
Toward First Detection of the Solar Mikheyev-Smirnov-Wolfenstein
Transition with JUNO

Obada Nairat ,1,2,* John F. Beacom ,1,2,3,† Kevin J. Kelly ,4,‡ and Shirley Weishi Li 5,§

1Center for Cosmology and AstroParticle Physics (CCAPP), Ohio State University, Columbus, Ohio 43210, USA
2Department of Physics, Ohio State University, Columbus, Ohio 43210, USA

3Department of Astronomy, Ohio State University, Columbus, Ohio 43210, USA
4Department of Physics and Astronomy, Mitchell Institute for Fundamental Physics and Astronomy,

Texas A&M University, College Station, Texas 77843, USA
5Department of Physics and Astronomy, University of California, Irvine, California 92697, USA

(Received 31 January 2026; revised 18 June 2026; accepted 14 July 2026; published 19 August 2026)

Matter-induced neutrino flavor mixing (the Mikheyev-Smirnov-Wolfenstein, or MSW, effect) is a central
prediction of the neutrino mixing framework, but it has not been conclusively observed. Direct observation
of the energy-dependent MSW transition in the solar electron-neutrino survival probability would solve
this, but backgrounds have been prohibitive. We show that our new technique for suppressing muon-
induced spallation backgrounds will allow JUNO to measure the MSW transition at >4σ significance in
10 years. This would strongly support upcoming multibillion-dollar next-generation experiments and their
goals in cementing the neutrino mixing framework.
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Introduction—Neutrino flavor mixing in vacuum has
been definitively established, showing that neutrinos have
nonzero masses [1–12]. When neutrinos propagate through
matter, their mixing can be substantially modified by the
Mikheyev-Smirnov-Wolfenstein (MSW) effect [13,14],
which arises from coherent forward scattering via the weak
interactions. Because these matter mixing effects depend on
neutrino interactions at zero momentum transfer, they are
highly sensitive to physics beyond the standard model
(BSM) [15–32]. A quantitative experimental validation of
matter mixing effects, therefore, remains an important goal.
However, no experiment has yet provided an unambigu-

ous confirmation of matter mixing effects. For long-base-
line and atmospheric experiments [33–38], it is challenging
in part because Earth’s column density is small. For solar
experiments, the large and varying density of the Sun offers
a powerful laboratory [39–41]. But, while data on the
electron-neutrino survival probability imply an MSW
transition at a few MeV, it has never been directly observed
[6,10,17,19,42]. Further, measurements of the solar

day-night effect, which also probe the MSW theory, are
similarly inconclusive [6,42].
A precise understanding of matter mixing effects is

crucial not only for fundamental physics, but also for
practical reasons. First, the Deep Underground Neutrino
Observatory (DUNE) long-baseline experiment seeks to
measure the neutrino mass ordering and the charge-parity
(CP)-violating phase [43,44]; these measurements either
depend on matter effects or are vulnerable to degeneracies
with BSM scenarios [45–48]. (The Tokai to Hyper-
Kamiokande long-baseline experiment will also seek to
measure the CP-violating phase, but under minimal matter
effects [49].) Second, matter effects will be important for
high-statistics measurements of atmospheric neutrinos in
DUNE, Hyper-Kamiokande, and other experiments
[28,35,36,50,51]. Third, matter effects are essential for
interpreting observations of supernova neutrinos [52–55].
In this Letter, we show that the Jiangmen Underground

Neutrino Observatory (JUNO) [56–58]—designed pri-
marily to measure reactor neutrinos—can uniquely resolve
this critical issue. In a companion paper [59], we present a
powerful new background rejection technique for JUNO
measurements of solar neutrinos. Exploiting this will give
JUNO world-leading sensitivity to the MSW transition and
will solidify the neutrino mixing framework. Figure 1
contrasts the current experimental status versus our pro-
jected sensitivity for JUNO.
Review of the MSW effect—Neutrino mixing in vacuum

can be described by a Hamiltonian evolution equation
[41,60,61]. This depends upon the mixing angles between
the flavor and mass eigenstate bases (θij) and the
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mass-squared differences for the mass eigenstates (Δm2
ji)

