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The recent detection of the solar neutrino background at dark matter direct detection experiments paves
the way to fully explore an important degeneracy in neutrino oscillations in the presence of new
interactions, named the LMA-Dark degeneracy. This degeneracy makes it impossible to determine the
neutrino mass ordering in oscillation experiments if neutrinos have new vectorial interactions with matter.
As the composition of solar neutrinos at the Earth consists of all three neutrino flavors, testing the presence
of new neutrino interactions in the muon and tau neutrino sector in scatterings can fully probe the LMA-
Dark region for the first time. In this paper we show that current data from XENONnT and PandaX-4T do
not yet exclude the LMA-Dark region with equal couplings of a new mediator to muon and tau neutrinos
and quarks, and we identify the possible experimental scenarios to do so in the future. We also show that
dark matter experiments can distinguish new interactions in the muon or tau sector only from new
interactions affecting both sectors.

DOI: 10.1103/g74v-lr8t

I. INTRODUCTION

Since its prediction in 1974 [1,2] coherent elastic
neutrino nucleus scattering (CEvNS) has been observed
with several detector materials like CsI, argon, and germa-
nium using neutrinos produced in pion decay at rest [3–6]
as well as using reactor neutrinos with germanium detectors
[7–9].
Recently, the first observations of CEvNS with solar

neutrinos at dark matter (DM) direct detection experiments
has been reported by the large-scale xenon experiments
XENONnT and PandaX-4T with more than 2.5σ signifi-
cance [10,11]. This so-called “neutrino fog” originates
from 8B solar neutrinos and provides an irreducible back-
ground at DM direct detection experiments [12–18]. In the
Standard Model (SM), the CEvNS process is mediated by
the Z-boson; however, in scenarios beyond the SM where
neutrinos have nonstandard interactions (NSI) new con-
tributions to the CEvNS cross sections can arise. In [19–22]
the effect of new interactions on the neutrino fog has been
studied and the PandaX-4T and XENONnT data sets have
been analyzed by the neutrino community to probe new
neutrino interactions in [23–31].

Here we point out that a detection of the solar neutrino
fog can provide crucial constraints on a particular region in
the parameter space of new neutrino interactions called the
LMA-Dark degeneracy [32–35]. In the LMA-Dark sce-
nario, neutrinos have a new vectorial interaction with SM
fermions with a strength of the order of the weak inter-
action. Probing this large interaction, however, is challeng-
ing as the LMA-Dark point is an exact degeneracy of the
Hamiltonian which governs neutrino oscillations in matter
in the presence of new interactions. Therefore, we have to
resort to low energy neutrino scattering processes, which do
not suffer from this degeneracy, to test this point in
parameter space. As we show in the following, the neutrino
fog is the ideal process to achieve this goal.
Probing the LMA-Dark degeneracy is essential as its

presence makes it impossible to determine the neutrino
mass ordering at long-baseline experiments and can there-
fore prevent upcoming experiments like DUNE [36],
HyperKamiokande [37], and JUNO [38] to achieve one
of their major goals. The open question of the neutrino
mass ordering is equivalent to determining the sign of
the mass splitting Δm2

31 ¼ m2
3 −m2

1.
1 If Δm2

31 > 0 then
the neutrino mass ordering is normal (NO) with
m1 < m2 < m3; if Δm2

31 < 0 then the neutrino mass order-
ing is inverted with m3 < m1 < m2 (IO). From current
global fit neutrino oscillation data [40] there is a mild
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1Here we make the choice of defining the mass eigenstates
based on jUe1j > jUe2j > jUe3j which leads to the sign of Δm2
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preference for NO; however individual data sets have
shown slight preference for different orderings leading to
a mild tension between them [40–44]. Therefore, the
question of the mass ordering currently remains unan-
swered by oscillation experiments.
Apart from addressing the question of how “normal”

