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Scalar-mediated interactions may exist among neutrinos, dark matter particles, or between the two.
Double β-decay experiments provide a powerful tool to probe such exotic interactions. Using 136Xe double
β-decay data from PandaX-4T, we perform the first direct spectral search in the energy range of 20 to
2800 keV, setting the most stringent limits to date on scalar-mediated neutrino self-interactions for mediator
masses below 2 MeV=c2. These results place significant constraints onmodels invoking such interactions to
alleviate the Hubble tension. Assuming the same scalar also mediates dark matter self-interactions,
constraints on the darkmatter-scalar interactions can be placed in conjunctionwith cosmological constraints.
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The standard cosmological model, ΛCDM, has been
remarkably successful in describing the evolution and
structure of the Universe [1–3]. However, recent observa-
tional tensions challenge its completeness. One prominent
example is the Hubble tension, a persistent discrepancy
between measurements of the Hubble constant derived
from early-Universe observations and those obtained from
late-Universe data [4–8]. Furthermore, recent James Webb
Space Telescope observations disfavor dominant late-time
systematics [9–12], strengthening the case for new physics
beyond ΛCDM in the early and/or late Universe [13].
Among the proposed solutions, neutrino self-interactions
(νSI) mediated by a light boson have attracted considerable
attention [14–17]. Notably, the presence of a new mediator
boson could also produce a distinct signature in the nuclear
double β-decay process, manifesting as anomalous missing
energy beyond the expectations of standard decay proc-
esses, as first highlighted in Ref. [18]. The search for such
novel neutrino interactions is compelling in its own right.
For instance, a specific class of scalar boson, known as the
Majoron, emerges in models where lepton number sym-
metry is spontaneously broken—often in connection with
neutrino mass generation mechanisms, such as the seesaw
models [19–22].
In addition to the Hubble tension, the ΛCDM model

faces challenges on smaller cosmological scales, including
discrepancies between observations and the modeling of
dwarf galaxies, galaxies, and galaxy clusters—collectively
referred to as the “small-scale problems.” A promising

solution to these issues involves introducing self-
interactions among dark matter particles (SIDM), mediated
by a light boson [23–27]. If this mediator is the same that
mediates neutrino self-interactions, it naturally gives rise to
neutrino-dark matter (ν-DM) interactions. By combining
cosmological constraints on ν-DM interactions with νSI
signatures in double β-decay data, one can place constraints
in the SIDM parameter space.
In this Letter, we report the most sensitive search to

date for the νSI scalar mediator (ϕ) with a mass below
2 MeV=c2, based on 136Xe double β-decay data with an
exposure of 37.8 kg · yr from the PandaX-4T experiment.
Furthermore, we place constraints on SIDM by combining
cosmological bounds on ν-DM interactions for a DM
candidate with mass below 100 GeV=c2, under the assump-
tion that ϕ is also the mediator for SIDM.
At low energies, νSI are often described by an effective

four-fermion operator, Leff ⊃ Geffðν̄νÞðν̄νÞ, obtained by
integrating out the mediator exchanged in ultraviolet
(UV)-complete theories. This contact-interaction approxi-
mation is valid only when the typical momentum transfer is
much smaller than the mediator mass. In the early Universe,
particularly during epochs relevant to the Hubble tension
(T ∼ 1 eV − 1 keV), the neutrino scattering energy can
approach the mediator mass [28]. This causes the effective
description to break down, requiring the mediator to be
treated explicitly to ensure an accurate description of the
dynamics.
Furthermore, realizing SIDM phenomenology requires a

light mediator with mass belowOð10 MeV=c2Þ, capable of
generating the long-range forces needed to reproduce the
observed small-scale dynamics [27]. Therefore, to consis-
tently account for both νSI relevant to the Hubble tension
problem and SIDM to deal with smaller scale issues within
a unified framework, one must introduce a light mediator
that couples to both the neutrino and dark sectors. Such a
particle can naturally arise in various UV completions
[29–31], linking the neutrino and DM interactions through
a common mediator portal.
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Both vector and scalar mediators can in principle
produce the required νSI and SIDM couplings. However,
the scalar case offers the simplest Lorentz-invariant struc-
ture, and constraints from big bang nucleosynthesis (BBN)
are generally more stringent for vector or complex scalar
mediators due to their additional degrees of freedom.
We therefore focus on a minimal scenario involving a
real scalar field ϕ with mass mϕ, mediating interactions
between neutrinos and dark matter. We adopt an effective
description in which neutrinos are Majorana and the dark
matter χ is a standard-model-singlet Dirac fermion [32].
The relevant Lagrangian is

