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Abstract We investigate the sensitivity of solar neutrino
data to mixing of sterile neutrinos with masses � eV. For
current data, we perform a Feldman–Cousins analysis to
derive a robust limit on the sterile neutrino mixing. The solar
neutrino limit excludes significant regions of the parameter
space relevant to hints from reactor and radioactive gallium
source experiments. We then study the sensitivity of upcom-
ing solar neutrino data, most notably elastic neutrino-electron
scattering in the DARWIN and DUNE experiments as well
as coherent neutrino-nucleus scattering in DARWIN. These
high precision measurements will increase the sensitivity to
sterile neutrino mixing by about a factor of 4.5 compared to
present limits. As a by-product, we introduce a simplified
solar neutrino analysis using only four data points: the low-
and high-energy νe survival and transition probabilities. We
show that this simplified analysis is in excellent agreement
with a full solar neutrino analysis; it is very easy to handle
numerically and can be applied to any new physics model in
which the energy dependence of the νe transition probabili-
ties is not significantly modified.
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1 Introduction

Solar neutrinos have played a crucial role in the develop-
ment of neutrino physics for many decades. In particular,
they revealed the phenomenon of neutrino oscillations; see
[1,2] for reviews. In this work, we study some aspects of
solar neutrinos in the context of sterile neutrinos. The hypo-
thetical existence of light sterile neutrinos, with masses in
the eV range, has been proposed in light of various experi-
mental hints, which remain unexplained in terms of standard
three-flavour oscillations; see e.g., [3,4] for recent reviews.

The effect of light sterile neutrinos on solar neutrinos has
been studied by a number of authors (see, e.g., [5–11] for an
incomplete list). Solar neutrinos provide a bound on the mix-
ing of the heavy neutrino with the electron flavour, |Ue4|2,
independent of the mass-squared difference �m2

41, as long
as it is much larger than the one relevant to solar neutrino
physics: �m2

41 � �m2
21 ≈ 7 × 10−5 eV2. Such a bound is

especially relevant given various hints from reactor experi-
ments [12–15] and radioactive source measurements in gal-
lium experiments [16,17]. In particular, the claimed hint for
sterile neutrino oscillations from the Neutrino-4 experiment
[18] would require rather large values of |Ue4|2, which are in
tension with the solar neutrino constraint; also see [19–21]
for comments on Neutrino-4.

In this paper, we present a simplified solar neutrino analy-
sis in which we cast a full fit to solar neutrino data [22], con-
sisting of 303 data points, into just four effective data points
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that correspond to low- and high-energy νe survival and tran-
sition probabilities. We extract the corresponding observed
values and correlation matrix from the full fit, allowing for a
very efficient way to implement the information from solar
neutrinos. This method can be applied to any new physics
scenario that does not significantly modify the energy depen-
dence of the νe transition probabilities. While the main appli-
cation we have in mind here is the analysis of sterile neutrino
constraints, the method is more general and may be applied
to a wider class of new physics searches with solar neutrinos.

Our effective analysis allows one to capture the informa-
tion from solar neutrinos in an accurate way that is based
on quantities with clear and simple physics interpretation
(high- and low-energy transition probabilities). Moreover,
our method allows for a very numerically efficient implemen-
tation. As a first application, we perform a frequentist statisti-
cal analysis based on Monte Carlo simulation of the relevant
test statistic in the sterile neutrino context and employing the
Feldman–Cousins method [23]. In this way, we can evaluate
the robustness of sterile neutrino constraints with respect to
statistical properties of the analysis and derive solid frequen-
tist confidence regions for the mixing angle θ12 and upper
limits on sin2 θ14 = |Ue4|2. While such analyses are typi-
cally computationally expensive, with the help of our imple-
mentation it can be performed within a few days on a single
desktop computer.

As a second application of this method to treat solar neutri-
nos, we discuss how future solar neutrino observations will
improve the sensitivity to sterile neutrino mixing. Current
and future dark matter direct detection experiments [24–29]
will offer highly precise measurements of solar neutrinos,
either through Coherent Elastic Neutrino-Nucleus Scatter-
ing (CEνNS) or through Elastic Neutrino-Electron Scattering
(EνES); see for example [30–32]. We focus here on the DAR-
WIN project [28] and study its sensitivity to sterile neutrino
mixing. The high precision determination of the low-energy
pp solar neutrino flux via EνES will provide especially valu-
able information in this respect. Furthermore, future neutrino
detectors, such as DUNE [33] and HyperK [34] will offer
very precise measurements of the high-energy 8B solar neu-
trino flux via EνES. As an example, we use the results of
the detailed analysis performed in [35] for the DUNE liquid
argon detector. We show that the high-energy measurements
from DUNE and the low-energy measurements from DAR-
WIN offer relevant complementarity and that the combina-
tion significantly improves the sensitivity to sterile neutrino
mixing by roughly a factor 4.5 compared to current bounds.
Furthermore, we discuss the complementarity with the pre-
cision determination of θ12 at the JUNO reactor experiment
[36].

The outline of the paper is as follows: In Sect. 2, we intro-
duce our four-data-point fit to solar neutrino data and define
the simplified χ2 statistics. In Sect. 3, we present the results

of our Monte Carlo simulation to determine frequentist confi-
dence regions and limits for sterile neutrino mixing; whereas,
in Sect. 4, we discuss the sensitivity of future data. A sum-
mary and discussion follow in Sect. 5. In Appendix A, we
give technical details on the χ2 construction for the Monte
Carlo simulation, and in Appendix B we provide details of
our analysis of the pp flux determination in xenon dark mat-
ter experiments.