neutrinos are and determining one of the last unknown
parameters in the three-flavor neutrino paradigm [45],
determining the neutrino mass ordering has important
implications for other experiments, in particular for experi-
ments which measure observables related to the absolute
neutrino mass scale. For example, the predicted parameter
space for the beta decay end point spectrum observable is
lower for NO than for IO, affecting the reach of the KATRIN
experiment [46] and future experiments [47–49]. Current
cosmological observatories like DESI [50], the Atacama
Cosmology Telescope [51], and the South Pole Telescope
[52] are close to measuring the sum of the neutrino masses;
in fact, the strongest bounds from DESI are in conflict with
the minimal allowed value in IO [53]. Unambiguously
determining the neutrino mass ordering from oscillation
experiments will be essential to determine if there is possible
new physics in cosmology or even in oscillation physics.
Also the detection prospects of the cosmic neutrino back-
ground by capture on tritium depends on the mass ordering
[54]. Finally, the allowed parameter space for neutrinoless
double beta decay experiments allows much smaller min-
imal values of jmββj depending on the lightest mass in NO
than in IO by at least 1 order ofmagnitude in the hierarchical
region of neutrino masses [55]. Correctly identifying the
mass ordering is therefore essential for neutrinoless double
beta decay experiments in determining their required
sensitivity.
In the following we first review the LMA-Dark degen-

eracy and its current status in Sec. II (see [56] for a more
detailed overview). In Sec. III we discuss neutrino scatter-
ing at DM direct detection experiments before we outline
our analysis in Sec. IV. Our results and next steps in fully
ruling out the LMA-Dark degeneracy are described in
Sec. V and we conclude in Sec. VI.

II. LMA-DARK DEGENERACY

New neutral current vectorial neutrino interactions with
matter fermions can be parametrized in an effective field
theory framework as four-fermion operators [57,58]

LNSI ¼ −2
ffiffiffi
2

p
GF

X
f;α

εf;Vαβ ðν̄αγμPLνβÞðf̄γμfÞ; ð1Þ

where εf;Vαβ are the NSI parameters which parametrize the
strength of the new interaction relative to the Fermi
constant GF between neutrino flavors α, β and matter
fermions f ¼ e, u, d. The off-diagonal NSI parameters can

be complex while the flavor diagonal couplings are real.
These new interactions arise in a variety of models [59–70].
NSI can be probed via either neutrino oscillations where

they appear as a new matter effect or by neutrino scattering
processes where they lead to a new contribution to the cross
section. In oscillations the new interactions appear in the
Hamiltonian which describes neutrino oscillations in matter

H ¼ 1

2E

2
64U

0
B@

0 0 0

0 Δm2
21 0

0 0 Δm2
31

1
CAU†

þ a

0
B@

1þ εee εeμ εeτ

ε�eμ εμμ εμτ

ε�eτ ε�μτ εττ

1
CA
3
75; ð2Þ

where E is the neutrino energy, U ≡ R23ðθ23ÞU13ðθ13; δÞ
R12ðθ12Þ is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
mixing matrix [71,72] that is parametrized in the usual
way [73], a≡ 2

ffiffiffi
2

p
GFNeE is related to the Wolfenstein

matter potential [57], GF is Fermi’s constant, and Ne is the
electron number density. In the presence of NSI all entries in
the second matrix can be populated. The NSI parameters in
the Hamiltonian are related to the NSI parameters in the
Lagrangian from Eq. (1) as

εαβ ¼
X

f∈ fe;u;dg

Nf

Ne
εf;Vαβ ; ð3Þ

with the fermion matter density Nf.
Constraints on NSI from oscillations have been derived

in [40] and no strong evidence for nonzero NSI has been
found. However, the oscillation probability derived from
Eq. (2) suffers from a degeneracy in the presence of NSI,
called the LMA-Dark degeneracy [32–35]. Namely, as a
consequence of CPT invariance, the Hamiltonian trans-
forms as Hvac → −H�

vac, which corresponds to a change in
the oscillation parameters as

Δm2
21 → −Δm2

21; Δm2
31 → −Δm2

31;

δ → −δ ð4Þ

and a simultaneous change in NSI parameters parametrized
via the parameter x as [74]

ðεee; εμμ; εττÞ ¼ ðx − 2; x; xÞ ð5Þ

with εαβ ¼ 0 for α ≠ β.2 If x ¼ 0 then the LMA-Dark
degeneracy is fully contained in the electron neutrino

2Depending on the definition of the mass eigenstates, the
LMA-Dark degeneracy can also be defined as θ12 > 45° instead
of Δm2

