-mediators lighter than 10 GeV. Moreover, dedicated coherent ⌫-nucleus experiments
can vastly extend the reach beyond DUNE. In models with equal couplings to charged leptons, the
strength of the limits will only be extended and the upper bound on detectable NSI mediator masses
only further constrained.

I. INTRODUCTION

At low-energies NSI is encompassed by the Lagrangian

LNSI � "
p
2GF ⌫̄�µ⌫f̄�µf (1)

where f = u, d, e and " parameterizes the strength of NSI in units of the the electroweak Fermi constant GF '
10�5 GeV�2. The interest in NSI originally arose from the novel flavor impact such an interaction can have [1]
from the coherent forward scattering on neutrinos on the medium. This can thought of as an index of refraction for
neutrinos.

The e↵ects become of LNSI become important whenever the matter potential is comparable to (or larger than) the
vacuum oscillation piece of the Hamiltonian

p
2"NGF & �m2

2E
. (2)

When the matter potential is the larger piece of the Hamiltonian, mixing angles are suppressed relative to their
vacuum values. And of course the well MSW resonance e↵ect can occur when

⌫

f

Neutral Mediator Models Charged Mediators Models

Z 0
S

f

⌫⌫ ⌫

f f

FIG. 1: Two classes of models for NSI. The first completion involves a neutral vector mediator. The latter involves a color
charged scalar (i.e. a leptoquark). Leptoquark completions were extensively studied in [2], which found no room for sizeable
NSI.

II. SIMPLIFIED MODELS

The dimension-6 NSI operator can be completed in a number of specific models. For example, Lepto-quarks and
R-parity violating SUSY models are NSI completions that involve new SU(3)-charged states. In contrast, Z 0 models

scale direct dark matter detection experiments [28, 29]. We identify an interference range of

NSI parameters for which the rate is reduced by approximately 40%. We additionally show

that the “dark side” solution for solar neutrino mixing angles can be probed by forthcoming

dark matter experiments.

II. SOLAR NEUTRINOS AND NON-STANDARD INTERACTIONS

For neutral current NSI, the most general four fermion interaction is

Lint = 2
p

2GF ⌫̄↵L�
µ⌫�L

⇣
✏fL↵� f̄L�µfL + ✏fR↵� f̄R�µfR

⌘
, (1)

where ↵, � = e, µ, ⌧ indicates the neutrino flavor, and L, R denote left and right-handed

components. From this, the cross section for the interaction between a neutrino and a

fermion, ⌫� + f ! ⌫↵ + f , as a function of nuclear recoil energy, Er, is

d�

dEr
=

2

⇡
G2

Fmf

"���✏fL↵�
���
2

+
���✏fR↵�

���
2
✓
1�

Er

E⌫

◆2

�
1

2

⇣
✏fL⇤↵� ✏fR↵� + ✏fL↵�✏

fR⇤
↵�

⌘ mfEr

E2
⌫

#
, (2)

where mf is the mass of the electron or nucleus [30]. Note that a change of neutrino flavor

may be induced by NSI. The ✏’s of electron scattering in Equation 2 can be written as

✏eL↵↵ ! �↵e +

✓
�
1

2
+ sin2 ✓w

◆
+ ✏eL↵↵ (3)

✏eR↵↵ ! sin2 ✓w + ✏eR↵↵, (4)

where the NSI contributions are given by the last term on the right hand side of both of

these equations, and the remaining terms are SM contributions.