2 Simplified solar neutrino analysis

2.1 Probabilities

We start by discussing the approximations adopted in the
following to describe the relevant transition probabilities for
solar neutrinos. The basic assumption is that neutrino evo-
lution in the Sun is adiabatic and interference terms average
out on the way from the Sun to the Earth, such that mass
states arrive as an incoherent sum. This means the oscilla-
tion probabilities may be represented as:

Peα =
4∑

k=1

|Um
ek |2|Uαk |2, (2.1)

where Um
ek is the effective mixing matrix element in matter

at the production point inside the Sun, and we neglect the
effects of Earth matter. We will consider four data points for
our fit corresponding to the four oscillation probabilities:

r = (PLE
ee , PHE

ee , PLE
ex , PHE

ex ). (2.2)

Here, Pee is the electron neutrino survival probability and
Pex = Peμ + Peτ is the transition probability of electron
neutrinos to the other active neutrino flavours. The indices
LE and HE refer to low energy and high energy, where
“low” and “high” mean below and above the MSW resonance
[37,38]. Using (2.1), we find

Pee =
4∑

k=1

|Um
ek |2|Uek |2, (2.3)

Pex =
4∑

k=1

|Um
ek |2

∑

α=μ,τ

|Uαk |2 = 1 − Pee −
4∑

k=1

|Um
ek |2|Usk |2.

(2.4)

We parameterize the mixing matrix in terms of angles as in
[10,39]:

U = V34V24V14V23V13V12, (2.5)

where Vi j is a rotation in the i j plane with an angle θi j , which
in general can also contain a complex phase (see appendix A
of [10] for a discussion).
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We now adopt the following approximations and assump-
tions: Due to NC matter effects as well as the NC measure-
ment, solar neutrino data are in principle sensitive to θ34,
θ24, θ23 [8,10], and generally complex phases may lead to
physical effects in solar neutrinos [10,11]. However, fig. 6 of
[39] shows the sensitivity of various datasets to the parame-
ters |Uμ4| = c14s24 and |Uτ4| = c14c24s34, with si j ≡ sin θi j
and ci j ≡ cos θi j . From that plot, we can see that bounds from
νμ disappearance, atmospheric and long-baseline NC mea-
surements are 1 to 2 orders of magnitude stronger than from
solar data. Therefore, we conclude that once those bounds
are taken into account, solar data is essentially independent
of those parameters, and it should be a very good approxima-
tion to set them to zero. Therefore, we will set θ34 = θ24 = 0
in our analysis. In this limit, we have for the relevant matrix
elements:

U =

⎛

⎜⎜⎝

c12c13c14 −s12c13c14 −s13c14 −s14

· · · 0
· · · 0

c12c13s14 −s12c13s14 −s13s14 c14

⎞

⎟⎟⎠ . (2.6)

Next, we consider matter effects in the Sun. We first take
into account that |�m2

31|,�m2
41 � EνV for relevant neu-

trino energies and matter potentials in the Sun, such that
|Um

ek |2 = |Uek |2 for k = 3, 4. This means that θ13 and
θ14 are not unchanged by the matter effects. Second, we
use the fact that for the energies relevant to the data points
in our aforementioned analysis, we are either in the fully
matter-dominated regime (“high energy”) or in the vacuum-
dominated regime (“low energy”). Therefore, we set

θm12 = θ12 (low energy), sm12 = 1 (high energy). (2.7)

We see that in our approximation the probabilities given
in Eqs. (2.3) and (2.4) depend only on the three angles
θ12, θ13, θ14 and are independent of complex phases. In [10],
it has been shown, that the determination of θ13 is basically
unaffected by the presence of a sterile neutrino. Therefore,
we can use the constraint obtained from the 3-flavour fit. We
have checked that varying θ13 within the uncertainty from
present data has a negligible impact on our results. There-
fore, we fix s2

13 to the 3-neutrino best fit point s2
13 = 0.0223,

and we are left with the two parameters s2
12 and s2

14.

2.2 Simplified χ2 construction and comparison to full solar
fit

The solar neutrino analysis used here is based on [22] and
makes use of 303 data points in total. In particular, the data
are: Chlorine total rate [40] (1 data point), Gallex and GNO
total rates [41] (2 data points), SAGE total rate [42] (1 data
point), SK1 full energy and zenith spectrum [43] (44 data

points), SK2 full energy and day/night spectrum [44] (33 data
points), SK3 full energy and day/night spectrum [45] (42 data
points), SK4 2970-day day-night asymmetry [46] and energy
spectrum [46] (24 data points), SNO combined analysis [47]
(7 data points), Borexino Phase-I 741-day low-energy data
[48] (33 data points), Borexino Phase-I 246-day high-energy
data [49] (6 data points), Borexino Phase-II 408-day low-
energy data [50] (42 data points). The full solar neutrino
χ2 includes various experimental and theoretical systematic
uncertainties, encoded in 63 pull parameters, as well as the
Standard Solar Model flux uncertainties [51].