[62]. When neutrinos propagate in matter, the Hamiltonian
is modified by adding the MSW term (the “matter potential”)
for electron neutrinos. This term is ∝ GFNe, whereGF is the
Fermi constant and Ne is the electron density in the medium
[13,14,19,28,60,61,63]. For solar neutrinos of energy Eν, the
electron-neutrino survival probability is [19,64]

PeeðEνÞ ≃ sin4ðθ13Þ þ cos4ðθ13ÞP2ν
eeðEνÞ; ð1Þ

P2ν
eeðEνÞ ¼

1

2
½1þ cosð2θ12Þhcosð2θmÞi�; ð2Þ

where cosð2θmÞ refers to the matter mixing angle, and this
termis averagedover thesolar production region [65–70].The
energy dependence of Eq. (2)—which provides a direct probe
of matter mixing effects—arises from θm, which depends on
the vacuum mixing angle and a dimensionless quantity
∝ GFNeEν=Δm2

21. The angle θm is θ12 in vacuum (or low
neutrino energies), π=4 at the MSW resonance density (or
energy), and π=2 at high density (or high neutrino energies).
Figure 1 shows the expected survival probability in the

standard MSW framework using mixing parameters from
the latest global fit [71] and recent JUNO measurements
[58]. At the low energies probed by Borexino measure-
ments (using pp, pep, and 7Be neutrinos) [10], the results
are consistent with the vacuum limit of Eq. (2). At the high
energies probed by Super-Kamiokande (SK) and Sudbury
Neutrino Observatory (SNO), the results are consistent with
the high-density limit [6,42]. In the few-MeV transition

region, limited statistics lead to large uncertainties: SK data
weakly favor an upturn (at 1.2σ), while SNO data weakly
favor a downturn (at 0.7σ). When taken together, they
somewhat favor an upturn (at 2.1σ) [4,42]. These mea-
surements are, thus, not yet sufficient to test matter mixing
effects. The projected points for JUNO are discussed in a
later section.
Figure 1 also shows that the survival probability can be

modified by BSM physics, where we focus on nonstandard
interactions (NSI) induced by new heavy mediators
[17,19,20,22,26–28,30,32,41,72–75]. Other possibilities
include neutrino decay, sterile neutrinos, and large neutrino
magnetic moments [15,16,18,19,21,25]. For NSI, the matter
potential is modified by new interactions between neutrinos
and fermions,addinganewtermthat is∝ GFNfϵ

f
αβ,whereNf

is the density of the fermion f in the medium and ϵfαβ are
dimensionlessparameters that quantify the strengthof theNSI
between that fermion and the neutrino flavors να and νβ
[20,28]. We consider two example NSI models that are
allowed at the 3σ level, corresponding to the parameters
ðϵD; ϵNÞ ¼ ð−0.20;−0.30Þ (bottomline)andð−0.15;−0.12Þ
(top line) as defined in Refs. [27,29,76]. As an illustrative
example, these parameter values can be generated through
couplings to down quarks with ϵdee ∼ 0.4 and ϵdeτ ∼ 0.1.
More generally, however, our analysis allows all relevant
NSI couplings to electrons and quarks to vary.
Prospects for solar neutrinos in JUNO—Of the present

and planned detectors, JUNO has the best potential to make
precise measurements of the MSW transition. (For