21 < 0 [35,39].
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sector; if x ¼ 2 the LMA-Dark degeneracy is in the muon
and tau neutrino sector.
In turn, the LMA-Dark degeneracy also means that one

cannot measure the mass ordering unambiguously with
oscillation experiments. Here an alternative way to test NSI
comes to the rescue, namely neutrino neutral current
scattering experiments. These experiments do not suffer
from the LMA-Dark degeneracy but have their own
degeneracies, unrelated to LMA-Dark. Since matter effects
in oscillations are coherent forward scattering processes,
they are independent of the mediator mass of the new
interaction. In contrast, in scattering processes the mediator
mass plays a role. Therefore, to probe the LMA-Dark
degeneracy one has to test all mediators down to light
masses. Indeed, cosmology excluded neutrinophilic medi-
ators with mass below the MeV scale. For a vector mediator
the bound reads mZ0 ≳ 3 MeV, depending on the data sets
combined [75–80].3 So far, the LMA-Dark region has been
excluded for a mediator with masses above the GeV scale
with couplings to quarks and electrons using NuTeV and
CHARM data where neutral current deep inelastic scatter-
ing is dominant [86,87]. At lower energies the dominant
neutral current process is CEvNS. Using CEvNS data sets
from COHERENT, the LMA-Dark region with mediator
masses above 50 MeVand coupling to quarks and electron
or muon neutrinos has been excluded in [74,88]. For lighter
mediators, CEvNS data from the reactor experiment
Dresden-II has excluded the LMA-Dark region for cou-
plings between electron neutrinos and quarks [56].
Additionally recent data from CONUS+ [89–91] excluded
this parameter space as well; see Sec. V. The LMA-Dark
parameter space for the coupling of electron neutrinos to
electrons down to mediator masses constrained by cosmol-
ogy has been excluded by solar neutrino experiments like
Borexino [92,93], and reactor experiments like TEXONO,
CHARM-II, and GEMMA [94–97]. As there are currently
no constraints on the LMA-Dark parameter space for the
coupling of muon and tau neutrinos to electrons or quarks,
this remains the only viable region for LMA-Dark.4

There are two possible ways to probe LMA-Dark in the
muon and tau neutrino sector: Low threshold experiments
using neutrinos from pion decay at rest sources like
Coherent CAPTAIN Mills [98], or at the ESS [99,100]
or SNS [5,6] can constrain directly the coupling of a new
mediator to muon neutrinos and quarks [88,101] while the
muon neutrino-electron elastic scattering cross section is
several orders of magnitude smaller. Combined with
information from oscillation experiments which allow only
for a small difference in the new interactions of muons and

tau neutrinos with quarks jεu;dμμ − εu;dττ j≲ 2 × 10−2 [102]
constraints on new interactions in the tau sector can be
derived. Here we follow an alternative route which allows
to directly probe new interactions of muon and tau
neutrinos simultaneously, namely the observation of solar
neutrinos in a low energy scattering processes. Since solar
neutrinos arrive at the Earth dominantly as mass eigenstate
ν2 they contain a large fraction of the muon neutrino and
tau neutrino flavor eigenstates [57]. A study of the
couplings of muon and tau neutrinos to electrons is possible
using solar neutrino-electron scattering data [103–106] like
current Borexino data [107] and future JUNO data [108]
and DUNE data [109] as well as neutrino-electron scatter-
ing in DM direct detection experiments. Here we focus on
testing the new interactions of muon and tau neutrinos with
quarks using the CEvNS process instead.
Note that SNO’s observation of solar neutrino neutral

current scattering on deuterium [110,111] is dominated by
the axial-vector current whereas the LMA-Dark degeneracy
appears for the vector current only. Therefore we need to
resort to low energy scattering processes with a vector
current like CEvNS. In the next section we analyze the 8B
solar neutrino scattering data from PandaX-4T and
XENONnT and show that current data does not exclude
LMA-Dark yet and outline possible future experimental
configurations to test LMA-Dark.

III. NEUTRINO SCATTERING AT DM DIRECT
DETECTION EXPERIMENTS

The dominant contribution to the solar neutrino fog is
neutrinos originating from the process 8B → Be� þ eþ þ
νe in the core of the Sun. Neutrinos from the hep process
have similar energies but their flux is 3 orders of magnitude
smaller than for 8B neutrinos [112] and hence do not
contribute significantly to the neutrino fog. After their
production, due to the high matter densities in the Sun and
matter effects, the 8B neutrinos undergo an adiabatic flavor
transition where they propagate as an asymptotic propa-
gation eigenstate ν2 before they exit the Sun, as shown in
the fundamental paper by Wolfenstein [57]. Since this
eigenstate contains all three neutrino flavor eigenstates, this
means that 8B neutrinos provide a source of low energy
muon and tau neutrinos without the need to rely on meson,
muon, or tau decays.
In the presence of NSI, in general, the flavor transition

probability in the Sun gets affected. However, the LMA-
Dark parameter space in the Sun does not change the
oscillation probability. Therefore, we do not include the
effects of NSI in the propagation of the neutrinos through
the Sun. In Fig. 1 we show the neutrino survival and
transition probabilities for 8B neutrinos using the
PEANUTS code [113], along with the flux of 8B neutrinos.
The shape of the 8B spectrum was obtained from [114,115],
and the normalization was obtained from the B16-GS98