In order to extract the information on the four observables
from Eq. (2.2), we introduce an effective parameterization of
the oscillation probabilities. We consider the exact oscilla-
tion probability at a reference point Pref(E). As a reference
point, we choose the current 3-flavour best fit point from the
global analysis [22], which also determines the mass-squared
difference �m2

21. The probability can refer either to the ee or
ex channel; we leave this point implicit to keep the notation
simple. The two reference probabilities are shown in the top-
middle panel in Fig. 1. The low- and high-energy limits of
that probability are denoted by PLE

ref and PHE
ref , respectively:

PLE
ref = Pref(E/Eres → 0)

PHE
ref = Pref(E/Eres → ∞),

(2.8)

where Eres ≈ 2 MeV denotes the resonance energy. We then
parameterize the shape of the probability by introducing the
two parameters PLE and PHE in the following way:

P(E) =
[
Pref(E) − PLE

ref + PHE
ref

2

]

× PLE − PHE

PLE
ref − PHE

ref

+ PLE + PHE

2
. (2.9)

This is simply a linear interpolation between the low and
high energy values set by PLE and PHE , while maintain-
ing the shape in between the extreme values of the reference
model Pref(E). In Fig. 1 we compare the parameterization
from Eq. (2.9) with the shape obtained by numerical calcu-
lations of the probabilities without simplifying assumptions
(dashed versus solid curves). We find good agreement within
the relevant parameter range. We can now use this parame-
terization in the full solar neutrino analysis considering the
four probabilities PLE

ee , PHE
ee , PLE

ex , PHE
ex as fit parameters.

For this purpose all relevant probabilities (e.g., for each solar
neutrino flux, for day and night times, different detector loca-
tions) are parametrized as in Eq. (2.9). The results of this fit
in terms of best fit values, standard deviations and correla-
tion matrix are provided in Table 1 and shown for illustration
also as data points with error bars in Fig. 1. The covariance
matrix is obtained by calculating numerically the mixed sec-
ond derivatives of the χ2 from the full fit at the χ2 minimum.
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Fig. 1 Oscillation probabilities as a function of neutrino energy for dif-
ferent values of the mixing angles s2

12 = 0.25, 0.3, 0.35 (columns) and
s2

14 = 0, 0.1 (top and bottom rows, respectively), with Pee (Pex ) shown
in red (blue). Solid curves correspond to the exact numerical proba-
bilities, whereas dashed curves show our parameterization, Eq. (2.9).
The middle panel in the top row corresponds to our reference point,

Pref (E), where solid and dashed curves are identical. Dotted horizontal
lines indicate the asymptotic values PLE and PHE . The data points with
error bars show the observed values for the four probabilities, Eq. (2.2)
as reported in Table 1 for the GS98 solar model (same in all panels).
For definiteness we assume the 8B solar neutrino flux to average over
the production region and we show day-time probabilities

Table 1 Best fit value for the observations Or , their 1σ uncertainties σr , and correlation matrix ρ of the four observables. The upper (lower) part
of the table corresponds to the GS98 (AGSS09) solar model [51]

Or σr Correlation matrix

PLE
ee 0.5585 0.0440 +1.000 +0.104 −0.635 +0.475

PHE
ee 0.3444 0.0397 +0.104 +1.000 +0.296 +0.498

PLE
ex 0.6512 0.2233 −0.635 +0.296 +1.000 −0.274

PHE
ex 0.7526 0.1116 +0.475 +0.498 −0.274 +1.000

PLE
ee 0.5760 0.0441 +1.000 +0.087 −0.636 +0.448

PHE
ee 0.3852 0.0424 +0.087 +1.000 +0.297 +0.515

PLE
ex 0.6873 0.2277 −0.636 +0.297 +1.000 −0.250

PHE
ex 0.8409 0.1179 +0.448 +0.515 −0.250 +1.000

Qualitatively, the main contributions to our observables
come from Gallium and Borexino for PLE

ee , while other
experiments contribute indirectly by constraining other solar
neutrino flux contributions in Gallium experiments. The con-
straint on PLE

ex from current data is very poor and emerges
only from the elastic electron scattering in Borexino. The HE
probabilities are constrained by SNO and SK. SNO NC data
determines the total active neutrino flux, i.e., PHE

ee + PHE
ex ,

while SNO CC data constrain PHE
ee . Elastic electron scatter-

ing in SK is sensitive to a certain combination of PHE
ee and

PHE
ex . Since the HE 8B flux gives a sizeable contribution to

the solar neutrino rate in Gallium experiments, a non-trivial
correlation between HE and LE data points results.

Note that KamLAND reactor neutrino data [52] enter this
analysis only indirectly through the determination of the
value for �m2

21 used to calculate the reference probabili-
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ties Pref(E). Otherwise, our results do not depend on Kam-
LAND data. In particular, we do not use information from
KamLAND for our sterile neutrino limits, which would be
subject to reactor neutrino flux uncertainties.

In order to derive a limit on s2
14 = |Ue4|2, we now build a

χ2 function consisting of just four data points:

χ2(s2
12, s

2
14) =

∑

r,s

(Or − Pr )V
−1
rs (Os − Ps). (2.10)

The indices r, s run over the four probabilities from Eq. (2.2),
and Pr (s2

12, s
2
14) are the predicted values as discussed in the

previous subsection. The “observed values” Or are the out-
put of the full solar neutrino analysis described above and
are given in Table 1. The covariance matrix V in Eq. (2.10)
is obtained in the following way. Let us define the relative
covariance matrix for the observations as

Srs = ρrs
σr

Or

σs

Os
(2.11)

(no sum over repeated indices), with ρrs and σr provided in
Table 1. It turns out that a good approximation to the full solar
neutrino fit is obtained by splitting the covariance matrix into
an experimental and theoretical part as follows:

Vrs = Srs[αOr Os + (1 − α)Pr Ps], (2.12)

i.e., we assume that both the experimental and theoretical
errors are proportional to Srs and that they have a relative
weight set by the parameter α. We find numerically that a
value α ≈ 0.35 provides an excellent approximation. Let us
note that Eq. (2.12) is purely a phenomenological ansatz in
order to achieve a good match to the full numerical χ2 as
shown in Fig. 2.