FIG. 1. Comparison of current [6,10,42] and projected measurements (using our background-rejection techniques for JUNO) of the
solar MSW transition. The black line shows the MSW prediction, while the gray dashed lines show example allowed NSI models. The
bins shown for JUNO are a projection, assuming the standard model, of how they could go beyond the quadratic fits used by SK and
SNO. With our spallation cuts, JUNO can measure the MSW transition well.
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comparison, Hyper-Kamiokande expects to have a sensi-
tivity of 3σ in 10 years with an expected threshold of
4.5 MeV but may do better [49,51].) JUNO detects solar
neutrinos through scattering with electrons, where the
recoiling electron produces a prompt scintillation signal.
The large scintillation light yield provides excellent energy
resolution [3%/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðE=MeVÞp
] and enables a low detection

threshold [57,58,77], both essential for detecting the MSW
transition. With a 20-kton target mass, nearly 70 times
larger than Borexino, JUNO will detect 8B neutrinos at a
rate of ∼80 events per day through the elastic scattering
channel [57]. Although neutral-current and charged-current
interactions on 13C also contribute [78], we focus here on
elastic scattering because it provides the dominant con-
tribution and has no kinematic threshold.
JUNO’s analysis threshold for 8B solar neutrinos is set by

detector backgrounds. One important source is the natural
radioactivity originating from contaminants in the scintil-
lator or surrounding material. These backgrounds are
effectively mitigated through multiple purification tech-
niques and fiducial volume cuts [57]. Initial performance
results [77] indicate that the concentrations of uranium and
thorium in the detector are within the levels necessary to
achieve a 2.3-MeV threshold, the lowest to date. A some-
what high activity rate of polonium may be a challenge, but
it should fall to the required level within roughly one year,
based on its 138.4-day half-life.
For the analysis window of 2.3–15 MeV, the dominant

background is caused by the delayed decays of radioactive
isotopes produced by cosmic-ray muons through spallation
(nuclear breakup) processes [57,59]. The rate of these
decays is ∼4000 events per day. The standard approach to
reducing spallation backgrounds is to veto all events within
a cylindrical region following a cosmic-ray muon. In
Ref. [57], JUNO defined baseline cuts that would reduce
spallation backgrounds to the subpercent level but at the
cost of 50% signal loss.
New technique to reduce backgrounds—For JUNO to

achieve its full potential as a solar neutrinodetector, improved
background rejection techniques are required. In earlier
papers on SK [79–82], we showed that nearly all spallation
isotopes are produced in muon-induced hadronic showers
through the secondary particles associatedwith them, such as
charged pions and neutrons. Importantly, hadronic showers
are rare and are produced by ≲5% of muons. These consid-
erations are general to other detectors [59,83]. Thismotivates
a strategy with aggressive cuts on hadronic showers and
moderate cuts on electromagnetic showers.
In a companion paper [59], we demonstrate that secon-

dary neutrons are an efficient signature to tag hadronic
showers in JUNO. These neutrons scatter down to thermal
energies and capture on hydrogen, emitting a 2.2 MeV
gamma ray, which JUNO detects with nearly perfect
efficiency. For hadronic showers, we find an average yield
of ∼14 neutrons and at least one neutron 98% of the time.

For hadronic showers, we apply cylindrical cuts with radii
up to 6 m and times up to 40 s. For electromagnetic
showers, we instead limit these to 3 m and 5 s. This strongly
suppresses spallation backgrounds while keeping the dead
time (signal loss) minimal.
Figure 2 shows the increase in the 8B signal rate at JUNO

using our neutron-tagged cuts (for the details of this figure,
see Ref. [59]). For the same background reduction effi-
ciency, our method reduces the dead time by a factor of
about 4.5 compared to JUNO’s baseline approach (from
62% to 14%), yielding a factor of 2.3 gain in exposure. This
improvement in the signal-to-background ratio is critical
for testing the MSW transition.
Probing the MSW transition—To test sensitivity to

matter mixing effects, one must compare simulated data
in JUNO under two hypotheses: (1) Pee ¼ constant (but
allowed to vary). (2) Pee given by the MSW theory in
Eq. (2). With JUNO’s baseline cuts, they could reject the
constant-probability hypothesis at 2.7σ significance in
10 years [57], somewhat better than the present combined
SKþ SNO result of 2.1σ.
We calculate the recoil electron spectrum for each case