3Our model also predicts neutrino self-interactions due to the
new mediator which can be constrained using supernova data
[81–85].

4Very specific combinations of couplings of electron neutrinos
to up and down quarks are allowed as well [56].
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Standard Solar Model [112]. While the survival probability
for electron neutrinos is accurately known, the individual
transition probabilities Peμ and Peτ depend sensitively on
sin2 θ23 and cos δwhich are currently the least wellmeasured
parameters of the leptonic mixing matrix [40]. For concrete-
ness we use the following values for the parameters of the
PMNS matrix: sin θ12 ¼ 0.55, sin θ13 ¼ 0.15, sin2 θ23 ¼
0.50, and cos δ ¼ 0. For this set of parameters the transition
probabilities Peμ and Peτ are identical.
Hence, the dominant effect of the LMA-Dark NSI

parameter space is in the detection of the neutrinos. The
total differential event rate for CEvNS is given by the sum
of the rates from each flavor of neutrinos like

dR
dEN

¼ dRe

dEN
þ dRμ

dEN
þ dRτ

dEN
ð6Þ

where the event rate for να is given by

dRα

dEN
¼

Z
PeαðEνÞ

dϕ
dEν

dσναN
dEN

dEν: ð7Þ

Here Eν is the incoming neutrino energy, and EN is the
nuclear recoil energy. PeαðEνÞ denotes the energy depen-
dent probability of observing a neutrino of flavor α on Earth
originating from the 8B solar neutrino flux ϕ. The differ-
ential cross section for CEvNS is given by [1]

dσναN
dEN

¼ G2
F

π

Q2
wα

4
MN

�
1 −

MNEN

2E2
ν

�
F2ðq2Þ ð8Þ

where MN is the target nuclei mass, which for the xenon
nucleus, the target material of PandaX-4T and XENONnT,
is 131.293 u, calculated as a weighted average across their
isotopes. Fðq2Þ is the form factor, for which we use the
Helm parametrization as a function of the Bessel function
j1 given by [116]

Fðq2Þ ¼ 3 ·
j1ðqR0Þ
qR0

· exp

�
−
1

2
ðqsÞ2

�
: ð9Þ

The diffraction radius R0 is calculated using a folding width
s ¼ 0.9 fm [117] and the rms charge radius of xenon taken
from [118]. Finally, Q2

wα is the weak charge in the presence
of NSI. For the case of only diagonal nonzero NSI, it is
given by

Q2
wα

4
¼ ½Zðgp þ 2εuαα þ εdααÞ
þ Nðgn þ εuαα þ 2εdααÞ�2: ð10Þ

Here, Z ¼ 54 and N ¼ 77.293 are the proton and neutron
numbers of the xenon target nuclei, and gn ¼ −0.5 and
gp ¼ 0.5–2 sin2 θW , where sin2 θW ¼ 0.2387 [73] are the
SM couplings of the Z-boson.
For light mediators whose mass mZ0 is below the

momentum transfer of the scattering q ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mAEr

p ≲
Oð10 MeVÞ in Eq. (10) we have to replace5

εfαα ¼ gναgfffiffiffi
2

p
GFðq2 þM2

Z0 Þ
¼ εfααðq2 ¼ 0Þ M2

Z0

ðq2 þM2
Z0 Þ ; ð11Þ

where εfααðq2 ¼ 0Þ is the NSI parameter relevant for
oscillations at q2 ¼ 0 and gνα and gf are the couplings
of the new mediator to neutrinos of flavor α and matter
fermions f.