In Fig. 2, we compare the impact of the parameteriza-
tion from Eq. (2.9), see black-dashed versus grey. Here, in
both cases, the full χ2 statistical analysis from solar neutrino
data is performed. The difference emerges only from the spe-
cific model adopted for the energy dependence of the oscil-
lation probability. We see that the region is slightly shifted
in sin2 θ12, whereas the approximation is excellent once
we marginalize over sin2 θ12 and show the 1D �χ2 curve
in sin2 θ14. Finally, comparing the blue and black-dashed
curves, we see that the 4-data point approach described above
provides an excellent approximation to the full solar fit.

Our default SSM is the GS98 model. For comparison we
show in the right panel of Fig. 2 also the 1D profile for the
AGSS09 SSM. We find a slightly stronger constraint in that
case, mostly due to the different predictions for the 8B flux.

Since our effective parameterization of P(E) maintains
the shape of the standard three-flavour probability to inter-
polate between the low- and high-energy regimes, our fit does
not apply to new physics models that introduce a strong spec-
tral distortion of the oscillation probability in the resonance

region, such as non-standard neutrino interactions or ster-
ile neutrinos with mass-squared differences comparable to
�m2

21 (see [1] for a discussion). However, as long as the new
physics scenario does not modify the energy dependence in
the MSW resonance region and can be encoded in the lim-
iting HE and LE probabilities, our analysis can be used
as an effective way to take into account solar neutrino data.
Apart from sterile neutrinos, another new-physics example to
which our parameterization applies is generic non-unitarity
in neutrino mixing, see e.g., [53] for a recent analysis includ-
ing also solar neutrinos.

3 Monte Carlo analysis of present data

As a first application of the simplified solar neutrino analysis,
we present a Monte Carlo simulation to determine the distri-
bution of the �χ2 test statistic used to construct confidence
regions. The simplified analysis offers a very efficient calcu-
lation1 of the �χ2, which opens the possibility to perform a
2-dimensional Feldman–Cousins analysis of solar neutrino
data within a few days on a single desktop computer.

First, we construct 2-dimensional confidence regions in
the plane of s2

12 and s2
14. We consider the test statistic

�χ2(s2
12, s

2
14) = χ2(s2

12, s
2
14) − χ2

min, (3.1)

where χ2
min is the minimum with respect to both parame-

ters. We consider a 2-dimensional grid in s2
12 and s2

14 and
at each grid point we generate 2.5 × 104 artificial Monte
Carlo data sets OMC

r for our four data points by assuming
a multi-variate Gaussian distribution with mean Pr (s2

12, s
2
14)

and covariance matrix Vrs = Srs Pr Ps and calculate �χ2

with Eqs. (2.10) and (2.12) by replacing the true data with
the generated pseudo-data: Or → OMC

r . In this way, we
obtain the distribution of �χ2

MC as a function of the true
parameter values (s2

12, s
2
14). Then we can compare the �χ2

value at each point for the actually observed data with the
numerical distribution: the point (s2

12, s
2
14) is included in the

(1 − β) CL interval if �χ2
observed is smaller than a fraction β

of the �χ2
MC values at that parameter point.

The results of this analysis are shown in Fig. 3. We
observe good agreement between the Monte Carlo results
and the �χ2 contours based on Wilks’ theorem, for 68% and
90% CL, while some deviations become relevant at 99% CL
where the Monte Carlo regions are somewhat less constrain-
ing than the ones based on Wilks’ theorem. This suggests that
the tails of the distribution are somewhat larger than expected
from the χ2 distribution.

Next, we want to consider 1-dimensional confidence inter-
vals for a single parameter, irrespective of the other one. This

1 See also Appendix A for comments on further computational speed
up.
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Fig. 2 Results for the GS98 solar models. We compare the exact solar
neutrino fit (grey), the full solar fit but using the “stretch” parameteri-
zation for the probabilities from Eq. (2.9) (black-dash), and our 4-data

point approximation (blue). In the right panel we show in red the 4-data
point fit for the AGSS09 solar model

Fig. 3 Monte Carlo confidence regions at 68%, 90%, and 99% CL (solid) compared to �χ2 contours based on Wilks’ theorem using the χ2

distribution with 2 dof (dotted). The left (right) panel is for the GS98 (AGSS09) solar model

is a conceptually non-trivial problem because the distribution
of the test statistic will in general depend on the unknown
true value of the parameter over which to marginalized. For
example, to derive confidence intervals for s2

12, we consider
the test statistic

�χ2(s2
12) = min

s2
14

χ2(s2
12, s

2
14) − χ2

min. (3.2)

The distribution of this quantity generally depends on the
true value of s2

14. Similarly, to derive confidence intervals for
s2

14 we consider the test statistic

�χ2(s2
14) = min

s2
12

χ2(s2
12, s

2
14) − χ2

min, (3.3)

whose distribution depends in general on the true value of
s2

12. In Fig. 4, we show the critical values for these test statis-
tics as a function of the assumed true values by choosing the
best fit point of the marginalized parameter as true value. By
comparing the �χ2 of the actually observed data with these

critical values, confidence intervals can be constructed under
the assumption of that particular true value of the marginal-
ized parameter. The corresponding upper limits on s14 are
summarized in Table 2. The decrease of the critical values
for s2

14 → 0 can be attributed to the presence of the physical
boundary s2

14 ≥ 0, which leads to a decrease of the effective
number of degrees of freedom.2 The impact of the physical
boundary is even enhanced due to the fact that the fit actually
pushes towards a best fit point out-side the physical bound-
ary (especially for the AGSS09 model), c.f., Fig. 3. Note
that the distribution of the test statistics, and therefore the
critical values, are independent of the assumed solar model
within our numerical accuracy. However, the resulting limits
are notably stronger for the AGSS09 solar model.