by convolving the 8B neutrino spectrum [84] with the
elastic neutrino-electron cross section, including radiative
corrections [85] and the appropriate survival probability.
For the total flux of 8B solar neutrinos, we adopt the value
measured using the neutral current channel at SNO [86] to
avoid any implicit assumptions about the MSW transition.
We incorporate detector effects, including the energy
resolution (∼3% at 1 MeV), energy-scale uncertainty
(∼1%) [57,77], and detection efficiency [57]. We apply
the fiducial volume and selection cuts detailed in Ref. [57],

FIG. 2. The 8B signal spectrum at JUNO using our neutron-
tagged cuts compared to using JUNO’s cuts [57], both compared
to the remaining spallation background spectrum. With our
spallation cuts, twice more signal would be retained.
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including the 208Tl background cut, which introduces a
∼20% signal loss in the 3–5 MeV energy range and ∼2%
elsewhere [57]. For spallation backgrounds, we apply the
cuts detailed in the companion paper [59]. We then simulate
all detector backgrounds remaining after the cuts, including
spallation isotopes, intrinsic radioactivities, and reactor
neutrino elastic scattering [57]. We take into account
statistical uncertainties as well as systematic uncertainties
on the flux [86] and spectrum shape [84]. As in Ref. [57],
the uncertainties associated with the residual spallation
backgrounds are estimated based on previous measure-
ments in scintillator detectors [87], but these can be
validated and reduced by in situ measurements. Our
analysis benefits modestly from the updated 8B spectrum
of Ref. [84], which has reduced shape uncertainties
compared to the one adopted in Ref. [57].
To quantify JUNO’s discrimination power, we follow the

approach of their Ref. [57]. Assuming the MSW case as the
truth and using bins of width 0.1 MeV, we evaluate the
hypothesis of the flat-probability case using a χ2 test, taking
into account all uncertainties. Our analysis is slightly more
conservative than JUNO’s, as we start at 2.3 MeV instead of
2.0 MeV to take into account a new spallation background
we identified (see Ref. [59]).
Figure 3 shows that JUNO, with improved spallation

cuts and assuming the standard model, can reject the flat
survival probability hypothesis with >4σ significance in
10 years. Moreover, JUNO will surpass the current SKþ
SNO result in about two years, less than half the time
needed with JUNO’s baseline cuts. Of course, JUNO
results may also favor BSM scenarios. This highlights

the significance of our new background rejection tech-
niques [59]. We expect that our results can be improved
further by developing likelihood-based cuts and employing
machine learning techniques [88,89].
Note that the JUNO sensitivity is 2.2σ instead of the 2.7σ

noted in Ref. [57]. This reflects their updated muon rate
[77], which is higher. We have verified that we can recover
their original result with the old muon rate.
The sensitivity to the solarMSWtransition depends on the

value of the solar mass splitting. For lower values of Δm2
21,

the transition occurs at lower energies, degrading the
sensitivity to the upturn given the detection threshold.
Assuming a lower true value of Δm2

21 ¼ 6.1 × 10−5 eV2,
which is slightly favored by solar neutrino data [42], the
sensitivity to theMSW transition at JUNOdecreases to 3.4σ.
In Fig. 1, we show JUNO’s projected measurements of the

survival probability using three broad energy intervals with
the values obtained through a simultaneous fit to the full
recoil electron spectrum. These are for illustration and are
not used in our main calculations. Because the mapping
between neutrino energy and recoil electron energy is not
one to one, correlations between the values are unavoidable.
To minimize those, we choose sufficiently wide energy
intervals, such that the remaining correlation coefficients are
small (below ∼0.2) and are included in our uncertainty
evaluation. Compared to arbitrary functional fits [6,42], our
approach is more physical; compared to using narrow energy
intervals, the visual uncertainties are easier to understand.
Further study is needed to optimize our approach.
Implications for future experiments—Measurements of