IV. ANALYSIS AND RESULTS

We turn now to our analysis of the data from XENONnT
[120] and PandaX-4T [121]. Both experiments are dual-
phase time projection chambers featuring 5.9 t and 3.7 t of
liquid xenon as targets. XENONnT across its two runs SR0
and SR1, with a live time of 108 days and 208.5 days
respectively, reported the observation of 37 total events
with a background expectation of 26.4þ1.4

−1.3 , leading to an
observation of 8B solar neutrinos at 2.73σ. The experiment
has a threshold of 0.5 keV and a 3.51 t-yr exposure across
both runs. PandaX-4T also presented results from two runs:
the commissioning run, and the first science run of the
experiment. PandaX-4T did two separate analyses for their

FIG. 1. Solar neutrino survival and transition probability for
each neutrino flavor calculated using the PEANUTS code , and
flux of solar 8B neutrinos [112,114,115] (thick line). For
concreteness we have used as input parameters sin θ12 ¼ 0.55,
sin θ13 ¼ 0.15, sin2 θ23 ¼ 0.50, and cos δ ¼ 0 leading to identical
probabilities Peμ and Peτ shown in dashed.

5We note that in some references a factor of 2 appears in the
denominator of this expression; however as demonstrated in the
Appendix of [119] this factor is erroneous.
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8B CEvNS data: one where they required coincidence of S1
and S2 signals (paired), and another where they used
ionization signals only (US2). We only use the US2 data
in this analysis due to the higher statistics. PandaX-4T
reports observing 75 8B neutrino events in their US2 data
with a total exposure of 1.04 t-yr.
XENONnT presents the results in cS2 bins, which are the

corrected number of photoelectrons (PE) from the ionization
signal. The electron gain g2 ¼ 16.9 PE=electron [10] for
XENONnT relates the number of ionization electrons
released to the number of PE observed in the cS2 signal.
The event rate in each electron/cS2 bin is calculated using a
Poisson smearing of events. The number of events in the ith
bin is

Ri ¼ EðX;PÞ
Z

PðiÞϵX;PðENÞ
dR
dEN

dEN ð12Þ

where PðiÞ is the Poisson probability of getting i
electrons/S2

PðiÞ ¼ ðnX;PÞi expð−n
X;PÞ

Γðiþ 1Þ ð13Þ

when nX;P is the mean number of electrons/PE released for
an event with nuclear recoil energy EN for PandaX-4T/
XENONnT respectively, calculated using the charge yields
from [122,123]. EX;P is the exposure of the respective
experiment, with EX ¼ 3.51 t-yr for XENONnT, and EP ¼
1.04 t-yr for PandaX-4T US2. ϵX;P is the efficiency of the
experiments taken from [11] for PandaX-4T and from [10]
forXENONnT.Weuse a total of three bins forXENONnTof
size (90,160], (160,230], (230,500] PE and eight bins of
equal width between [4,8) electrons for PandaX-4T.We find
an excellent agreement for the SM event rates for PandaX-
4T and a slightly worse but still acceptable agreement for
XENONnTwhich may be due to details in the experimental
analysis.
We implement the following χ2 function with nuisance

parameters for signal and background α, β in our analysis:

χ2ðα; βÞ ¼ 2
X
i

�
N̂i − Nmeas

i þ Nmeas
i log

�
Nmeas

i

N̂i

��

þ
�
α

σα

�
2

þ
�
β

σβ

�
2

ð14Þ

N̂i ¼ Nmodel
i ð1þ αÞ þ Nbkg

i ð1þ βÞ ð15Þ

where Nmodel
i , Nbkg

i , Nmeas
i are the number of predicted

signal events in the model, background events, and exper-
imentally measured events in the ith bin respectively. The
systematic uncertainties of the signal and background σα
and σβ are σα ¼ 0.17ð0.22Þ and σβ ¼ 0.20ð0.05Þ for
PandaX-4T (XENONnT) [10,11].

With this approach our results for equal coupling of a
new vector mediator to all three flavors and equal coupling
to up and down quarks agrees with the results from [25,28].