A similar construction to that in Fig. 4 is carried out as
a function of the assumed true value of the marginalized

2 See [54] for a discussion of this effect.
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Fig. 4 Critical values of the test statistics Eqs. (3.2) and (3.3) for
68%, 90%, and 99% CL (solid), assuming true values of s2

14 = 0 and
s2

12 = 0.313, respectively. Dotted lines indicate the corresponding crit-

ical values of a χ2 distribution with 1 dof. The solid (dashed) black
curves correspond to �χ2 of the observed data for the GS98 (AGSS09)
solar model

Table 2 Upper limits on sin2 θ14 at 90% and 99% CL from current solar
neutrino data for the GS98 and AGSS09 solar models obtained with the
MC simulation assuming a true value of sin2 θ12 = 0.313 (GS98) and
0.319 (AGSS09). The numbers in brackets would be the corresponding
limits assuming a χ2-distribution with 1 dof for the test statistic

Solar model 90% CL 99% CL

GS98 0.0168 [0.0212] 0.0446 [0.0428]

AGSS09 0.0083 [0.0145] 0.0259 [0.0314]

parameter. Then, we obtain confidence intervals for s2
12 as

a function of the true value of s2
14, or upper limits on s2

14
as a function of the true value of s12, as shown in Fig. 5.
We observe that the confidence intervals for s2

12 are basically
independent of the true value of s2

14 and are very close to
the ones based on Wilks’ theorem. Also the limits on s2

14 are
largely independent of the assumed true value for s2

12. In this
case, however, some deviations from limits based on Wilks
theorem are visible, see also Table 2. The presence of the
physical boundary, in particular, leads to somewhat stronger
limits at low confidence level.

4 Sensitivity of future solar neutrino data to sterile
neutrino mixing

As another application, we use the simplified analysis
described in Sect. 2 to combine present solar data with possi-
ble future solar neutrino measurements and study their sensi-
tivity to sterile neutrino mixing. The effective four-data point
fit is easily extended to future experiments, as well. From
the rich landscape of possible future solar neutrino measure-
ments [32–34,55,56], we are going to consider the following
exemplary data sets:

1. Elastic neutrino-electron scattering (EνES) of low-
energy solar neutrinos in DARWIN and XENONnT.
As discussed in [32], solar neutrinos in DARWIN offer a
rich physics program. In particular, EνES events induced
by the low-energy pp solar neutrinos allow for a high
precision determination of PLE

ee and PLE
ex . We simulate

electronic recoil events in the DARWIN detector, includ-
ing various background components. The expected uncer-
tainties on PLE

ee and PLE
ex and their correlation coefficient

are extracted from a spectral fit to the simulated data (see
Appendix B for details). Table 3 lists the relative preci-
sion and correlation values of the pp flux components for
selected exposures of the DARWIN detector. One of the
dominant backgrounds for the pp flux measurement is
the radioactive isotope 136Xe (see Fig. 8 in Appendix B).
Therefore, in Table 3, we show the results both for the nat-
ural abundance of 136Xe as well as the assumed depletion
by two orders of magnitude. We see from the table that
subpercent (percent-level) precision may be reached for a
measurement of Pee (Pex ) in DARWIN. We do, however,
note the strong correlation between PLE

ee and PLE
ex , which

is essentially independent of the exposure.
Indeed, we expect that pp solar neutrino observations via
EνES will soon become possible in the current genera-
tion of xenon dark matter experiments, XENONnT [24]
and LZ [26]. In Table 4, we show the pp flux sensitivity
for selected exposures in XENONnT. The fiducial vol-
ume in XENONnT is smaller than that in DARWIN and,
consequently, the materials background is higher, making
the extraction of the pp flux somewhat more difficult. In
our XENONnT analysis, we assume the materials back-
ground presented in [57], which modeled a cryostat made
of stainless steel rather than the titanium cryostat assumed
for DARWIN.
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Fig. 5 Confidence interval at 68%, 90%, and 99% CL for s2
12 (left)

and s2
14 (right) as a function of the assumed true value of the other

parameter, respectively. Dotted lines indicate the corresponding interval

assuming a χ2 distribution with 1 dof for the corresponding test statis-
tic. The GS98 (AGSS09) solar model is adopted for the upper (lower)
panels

Table 3 The relative uncertainties and variances of the νe and νx
(x = μ, τ ) contributions to a pp flux measurement in DARWIN and
their correlation coefficient. Values are provided for five selected expo-

sures and two target compositions: natural 136Xe abundance and deple-
tion by two orders of magnitude. The fiducial mass of DARWIN is
assumed to be around 30 t

Exposure [ty] σpp,e [%] σpp,x [%] ρex σ 2
pp,e σ 2

pp,x

Natural

1 12.9 – – 1.67 × 10−2 –

30 1.1 5.3 0.979 1.14 × 10−4 2.84 × 10−3

100 0.6 2.8 0.980 3.28 × 10−5 8.11 × 10−4

300 0.3 1.6 0.980 1.09 × 10−5 2.71 × 10−4

1000 0.2 0.9 0.980 3.23 × 10−6 8.03 × 10−5

Depleted

1 6.4 25.0 0.986 4.07 × 10−3 6.27 × 10−2

30 0.6 3.0 0.986 4.02 × 10−5 8.75 × 10−4

100 0.4 1.6 0.986 1.23 × 10−5 2.67 × 10−4

300 0.2 0.9 0.986 3.96 × 10−6 8.60 × 10−5

1000 0.1 0.5 0.986 1.22 × 10−6 2.65 × 10−5
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Table 4 The relative uncertainties and variances of the flavor contributions to a pp flux measurement in XENONnT are given with their corre-
sponding correlation coefficient for three selected exposures. The fiducial mass of XENONnT is assumed to be around 4 t