long-baseline neutrino flavor mixing aim to determine,
among other goals, the neutrino mass ordering and the value
of the CP-violating phase. At DUNE, the ability to perform
these measurements is linked directly to the presence of
matter effects. If BSM physics alters neutrino propagation
in matter, it could pose significant challenges for these
measurements. For example, NSI can substantially degrade
the mass-ordering sensitivity [48,72,73,75,90–92] or even
lead to errant interpretations of CP violation in long-
baseline neutrino mixing [47,93–96].
To quantify the impact of matter-effect degeneracies on

DUNE’s mass-ordering reach, we simulate expected event
rates (in electron- and muon-neutrino samples) assuming six
years of data collection—equal running in neutrino and
antineutrino modes—with a detector fiducial mass of
20 kton. Mixing parameters are fixed to the best-fit values
from Ref. [71] (assuming the neutrino mass ordering is
normal and with solar parameters updated from Ref. [58]),
with a varying assumed-true δCP. For the DUNE baseline
scenario, we allow θ23, δCP, and Δm2

31 (fixing Δm2
31 < 0) to

vary, computing a χ2 test using bins of 250 MeV width in
both νe-appearance and νμ-disappearance channels. We then
find a best-fit χ2 under the incorrect-ordering assumption,
which is translated into the significance with which we can
establish the mass ordering. We have also repeated this

FIG. 3. Comparison of JUNO’s median sensitivity to the solar
MSW transition with our cuts and without as well as to the
combined SKþ SNO result [42]. With our spallation cuts,
greater significance would be reached, and more quickly.
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analysis assuming that the inverted mass ordering is true and
find qualitatively similar results.
We consider representative NSI scenarios where the

additional effective electron neutrino coupling is
ϵee ¼

P
f ϵ

f
eeNf=Ne. Current global constraints on ϵee

are model dependent and vary depending on the mediator
mass but allow values roughly in the range ð−1; 1Þ at the 3σ
level [27,28]. A precise measurement of the expected MSW
transition in JUNO would restrict ϵee to the range
ð−0.2; 0.2Þ at 1σ and ð−0.3; 0.4Þ at 3σ.
Figure 4 illustrates how JUNO’s measurement of the

MSW transition can mitigate degeneracies that affect
DUNE’s sensitivity to the mass ordering. When all ϵ ¼
0 (the standard model), DUNE will reach a significance of
7 − 15σ, depending on the value of the CP-violating phase,
δCP. Allowing NSI within currently allowed bounds intro-
duces degeneracies that reduce this sensitivity to being
below 5σ for the majority of δCP values, which would
undermine DUNE’s goals. However, by independently
probing matter mixing effects through solar neutrinos,
JUNO will lift these degeneracies and restore DUNE’s
mass-ordering sensitivity to more than 5σ for all δCP within
∼5yr of exposure compared to ∼10 yr if the currently
allowed NSI parameter space remains unconstrained.
Beyond the mass-ordering sensitivity, NSI can also

have a significant impact on measurements of CP viola-
tion. In particular, certain NSI scenarios can mimic CP-
violating effects in long-baseline experiments, potentially
leading to an apparent preference for nonzero δCP even
when the true value is CP conserving. For example,

Ref. [47] showed that an NSI coupling of ϵee ∼ 0.7 can
generate a signal resembling maximal CP violation at
DUNE when the true value is δCP ¼ 0. By independently
constraining matter effects through precision measure-
ments of the MSW transition, JUNO can exclude such
large NSI couplings at the 3σ level, providing a firm
foundation for interpreting future measurements of lep-
tonic CP violation.
Conclusions—We have shown that JUNO can provide a