V. RESULTS

A. LMA-Dark in muon and tau neutrino sector

We turn now to our results. We show in Fig. 2 the
constraints derived from the XENONnT and PandaX-4T
data sets [10,11] in the mZ0 − ffiffiffiffiffiffiffiffiffigνgq

p plane for a mediator
with equal couplings to muon and tau neutrinos and equal
couplings to up and down quarks compared to the LMA-
Dark region from [124]. The data from current experiments
only excludes the LMA-Dark region above mediator
masses of mZ0 ≳ 10 MeV.
As current data do not fully exclude LMA-Dark in the

muon and tau sector, we consider possible future DM direct
detection experiments and test their sensitivity. PandaX-4T
[125] is proposed to be upgraded to the PandaX-xT
experiment, and will feature a 43 t liquid xenon target.
The experiment is expected to conservatively have an
efficiency as good as the current generation PandaX-4T
[125], with the possibility of improved efficiency and lower
backgrounds. XLZD is the planned upgraded detector of the
XENON and LZ experiments [126,127]. In the conservative
plan, XLZD aims to have a 60 t liquid xenon target. Both
future xenon experiments expect to reach a 200 t-yr exposure
by the end of their lifetimes. Darkside-20k [128] and

FIG. 2. Constraints on the coupling strength of a new light
mediator with mass mZ0 to quarks and muon and tau neutrinosffiffiffiffiffiffiffiffiffigνgq
p at 3σ C.L. for 2 d.o.f. from the XENONnTand PandaX-4T
data [10,11]. We assume equal couplings to muon and tau
neutrinos and equal couplings to up and down quarks. The grey
band corresponds to the LMA-Dark region from oscillation data
from [124] drawn at 3σ for 1 d.o.f. The region to the left is
excluded from cosmology at 2σ (1 d.o.f.) [78]. The green dashed
line corresponds to the required exposure of 125 t-yr exposure Xe
experiments assuming all other experimental characteristics are
similar to PandaX-4T. The solid blue lines show the expected
sensitivity of an ideal xenon experiment without background and
100% signal efficiency with an exposure of 40 t-yr and 200 t-yr.
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ARGO [129] are planned DM experiments which would
feature a 48 t and a 300 t liquid argon target and they are
expected to achieve a threshold of 0.5 keVnr, when utilizing
the ionization only channel [130]. The number of CEvNS
events in future xenon and argon detectors is similar, due to
the similar nuclear masses, and we therefore focus on the
xenon experiments in the following but similar results also
apply to future argon experiments.
To simulate future experiments, we use the following

two scenarios: In the idealistic scenario we increase the
exposure of PandaX-4T to 40 t-yr and 200 t-yr, corre-
sponding to expected exposures of Panda-xT and XLZD
and we assume 100% efficiency, treat the experiment as a
counting experiment, and we assume no background. We
assume a threshold of 0.1 keVnr, lower than current
generation experiments. Alternatively, we consider a real-
istic experimental setup where we keep the systematic
uncertainty and signal to background ratio fixed to the
values of PandaX-4T. We use σα ¼ 0.2, σβ ¼ 0.2 and the
signal to background ratio varies across the bins between
0.25 to 0.46. We maintain the same number of bins as
PandaX-4T in modeling the realistic future scenario. Our
sensitivity benefits from the energy spectrum of the data
across the eight bins and we find that it drastically falls if
halving the number of bins.
From Fig. 2, in the idealistic scenario with 40 t-yr or

200 t-yr the LMA-Dark region can be easily excluded at
more than 5σ. For a realistic setup we find that 125 t-yr of
exposure with the current experimental parameters is
required to rule out LMA-Dark at 3σ. The current

exposures are 3.51 t-yr for XENONnT and 1.04 t-yr for
PandaX-4T.
If the experimental parameters improve in future iter-

ations of DM direct detection experiments LMA-Dark can
be ruled out with lower exposure. In Fig. 3 we show the
required values of σα and σβ as functions of exposure
which excludes LMA-D at 3σ (see the Appendix for the
results at 5σ). Depending on the background level and the
systematic uncertainty on the signal and background events,
the required exposure can be reduced to Oð10 t-yrÞ.
Lowering the background requires reducing the radioactiv-
ity on the cathode electrode which dominates the number
of background events for the US2 data of PandaX-4T
[11] or reducing the accidental coincidence events for
XENONnT [10].
Given that the current signal-to-background ratio of the

total number of events is 0.3 for PandaX-4T with varying
signal-to-background ratios across the bins between 0.25 to
0.46, decreasing the systematic uncertainty on the signal σα
is less impactful than decreasing the uncertainty on the
background σβ. The systematic uncertainty of the signal
comes from the experimental data selection and the 8B solar
neutrino flux. The latter uncertainty could potentially be
reduced in the future as upcoming experiments, in particu-
lar solar neutrino measurements at DUNE [36,109,131],
could measure the 8B flux with an improved precision of

FIG. 3. Required systematic uncertainties on signal σα and
background σβ to rule out the LMA-Dark point with mZ0 ¼
3 MeV and ffiffiffiffiffiffiffiffiffigνgq

p ¼ 10−5 at 3σ (1 d.o.f.) as a function of
exposure. Current experiments have σα ≈ 0.2 and σβ ≈ 0.2. We
assume either the current background or a reduced background of
20% or 50%. The current exposures are 3.51 t-yr for XENONnT
and 1.04 t-yr for PandaX-4T. See Fig. 7 for the results to rule out
LMA-Dark at 5σ.