Exposure (ty) σpp,e (%) σpp,x (%) ρex σ 2
pp,e σ 2

pp,x

1 15.2 – – 2.32 × 10−2 –

5 3.8 17.2 0.977 1.45 × 10−3 2.95 × 10−2

20 1.6 7.7 0.978 2.48 × 10−4 6.00 × 10−3

2. Coherentneutrino-nucleus scattering (CEνNS)ofhigh-
energy solar neutrinos inDARWIN:DARWIN will also
be able to observe CEνNS of 8B solar neutrinos, i.e.,
NC interactions, see [58] for a recent XENON analysis.
This corresponds to a determination of PHE

ee + PHE
ex . We

assume that this combination can be measured with a rel-
ative precision of 1%, following the work of [59].

3. Elastic neutrino-electron scattering of high-energy
solar neutrinos in DUNE: As detailed in [35], DUNE
will be able to observe CC and elastic electron scattering
of 8B solar neutrinos. From Fig. 3 of [35], we read off rel-
ative uncertainties of 0.4% for PHE

ee and 3.5% for PHE
ex .

We assume they are uncorrelated.
4. Determination of sin2 θ12 by JUNO reactor neutri-

nos: We also consider the very accurate determination
of sin2 θ12 by the JUNO reactor experiment.3 Note that
JUNO will have no sensitivity to sin2 θ14 for �m2

41 �
0.1 eV2 and therefore offers an independent determina-
tion of θ12. We are using the estimate of [55], Tab. 3-2, as
the relative precision of 0.67% (1σ ) on sin2 θ12.

The future solar neutrino measurements are combined
with current data by adding the future “measurements” as
additional data points to the χ2 from present data, Eq. (2.10).
The 4×4 correlation matrix from present data is extended cor-
respondingly. In addition to the experimental errors quoted
previously, we introduce fully correlated uncertainties of
0.6% on the pp flux for the two LE data points and 12%
on the 8B flux for the HE data points [51]. They are also
correlated with present solar data.4 The JUNO measurement
is added as a prior on sin2 θ12 without any further correla-
tions. For the sensitivity estimate presented below we will
continue to work under the assumption θ24 = θ34 = 0. Note
that our treatment of future data does not make use of the

3 JUNO will also be sensitive to solar neutrinos, see [55]. For instance,
the 8B flux can be determined due to EνES, similar as in DUNE or
HyperK. Here we use only the reactor information from JUNO.
4 In order to correlate future data with current data one has to make
sure that the resulting correlation matrix still leads to a valid covariance
matrix with only positive eigenvalues. Note that the final fit is strongly
dominated by future data; therefore, the precise way of how the corre-
lation between present and future data is done has very little impact on
the results.

parameterization Eq. (2.9); in each case outlined above the
corresponding probabilities are determined independently.

The results are shown in Fig. 6 for various combinations
of the aforementioned data sets. In all four panels, the grey
region corresponds to current data, and the red region is the
combination of current data with low-energy EνES data from
DARWIN. We consider natural abundance of the 136Xe iso-
tope with a 100 ty exposure, corresponding to approximately
3 years of DARWIN data. Then, different combinations of
DUNE, DARWIN high-energy CEνNS and JUNO are added.

While EνES data from DARWIN will make significant
improvements over current data, a strong correlation between
s2

14 and s2
12 limits the sensitivity. The correlation can be bro-

ken by complementary data, such as the high-precision deter-
mination of s2

12 with JUNO (upper left panel of Fig. 6). The
combination of DARWIN EνES pp flux + DUNE 8B (upper
right) or DARWIN EνES pp + CEνNS 8B (lower left) pro-
vide only modest improvements. However, the combination
of all three solar observations shown in the lower right panel
provide excellent sensitivity, comparable to the combination
with JUNO. This is a consequence of the complementarity
of the DUNE and DARWIN observations of the 8B flux,
each providing strong sensitivity to a different combination
of PHE

ee and PHE
ex .

Figure 7 shows the 2σ sensitivity to sin2 θ14 as a func-
tion of the XENONnT and DARWIN exposures for elas-
tic neutrino-electron scattering (solid curves). The limit is
obtained by searching for�χ2(sin2 θ14) = 4 and minimizing
with respect to sin2 θ12. We observe that the somewhat higher
background level in XENONnT leads only to a marginally
worse sensitivity compared to DARWIN (natural 136Xe) at
the same exposure, but the latter benefits of course from the
larger attainable exposures. For the dashed curves, we assume
additionally that sin2 θ12 is determined with a precision of
0.67% (1σ ) by JUNO. In this case, the ultimate sensitivity of
sin2 θ14 � 6.5 × 10−3 is already achieved around 20 ty and
is limited by the SSM pp flux uncertainty. We see further-
more that in this case DARWIN will not be able to improve
significantly beyond the sensitivity obtained after 5 years of
XENONnT data.
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Fig. 6 Contours of �χ2 = 1, 4, 9 in the plane of sin2 θ12 and sin2 θ14
for different combinations of current data (grey region) with future mea-
surements. The red region in all panels corresponds to 100 ty exposure of
DARWIN EνES data (natural 136Xe abundance) combined with current

data. The green contours correspond to the indicated samples combined
with current data. The blue region corresponds to the combination of
all samples shown in their respective panel

5 Summary and discussion

In this paper, we have considered sterile neutrino mixing with
the electron flavour, parametrized by sin2 θ14 = |Ue4|2, in the
context of solar neutrinos. The main results of this paper can
be summarized as follows.