decisive experimental test of the MSW transition in solar
neutrino mixing. By exploiting neutron tagging to muon-
induced hadronic showers, spallation backgrounds in the
critical 2.3–15 MeV energy range can be substantially
reduced, enabling a measurement of the MSW transition
with a significance >4σ in 10 years.
Long-baseline accelerator experiments such as DUNE

provide a concrete example of the importance of measuring
the solar MSW transition, where JUNO alone can break
degeneracies that limit their interpretation. In turn, this
would provide a firm experimental foundation for next-
generation measurements of the neutrino mass ordering and
CP violation. The JUNO measurement could be strength-
ened by combining with other neutrino mixing measure-
ments in a global analysis.
The implications of the improved sensitivity enabled by

our proposed spallation cuts extend beyond the measure-
ment of the MSW transition. Another important open
question in solar neutrino physics is the expected day-
night asymmetry caused by the regeneration of electron
neutrinos as they propagate through the Earth. Because the
sensitivity to this effect is currently limited primarily
by statistics, the substantial exposure gain provided by
our background-reduction strategy would also enhance
JUNO’s ability to observe this effect.
More broadly, measuring the MSW transition would

provide a model-independent calibration of matter effects,
placing robust constraints on new physics that modifies
neutrino propagation in matter. By doing so, a JUNO
observation of the MSW transition would directly inform
the interpretation of neutrino mixing across accelerator,
atmospheric, and supernova experiments.
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FIG. 4. DUNE sensitivity to the neutrino mass ordering with six
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JUNO’s measurement of the MSW transition. JUNO’s measure-
ment of matter mixing effects will support DUNE’s success.
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End Matter

Here, we provide additional details that are helpful for
reproducing our results, but that are not essential for the
main arguments. First, we summarize the NSI formalism.
Second, we show in more detail how NSI affect the survival
probability of solar neutrinos, including a brief discussion
of the large mixing angle (LMA)-Dark degeneracy. Finally,
we describe in detail the analysis framework.

Appendix A: NSI formalism—In the presence of
nonstandard neutrino interactions (NSI), neutrino
propagation in matter is governed by an effective matter
Hamiltonian that extends the standard model MSW
potential. Here and in the main text, we closely follow
Refs. [27–29,76], focusing only on vector NSI. In the
flavor basis, this Hamiltonian can be written as

Hmat ¼
ffiffiffi
2

p
GFNe

0
BB@

1þ ϵee ϵeμ ϵeτ

ϵ�eμ ϵμμ ϵμτ

ϵ�eτ ϵ�μτ ϵττ

1
CCA; ðA1Þ

where the dimensionless parameters ϵαβ encode the
strength of NSI relative to the Fermi constant.
In electrically neutral matter composed of electrons,

protons, and neutrons, the effective NSI couplings ϵαβ can
be expressed in terms of the fundamental NSI couplings to
electrons, up quarks, and down quarks as

ϵαβ ¼ ϵeαβ þ
�
2ϵuαβ þ ϵdαβ

�þ Nn

Ne

�
ϵuαβ þ 2ϵdαβ

�
; ðA2Þ

where Ne and Nn are the electron and neutron number
densities, respectively.
For terrestrial experiments, the neutron density is

approximately equal to the electron density, leading to
an effective coupling commonly written as

ϵ⊕αβ ≃ ϵeαβ þ 3ϵuαβ þ 3ϵdαβ: ðA3Þ

In contrast, in the Sun, the neutron fraction varies signifi-
cantly with radius, from Yn ≡ Nn=Ne ≃ 0.6 in the core to
≃0.1 near the surface. The effective solar NSI coupling can,
therefore, be written as

ϵ⊙αβ ≃ ϵeαβ þ ð2þ YnÞϵuαβ þ ð1þ 2YnÞϵdαβ: ðA4Þ

For our calculations in the main text, we use the neutron
fraction profile from standard solar models [65,66] to
evaluate the radial dependence of ϵ⊙αβ.
For solar neutrinos, the dynamics can be well described

in the two-flavor limit. Then, the effective 2 × 2 matter
Hamiltonian takes the form [27,29,76]
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Hmat ≃
ffiffiffi
2

p
GFNe

 
c213 − ϵD ϵN

ϵ�N ϵD

!
; ðA5Þ

where the diagonal and off-diagonal NSI parameters, ϵD
and ϵN , are related to the effective couplings ϵαβ by