Accounting for the spin-up and spin-down components in a nucleus, it is more convenient

to use vector and axial vector parameters ✏V = ✏L+ ✏R and ✏V = ✏L� ✏R. Then after a short

summation,

✏L↵↵ !
1

2
Z✏pV↵↵ +

1

2
(Z+ � Z�) ✏

pA
↵↵ +

1

2
N✏nV↵↵ +

1

2
(N+ �N�) ✏

nA
↵↵ (5)

✏R↵↵ !
1

2
Z✏pV↵↵ �

1

2
(Z+ � Z�) ✏

pA
↵↵ +

1

2
N✏nV↵↵ �

1

2
(N+ �N�) ✏

nA
↵↵ (6)

where Z+(N+) and Z�(N�) are the corresponding numbers of spin-up and spin-down protons
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Extended Data Figure 2 | Survival probability of electron-neutrinos
produced by the different nuclear reactions in the Sun. All the numbers are
from Borexino (this paper for pp, ref. 17 for 7Be, ref. 18 for pep and ref. 19
for 8B with two different thresholds at 3 and 5 MeV). 7Be and pep neutrinos are
mono-energetic. pp and 8B are emitted with a continuum of energy, and the
reported P(ne R ne) value refers to the energy range contributing to the

measurement. The violet band corresponds to the 61s prediction of
the MSW-LMA solution25. It is calculated for the 8B solar neutrinos,
considering their production region in the Sun which represents the
other components well. The vertical error bars of each data point
represent the 61s interval; the horizontal uncertainty shows the neutrino
energy range used in the measurement.
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B. Experimental backgrounds

Figure 2 shows an estimate of the experimental back-
grounds that are intrinsic to a xenon experiment. The
most prominent background arises from two neutrino
double beta decay (2⌫��) of 136Xe. This is a rare decay
process of 136Xe with a natural abundance of 8.9%. The
measured energy spectrum is the sum of the energy of the
two outgoing electrons, with an endpoint of 2.459 MeV.
The measured half-life is ⇠ 2⇥1021 years [24], which cor-
responds to an event rate of 5.8 events per ton per year
in the WIMP search range 2�10 keV, and O(105) events
below 1.2 MeV. Though dominant over a large electron
recoil energy range, the 2⌫�� background can be reduced
through the use of xenon depleted of 136Xe; experiments
such as EXO [25], which aim to observe neutrinoless dou-
ble beta decay, enrich the 136Xe of their target mass, and
thus produce significant quantities of depleted xenon as
a by product. A plausible reduction of this background
by a factor of 100 is also shown in Figure 2.

Another experimental background arises from radioac-
tive krypton and radon, as natural sources of xenon are
contaminated with these isotopes. While the half-life of
222Rn is only 3.8 days, the radon is continuously replen-
ished through emanation from detector materials. Thus
xenon dark matter experiments are designed to contin-
uously purify the target mass. Xenon-1t has achieved
the lowest levels of krypton concentration, at just 0.66
ppt [26]. The goal for the next generation, multi-ton
scale xenon target is 0.1 ppt of krypton and 0.1 µBq/kg
of radon [27].

III. DETECTION PROSPECTS

With the above estimates for the signal and back-
grounds, we now move on to discussing the prospects
for detection. We briefly discuss our likelihood analysis
for extracting the flux signals.

A. Measuring CNO neutrinos

We first calculate the significance of a CNO neutrino
flux detection as a function of the experimental exposure.
We define a poisson likelihood function in 20 log-spaced
recoil energy bins,

L(f↵) =
20Y

ı=1

Nkı
ı
e�kı

kı!
(1)

where Nı (kı) are the predicted (observed) number of
events in the ıth energy bin. The total number of events
in an energy bin from all flux components is N tot

ı
. We

consider electron recoils over the entire energy range of
5 keV - 1 MeV, where the upper limit is set in order to
contain the spectral endpoint of the CNO components,
without including the double beta decay peak.
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FIG. 3: The significance of a CNO neutrino detection above
the background of pp, pep, 7Be, solar neutrinos as well as the
intrinsic electron recoil background spectrum. The di↵erent
lines correspond to the level of depletion of 136Xe relative to
the natural abundance.