FIG. 4. Allowed regions at 3σ (1 d.o.f.) from the XENONnT
and PandaX-4T data [10,11] for a light mediator with mZ0 ¼
3 MeV with equal couplings to muon and tau neutrinos as a
function of its coupling to up and down quarks at a momentum
transfer of 10 MeV. We also show the expected constraints from a
future xenon experiment with 200 t-yr exposure. We also show
the LMA and LMA-Dark region using the matter densities of the
Earth and the Sun. These lines intersect at the stars which means
that no oscillation probe can distinguish these cases.
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1.6% [131] compared to the current uncertainty of 5%
[93,111,132].
If the assumption of equal couplings to up and down

quarks is softened, the excluded regions for a mediator of
massmZ0 ¼ 3 MeV coupling with equal couplings to muon
and tau neutrinos are shown Fig. 4. A future xenon
experiment with 200 t-yr exposure will narrow the allowed
regions drastically. The slope of the bands in the εuμμ;ττ −
εdμμ;ττ plane is given by ð2N þ ZÞ=ð2Z þ NÞ. Therefore,
materials with different neutron to proton ratios are
required to break the degeneracies in the εuαα − εdαα param-
eter space and shrink the allowed regions. Note that
oscillation data using neutrino propagation through the
Earth and the Sun only slightly narrow down this parameter
space [56] as the neutron to proton ratios Yn ¼ N=Z differ
only by a factor of ∼3 between 1.05 for the Earth and 0.3 in
the Sun for the peak of the 8B flux [133] compared to Yn ≈
1.4 of xenon. We show in Fig. 4 the LMA and LMA-Dark
degenerate regions in the Sun and in the Earth. Note that
there is a degenerate point which cannot be distinguished
from the case of no new physics in oscillation experiments.

B. Distinguishing new physics scenarios
in the muon and tau neutrino sector

DM experiments observing CEvNS with solar neutrinos
are uniquely positioned to test new interactions in the muon
and tau sectors and distinguish them from new interactions
in the muon or tau sector only. Apart from the LMA-
Dark degeneracy such new interactions could also arise for

example in Lμ − Lτ models [134–136]; see [137] for a
study on probing such models with neutrinos.
To illustrate the power of DM experiments to disentangle

a new light mediator coupling to muon and tau neutrinos or
just one flavor, we assume that LMA-Dark is realized in
nature with a light mediator and a coupling corresponding

to the LMA-Dark region with gναgf ¼
ffiffi
2

p
2
GFM2

Z0 . We test
then a scenario where the light mediator couples to only
muon or only tau neutrinos with the coupling strength
corresponding to the LMA-Dark region. Since we assume
sin2 θ23 ¼ 0.50 and cos δ ¼ 0 the transition probabilities
Peμ and Peτ are identical leading to the same results for a
mediator coupling to either only muon neutrinos or only tau
neutrinos. The distinction power between these two sce-
narios parametrized as Δχ2 ¼ χ2ðμ or τÞ − χ2ðLMADÞ is
shown in Fig. 5. We see that current data can only
distinguish between these scenarios for mediator masses
above 15 MeVat 2σ. An exposure of 50 t-yr for a PandaX-
4T-like experiment is required to distinguish between these
scenarios at > 3σ down to mediator masses excluded by
cosmology. Around a mediator mass ofmZ0 ≈ 10 MeV, the
number of events in our scenarios is close to the SM value,
making it challenging to exclude new physics and leading
to a reduced sensitivity.