ϵD ¼ c13s13Reðs23ϵeμ þ c23ϵeτÞ
− ð1þ s213Þc23s23ReðϵμτÞ

−
c213
2

ðϵee − ϵμμÞ þ
s223 − s213c

2
23

2
ðϵττ − ϵμμÞ; ðA6Þ

ϵN ¼ c13ðc23ϵeμ − s23ϵeτÞ
þ s13

h
s223ϵμτ − c223ϵ

�
μτ þ c23s23ðϵττ − ϵμμÞ

i
: ðA7Þ

where cij ¼ cosðθijÞ and sij ¼ sinðθijÞ.

Appendix B: NSI effects on the survival probability—
In the standard MSW framework, the effective matter
mixing angle appearing in the Parke formula [Eq. (2)]
for the survival probability is

cosð2θmÞ¼
cosð2θ12Þ− ACC

Δm2
21

c213ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2ð2θ12Þþ

�
cosð2θ12Þ− ACC

Δm2
21

c213
�
2

r ; ðB1Þ

where ACC ¼ 2
ffiffiffi
2

p
GFNeEν. At low neutrino energies

or matter densities (ACC=Δm2
21 → 0), the survival

probability approaches a constant value, and at high
neutrino energies or matter densities (ACC=Δm2

21 ≫ 1), it
approaches a different constant value. In between, the
energy dependence of θm—as it varies from θ12 to
π=2—produces the characteristic MSW transition.
In the presence of NSI, the terms in the numerator and

denominator of Eq. (B1) are modified as [29,76]

cosð2θ12Þ → cosð2θ12Þ þ
2ACC

Δm2
21

ϵD; ðB2Þ

sinð2θ12Þ → sinð2θ12Þ þ
2ACC

Δm2
21

ϵN: ðB3Þ

Figure 5 illustrates the resulting distortions in the
survival probability for representative values of ϵ⊕ee. The
three panels correspond to scenarios where ϵ⊕ee arises
entirely from couplings to electrons, up quarks, or down
quarks. The impact is largest for the case of electron
couplings, for which the mapping between terrestrial and
solar NSI parameters is unity, followed by the up- and
down-quark cases, where the proportionality factors are
reduced by ð2þ YnÞ=3 and ð1þ 2YnÞ=3, respectively.
The LMA-Dark degeneracy is a special but interesting

NSI case [28,31,72,73,75]. Equations (A6)–(B3) exhibit an
exact degeneracy when ϵee − ϵμμ ¼ −2, ϵμμ ¼ ϵττ, all off-
diagonal NSI parameters vanish, and the sign of Δm2

21 is
reversed (equivalently, when θ12 lies in the second octant
[24,32]). The LMA-Dark case, thus, cannot be separated
from the standard model case using oscillation data alone.
Doing so requires complementary constraints from scatter-
ing measurements. In the electron sector, this parameter
space is strongly constrained by neutrino-electron and
coherent elastic neutrino-nucleus scattering data for a wide
range of mediator masses [72,73,75]. In the near future,
these constraints will be further strengthened by measure-
ments of the solar neutrino fog at dark matter experi-
ments [32].
The importance of using scattering data extends beyond

the LMA-Dark case alone. In our calculations, we focus on
the impact of NSI on neutrino propagation, which is
independent of the mediator mass. For heavy mediators,
NSI can also modify the neutrino-electron scattering cross
section, providing an additional source of sensitivity. In
current Borexino data, the NSI constraints are driven
primarily by scattering effects because of the lack of data

FIG. 5. Solar neutrino survival probability in the presence of NSI couplings with different fermions.
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in the MSW transition region [27]. JUNO, by combining
precision scattering measurements with its unique sensi-
tivity to the MSW transition, will be able to place stronger
and complementary constraints on NSI.