We define f↵ as the flux normalizations for each com-
ponent of the solar neutrino spectrum that we consider:
in our case we have ↵ = pp, 7Be, pep, and CNO. We
additionally define fbg as the background normalization.
To calculate the detection significance of a given compo-
nent, we use the profile likelihood test statistic, q0, which
is given by

p
q0 [28]. The test statistic is calculated for

a simulated representative dataset (called the ’Asimov’
dataset, where fCNO = 1), via

q0 =

8
<

:
�2logL(fCNO=0,✓̂)

L(f̂CNO,
ˆ̂
✓)

fCNO � f̂CNO

0 fCNO < f̂CNO

(2)

where ✓ are the nuisance parameters fpp, f7Be, fpep, and
fbg, and the hatted parameters denote maximization.

With this likelihood and test statistic, Figure 3 shows
the level of significance expected for a detection of CNO
neutrinos as a function of detector exposure. The sig-
nificance is calculated for a series of background scenar-
ios with progressive levels of depletion of 136Xe. At the
present projected background levels, thousands of ton-
years would be required to make a three-sigma detection
of CNO neutrinos. However, a modest reduction of the
136Xe concentration brings the exposure to more feasible
levels. Without the simultaneous reduction in concen-
tration of kryton and radon, depletion of 136Xe beyond
0.1% has a negligible e↵ect.

• Experimental efforts to measure CNO fluxes (Bonventre & Orebi Gann 2018; Cerdeno et al. 2018) 
• CNO measurement via electron scattering in G3 Xe experiments depends on 136Xe depletion

Newstead, LS, Lang, PRD 2018
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FIG. 5: Projected fractional uncertainty on the neutrino luminosity of the Sun from multi-ton xenon dark matter experiments.
The top row shows the projected constraints without the nuclear reaction chain priors, and the bottom row shows the projected
constraints with the nuclear reaction chain priors applied. The left column shows the projected constraints on the total neutrino
flux, while the right column shows just the contribution of the CNO flux to the Solar luminosity.

reducing the uncertainty in their estimation. After 2000
ton-yr the CNO luminosity fraction is estimated to be
L⌫,CNO/L� = (6.4 ± 2.0)10�3, thus making the data
inconsistent with zero at over 3 sigma.

IV. DISCUSSION

In this paper we have studied the prospects for ex-
tracting the low energy components of the solar neutrino
flux through neutrino-electron elastic scattering channel
in xenon dark matter detectors. We find that exposures
of planned experiments can lead to an improved measure-
ment of all of these fluxes, and in particular can likely
lead to the first measurement of the CNO flux.

We have shown that the inclusion of well motivated pri-
ors on the nuclear reaction chain can help in the determi-

nation of the CNO contribution to the solar luminosity.
Allowing a robust measurement, inconsistant with zero,
at exposures of 2000 ton-years. Further improvements
could be made by reducing the background and the un-
certainty in its normalization, however we have shown
that realistic background levels do not preclude a mea-
surement of the CNO neutrino flux.
In summary, by extending to electron recoil energies

beyond the canonical 1-10 keV range used for canonical
dark matter searches, there is rich solar neutrino physics
to be studied. These detections would represent an im-
portant next step in the continuing development of the
solar neutrino program, dating back to over half of a cen-
tury.
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• Linear combination of neutrino fluxes equals the photon luminosity  
• Deviation between neutrino luminosity and photon luminosity could hint at alternative sources of energy generation 
• Neutrino luminosity constraints improved by a factor of seven compared to global analysis (Bergstrom et al. 2016; Newstead, 

LS, Lang, 2018)



• 8B solar neutrino flux: 


• Measurement of the neutral current energy spectrum


• Implications for solar metallicity 


• New means to study Non-Standard Neutrino Interactions and sterile neutrinos 


• pp solar neutrinos  

• ~1-10 keV electron recoils; measures the ``neutrino luminosity” of the Sun


• New physics from lowest-energy detected nuclear recoils?  


• CNO solar neutrino flux  

• High energy (> 100 keV) electron recoils


• Interplay with terrestrial searches for new physics 

Conclusions