• We have presented a simplified solar neutrino analysis,
which condenses a full-fledged solar neutrino fit into just
four observables and their correlation matrix. The four
observables are the νe survival probability and the νe →
νμ,τ transition probability, both at energies below and
above the MSW resonance. These four probabilities have
simple expressions in terms of the mixing parameters
θ12 and θ14 and the resulting χ2 profile is an excellent
approximation to the full solar neutrino fit. This analysis
is insensitive to �m2

21, whose determination is dominated
by KamLAND reactor neutrino data.

• We have performed a Feldman–Cousins (FC) analysis
of present solar neutrino data, in terms of θ12 and θ14.
We find that for the determination of θ12 the χ2 approx-
imation is very well justified, and the result is basically
independent of the presence of a sterile neutrino. How-
ever, we find some effects on θ14, where the FC analysis
typically leads to stronger limits than the ones in the χ2

approximation. This can be traced back to the effect of
the physical boundary sin2 θ14 ≥ 0, which leads to a
decrease of the effective number of degrees of freedom.
Furthermore, we find a rather strong dependence on the
adopted solar model, where the 90% CL limit on sin2 θ14

differs by about a factor 2 between the GS98 and AGSS09
solar models.
The current upper bounds on sterile neutrino mixing are
summarized in Table 2. These bounds are highly relevant
to possible hints for sterile neutrinos from reactor exper-
iments. In particular, the 90% CL upper bound (GS98
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Fig. 7 Sensitivity to sin2 θ14 at 2σ (�χ2 = 4) from low-energy elas-
tic neutrino-electron scattering in XENONnT and DARWIN as a func-
tion of the exposure, combined with current solar neutrino data (solid
curves). For dashed curves we assume in addition that sin2 θ12 is deter-
mined with a precision of 0.67% (1σ ) by JUNO. For DARWIN we show
in red the results for natural abundance of 136Xe, whereas blue curves
assume depletion by two orders of magnitude. The grey shaded area
indicates the region excluded by current solar neutrino data. Vertical
lines indicate exposure times of 1, 5, and 10 years, assuming a fiducial
mass of 4 t for XENONnT and 30 t for DARWIN

solar model) implies sin2 2θ14 � 0.07, which is in con-
flict with the full 2σ region reported by the Neutrino-4
experiment [18]. A combined analysis of solar and reac-
tor neutrino data is presented in [60], which provides a
quantitative assessment of the impact of solar neutrino
data on possible hints from reactor experiments.

• We have investigated the sensitivity of future solar neu-
trino measurements to sterile neutrino mixing. Elas-
tic neutrino-electron scattering in the XENONnT and
DARWIN dark matter experiments will provide a high-
precision determination of the pp solar neutrino flux;
and elastic neutrino-electron scattering in DUNE and
coherent neutrino-nucleus scattering in DARWIN will
accurately measure the 8B solar neutrino flux. Addi-
tional complementary information comes from the JUNO
reactor experiment, which will determine θ12 with sub-
percent precision. These data will have substantial sen-
sitivity to sterile neutrino mixing, reaching sin2 θ14 ≈
6.5×10−3, about a factor 4.5 better than the present limit
and covering significant portions of the parameter space
relevant to short-baseline reactor neutrino experiments.
The ultimate sensitivity is limited by the uncertainty of
the pp solar neutrino flux prediction.

Throughout the paper we base our analysis on the four
asymptotic (high and low energy) probabilities PLE,HE

ee,ex . As
we have demonstrated, this approach allows a very accu-
rate description of present data in terms of sterile neutrino

oscillations, after some tuning of analysis parameters. Fur-
thermore, it allows for sensitivity forecasts of future data.
However, once high-precision future data become available
such an approach will need to be re-evaluated and eventually
checked if relevant information is lost by considering only
asymptotic probabilities.

Our method of fitting solar neutrino data can be applied
to any new physics scenario that does not affect the spec-
tral shape around the MSW resonance but only modifies the
asymptotic values of the probabilities at low and/or high ener-
gies, such that the interpolation method described in Sect. 2
is accurate. This works very well for the sterile neutrino case
considered here; another model which fulfills this require-
ment would be generic non-unitary mixing. For new-physics
scenarios which modify transition probabilities in the MSW
resonance region (such as for instance non-standard neutrino
interactions or sterile neutrinos with mass-squared differ-
ences � 10−5 eV2) this approach would miss relevant effects
and an analysis using explicitly information on the full solar
neutrino energy is needed.

In conclusion, the results presented here demonstrate that
solar neutrinos continue to provide relevant information on
properties of neutrinos, and they will continue to do so for
the foreseeable future.

Note added. After the completion of this work, the BEST
collaboration released new results on radioactive source mea-
surements in gallium [61], confirming the deficit reported by
previous measurements [16,17]. The sterile neutrino mix-
ing required to explain these results is in significant tension
with the limit from solar neutrinos discussed here, see also
[60,62].
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Appendix A: χ2 construction forMonte Carlo simulation

The covariance matrix defined in Eq. (2.12) depends on the
parameters θ12 and θ14 via the predictions Pr . Therefore, Vrs
needs to be inverted numerically for each evaluation of the
χ2 function when scanning over the parameters. In order
to save the numerically expensive matrix inversion, we can
split the inversematrix V−1 into experimental and theoretical
uncertainties instead of V :

V−1
rs = S−1

rs

[
α

1

Or

1

Os
+ (1 − α)

1

Pr

1

Ps

]
(A.1)

(no sum over repeated indices). It turns out that in this case
α = 0.5 is a good choice. Since the matrix S does not depend
on the parameters, S−1 needs to be calculated only once and
for given Pr we can directly construct V−1 via Eq. (A.1). It
can be shown that Eqs. (2.12) and (A.1) are equivalent up
to linear order in εr = Or − Pr . We have checked that with
the aforementioned adjustment of the coefficient α the two
versions give numerically very similar results.