Appendix C: Analysis details—In evaluating JUNO’s
sensitivity to the solar MSW transition, we closely
follow the statistical framework in Refs. [42,57] with
some important updates motivated by recent simulations
and detector performance studies.
To quantify the sensitivity, a χ2 function is defined as

χ2 ¼ χ2data þ
X
j

ξ2j=σ
2
j ; ðC1Þ

where the index j runs over the systematic uncertainties; ξj
are the corresponding nuisance parameters; and σj are their
errors, assumed to be Gaussian. For the data term, we use
the Poisson definition,

χ2data ¼ 2
X
i

Ni
flat − Ni

MSW þ Ni
MSW · log

Ni
MSW

Ni
flat

; ðC2Þ

where Ni
flat and Ni

MSW are the predicted event counts in the
ith energy bin assuming, respectively, a flat (energy-
independent) mixing probability and the standard MSW
prediction. In both cases, signal and background contribu-
tions are included.
A key difference relative to Ref. [57] is that we increase

the analysis threshold from 2.0 MeV to 2.3 MeV. As
discussed in detail in the companion paper [59], updated
FLUKA simulations indicate that the production yield of 13N
is larger than previously estimated. This increase might be
due to improved treatment of light-ion transport and the
inclusion of additional production channels such as (2H, n)
reactions. Because 13N has a long lifetime and a beta-decay
endpoint at 2.2 MeV, it is particularly challenging to reduce
using timing veto techniques. Raising the threshold to
2.3 MeVensures complete removal of this background after

accounting for energy smearing. While this choice leads to
a modest reduction in sensitivity, it is essential to achieve a
signal-dominated analysis.
The rates of residual spallation backgrounds are a major

systematic uncertainty due to the limited experimental
measurements and significant hadronic uncertainties on
the isotope yields, seen, e.g., in the different results from
Geant4 and FLUKA. In Ref. [57], isotope yields were
estimated by scaling measurements from previous experi-
ments, assuming a cross section proportional to the
average muon energy. (A more physical and accurate
approach is to scale with shower energy [80].) That
approach leads to lower yields than those obtained in
our FLUKA simulations. To remain conservative, for any
isotope where the two approaches disagree, we adopt
the larger predicted yield and further multiply it by a
factor of two, which is the typical level of hadronic
uncertainty.
For all remaining background components, we adopt the

rates and uncertainties from Ref. [57], except in cases
where updated measurements are available from JUNO’s
recent results and initial detector performance studies
[58,77]. In those instances, we use the experimentally
measured values and their associated uncertainties.
Altogether, this results in approximately 5 × 104 back-
ground events in a 10-year exposure, compared to about
3 × 104 events in Ref. [57], providing a conservative
estimate of JUNO’s sensitivity. Ultimately, these yields
and their uncertainties should be measured in situ.
Systematic uncertainties associated with the energy scale

and the shape of the 8B neutrino spectrum are treated
following the procedure of Ref. [57] by introducing energy-
dependent shift parameters applied to the predicted spectra.
The detector energy resolution is taken to be 3% at 1 MeV.
We have verified that increasing the resolution to 5% has a
negligible impact on the main results presented in this
Letter.

PHYSICAL REVIEW LETTERS 137, 081801 (2026)

081801-10


	Toward First Detection of the Solar Mikheyev-Smirnov-Wolfenstein Transition with JUNO
	Introduction
	Review of the MSW effect
	Prospects for solar neutrinos in JUNO
	New technique to reduce backgrounds
	Probing the MSW transition
	Implications for future experiments
	Conclusions
	Acknowledgments
	Data availability
	References
	Appendix A: NSI formalism
	Appendix B: NSI effects on the survival probability
	Appendix C: Analysis details