C. LMA-Dark in the electron neutrino sector

If LMA-Dark is realized in the electron neutrino sector
with couplings to quarks, i.e. εee ¼ −2 and all other NSI
parameters are zero, DM experiments can probe this region
as well. Recently, the first observations of CEvNS with
reactor neutrinos has been announced from the Dresden-II
experiment [7,8] and CONUS+ [9] which were analyzed

FIG. 5. Distinction power of a PandaX-4T like experiment
between the LMA-Dark scenario and a model where a new
mediator couples with a LMA-Dark-like strength to only muon or
only tau neutrinos. Since we assume sin2 θ23 ¼ 0.50 and cos δ ¼
0 the transition probabilities Peμ and Peτ are identical and the
results for a mediator coupling to either only muon neutrinos or
only tau neutrinos are the same. The solid lines show the result
using current PandaX-4T data, while the dashed lines assume an
increased exposure of 50 t-yr.

FIG. 6. The constraints at 3σ C.L. (2 d.o.f.) for light mediator
coupling to electron neutrinos only with equal couplings to up
and down quarks from the XENONnT and PANDAX-4T data
[10,11]. We also show the constraints from the observation of
CEvNS with reactor neutrinos from CONUS+ at 90% C.L. from
[90,91] and from Dresden-II at 3σ for two different choices of
quenching factors from [56,139]. We also show the forecasted
sensitivity of 200 t-yr of a PandaX-4T-like experiment.
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in [90,91,138–141]. We show their constraints in Fig. 6
together with the current constraints from PandaX-4T and
XENONnT. While current XENONnTand PandaX-4T data
only probe the LMA-Dark region down to mediator masses
of 10 MeV, similar to LMA-Dark in the muon and tau
sectors due to the similar neutrino flux, data from the
Dresden-II experiment fully excluded the region, indepen-
dent of the choice of quenching factor and the CONUS+
results cover the vast majority of parameter space as well.
Future PandaX-4T-like experiments can provide comple-
mentary probes to reactor CEvNS experiments but require
an exposure of at least 600 t-yr to exclude LMA-Dark at 3σ.

VI. CONCLUSIONS

The first observation of the neutrino background at DM
direct detection experiments allows to probe new contri-
butions to the neutrino scattering cross section at low
energies. Of particular interest is a region of parameter
space of new neutrino interactions which leads to the LMA-
Dark degeneracy in neutrino oscillations. This degeneracy
of the oscillation Hamiltonian corresponds to a change in
the mass ordering in the presence of new vectorial neutrino
interactions with strength of order the Fermi constant. Here
we have shown that DM direct detection experiments have
an unparalleled possibility to probe a yet unexplored region
of LMA-Dark parameter space, namely equal couplings of
a new light mediator to muon and tau neutrinos. This is due
to the presence of all three neutrino flavors in the 8B solar
neutrino flux coming from the transition probabilities of
electron neutrinos to muon and tau neutrinos in addition to
the nonvanishing electron neutrino survival probability [57]
and their subsequent detection in the low-energy CEvNS
scattering process.
We have shown that current solar neutrino CEvNS data

from XENONnT and PandaX-4T do not yet fully exclude
the LMA-Dark parameter space for equal couplings to
muon and tau neutrinos; however, assuming similar exper-
imental details, xenon-based DM experiments with an
exposure of 125 t-yr are sufficient to achieve this goal at
3σ. Finally, we have also shown that DM experiments
provide a complementary way to probe LMA-Dark in the
electron sector, that is a light mediator coupling to quarks
and electron neutrinos, compared to reactor neutrino
CEvNS experiments.
The remaining LMA-Dark regions of parameter space

are equal interactions of muon and tau neutrinos with

electrons mediated by a low mass vector boson and can be
probed in the future in large-scale solar neutrino-electron
scattering experiments like JUNO, DUNE, or
HyperKamiokande or DM direct detection experiments.
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APPENDIX: RESULTS AT 5σ

In Fig. 7 we show the required systematic uncertainties
to exclude LMA-Dark in the muon and tau sectors at 5σ;
compare to Fig. 3 in the main text which shows the same
results at 3σ.

FIG. 7. Required systematic uncertainties on the background σβ
and signal σα required to rule out the LMA-D point with mZ0 ¼
3 MeV and ffiffiffiffiffiffiffiffiffigνgq

p ¼ 10−5 at 5σ (1 d.o.f.) as a function of
exposure. Current experiments have σα ¼ 0.2 and σβ ¼ 0.2. We
assume either the current background or a reduced background of
20% or 50%. The current exposures are 3.51 t-yr for XENONnT
and 1.04 t-yr for PandaX-4T. See Fig. 3 for the results to rule out
LMA-Dark at 3σ.
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