Appendix B: Details on the XENONnT/DARWIN analy-
sis

We provide details of our analysis of solar-neutrino induced
EνES events in the XENONnT and DARWIN dark matter
experiments, following the work presented in [32].

Particles incident upon a dual-phase xenon Time Projec-
tion Chamber may scatter, or recoil, off a xenon nucleus (NR)
or its electron cloud (ER). The most prominent sources of ER
events arise from internal contaminants (222Rn, 85Kr) [63–
66], radioactive xenon isotopes (136Xe, 124Xe) [67–69], and
the detector components themselves [67,70]. Imminently, the
pp solar neutrinos will constitute a comparable source of ER
background events for dark matter searches in XENONnT
and LZ; however, they will also unlock a novel science chan-
nel with unique probative value. DARWIN aims to reduce all
other sources of ER events such that pp solar neutrinos are
the dominant (and irreducible) contributor.

The spectral fluxes of pp, 13N, and 15O neutrinos may be
represented with the β form,

d�i

dEν

= �i A(xi − Eν)[(xi − Eν)
2 − m2

e]
1
2 E2

ν , (B.1)

where xi ≡ Qi + me, Qi and �i are the characteristic
maximal energy and the flux scale of neutrino component
i , respectively; me is the electron mass, A is the correspond-
ing normalization factor, and Eν is the energy of the emitted
neutrino. For the pp neutrinos, �pp = 5.98×1010 cm−2 s−1

and Qpp = 420 keV. In contrast, 7Be and pep neutrinos are
monoenergetic. The 7Be neutrinos are emitted at 0.862 MeV
(0.384 MeV) with a branching ratio of 90% (10%), while the

pep neutrinos have an energy of 1.44 MeV. The flux scales
are taken from the high-metallicity solar model [51].

These spectral fluxes are convolved with the differential
cross section of elastic electron-neutrino scattering to deter-
mine the differential rate:

dRi

dEr
= Ne

∑

α

∫
Peα

d�i

dEν

dσα

dEr
dEν, (B.2)

where Peα is the νe → να (α = e, μ, τ ) oscillation probabil-
ity, Ne = 2.48 × 1029 is the number of target electrons per
tonne of xenon, and Er is the energy of the induced recoil.
The differential EνES cross section is [71,72]

dσα

dEr
= 2G2

Fme

π

[
g2
L + g2

R

(
1 − Er

Eν

)2

− gLgR
meEr

E2
ν

]
.

(B.3)

For α = μ, τ , the coupling constants are given by gL =
sin2 θw − 1

2 and gR = sin2 θw, whereas for νe scattering
(α = e), gL → gL + 1 to account for its charged current
interaction. A value of sin2 θw = 0.2387 [73] is assumed
and kept fixed in the analysis. In order to induce an electronic
recoil, an incident neutrino must possess more energy than
the binding energy of a given shell; and, when a recoil occurs,
its energy is lowered accordingly. For this reason, xenon is not
completely sensitive to neutrinos with the lowest energies.
This effect is incorporated in the neutrino scattering rates
with a step function defined by the series of discrete electron
binding energies from 12 eV to 35 keV. This ultimately leads
to a suppression of a few percent in the pp neutrino event
rate and negligible reductions for the other solar neutrino
components. Furthermore, the Gaussian energy resolution
obtained in XENON1T [74], which remain unchanged with
the step approximation, is also applied:

σ(Er )

Er
= 0.3171√

Er [keV]
+ 0.0015. (B.4)

In order to include the information from DARWIN or
XENONnT in the solar neutrino analysis described in the
main text, we separate the terms of Eq. (B.2) by flavor for
the pp component. Namely, the contribution from electron-
type neutrinos is written separately from muon- and tau-type
neutrinos (x = μ, τ ):

dRpp

dEr

= Ne

[
Pee

∫
d�pp

dEν

dσe

dEr
dEν + Pex

∫
d�pp

dEν

dσx

dEr
dEν

]
.

(B.5)

Figure 8 shows the individual flavor contributions of the pp
recoil spectrum, along with 7Be and the relevant ER back-
grounds [24,32,57,67]. We perform a spectral fit to the data
shown in the figure, leaving the normalizations of all the com-
ponents as free fit parameters. For the pp flux, we treat Pee
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Fig. 8 The electronic recoil spectra of two solar neutrino components
and five backgrounds up to 1.1 MeV. The pp neutrino component is
divided by lepton flavor. The solar components follow from the high-Z
SSM model. The materials and 136Xe events in [1.1, 3] MeV (not shown)
are also used in the statistical analysis. The materials component is based
on a selection of events in a 30 t fiducial volume

and Pex as free parameters (independent of energy), and we
extract their covariance matrix by profiling over all the other
ER components. Note that we also treat the 7Be flux with
free normalization, and therefore we can extract normaliza-
tions of the pp flux components independent of a model, i.e.,
independent of the energy shape of the νe oscillation proba-
bilities, as long as they are constant in the low-energy region
relevant to pp neutrinos.
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