L ¼ gνϕν̄PRν
cϕþ gχϕχ̄χϕþ H:c:; ð1Þ

where gνϕ and gχϕ are the corresponding coupling con-
stants. We note that the case of bosonic dark matter can be
treated analogously. The resulting Yukawa potential
between dark matter particles from Eq. (1) is purely
attractive, enabling self-interacting dark matter with a
velocity-dependent cross section consistent with astro-
physical observations [23,35,36].
In this model, the neutrinoless double β-decay process

can proceed through real ϕ emission, as illustrated in the
left diagram of Fig. 1, leading to a characteristic missing
energy. The emitted ϕ may subsequently decay into a pair
of sufficiently light dark matter particles or neutrinos,
neither of which are detectable.
The decay rate for the double β-process accompanied by

ϕ emission is given by

Γββϕ ¼ ðgνϕÞ2jMνϕj2G0ν;ϕ; ð2Þ

where Mνϕ is the nuclear matrix element (NME) (see
below) and G0ν;ϕ is the modified phase space factor ruling
such decay. The detailed calculation and formulas for them
can also be found in Supplemental Material [37].
The NME for double β-decay with massless Majoron

emission, via the left diagram in Fig. 1, has been exten-
sively studied in Refs. [40–42]. In our case, we generalize
this framework to include a massive scalar ϕ, whose mass
lies below the typical double β–decay energy scale, i.e.,

mϕ ≲OðMeVÞ. Following Ref. [40], the S matrix element
can be decomposed into two parts using the leptonic Dirac
algebra as shown in Supplemental Material [37]. The NME
can then be written as

jMνϕj ¼
2πR0

g2A

Z
d3x

Z
d3y

X
N

Kð1Þðx⃗; y⃗Þ

× hFjJ ρ†
L ðx⃗ÞjNihNjJ †

ρ;Lðy⃗ÞjIi: ð3Þ

Here, gA ≃ 1.27 is the axial-vector coupling of the hadronic
current [43], and the nuclear radius R0 is included to ensure
the correct dimensionality. As analyzed in Supplemental
Material [37], we follow the same setup in [44,45] and take

jMνϕj ≃ jM0νj ¼ 3.11; ð4Þ

using the numerical NME value from Ref. [46,47] with
quasiparticle random phase approximation method. Values
from other nuclear calculations range from 2.59 to 3.11
[47], resulting in an uncertainty of approximately 20% in
the NME calculation.
The dominant contribution to the spectrum comes

from the standard two-neutrino double β-decay process,
but the emission of a massive scalar ϕ exhibits distinctive
features (see in Supplemental Material [37] for the ana-
lytical expression of G0ν;ϕ, which has the upper limit of
3.1 × 10−47 GeV when the mediator mass approaches
zero). As mϕ increases, the total energy spectrum of the
two βs shifts to lower energies, as illustrated in Fig. 2,
clearly distinguishing it from the standard double β-decay
spectrum. On the experimental side, the PandaX-4T experi-
ment reports a measurement of the double β-decay half-life
among the most precise to date [48]. We shall therefore use
the dataset of double β-decay events from 136Xe, collected
by PandaX-4T, to conduct a highly sensitive search.
The PandaX-4T experiment is located at the China

Jinping Underground Laboratory Phase II (CJPL-II) in
Sichuan, China. It utilizes a dual-phase time projection
chamber (TPC) filled with natural xenon (with a measured
136Xe abundance of 8.6%) to search for dark matter (DM)
and neutrino-related rare events. The TPC has a cylindrical
structure with a diameter and height of 118.5 cm, sur-
rounded by 24 reflective panels, and contains 3.7 tonnes of
natural xenon. A uniform drift field is established between
the cathode at the bottom and the gate electrode at the top,
with the anode positioned 10 mm above the gate. Photon
signals are detected by two arrays of photomultiplier tubes:
199 three-inch Hamamatsu R11410-23 at the bottom and
169 at the top. Further details on the detector design and
operational parameters can be found in Refs. [49,50]. In
this Letter, we utilize the commissioning dataset (Run 0)
and the first scientific dataset (Run 1), collected between
November 2020 and May 2022, to probe the neutrino-
scalar interaction.

FIG. 1. The Feynman diagram for the double β-decay process
accompanied by a scalar emission, which can be detected in
PandaX-4T experiment (left). The same scalar may also mediate
the interactions between dark matter particles (right).
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The detector measures the deposited energy and the
three-dimensional event position using the scintillation
signal (S1) and the electroluminescence signal (S2), the
latter of which scales with the number of ionized electrons.
Data processing, including position and energy recon-
struction as well as event selection, follows the procedures
outlined in Refs. [51,52]. The horizontal position is
reconstructed using a maximum likelihood estimation
with the charge pattern of S2 in the top PMT array
and the photon acceptance functions derived from optical
Monte Carlo simulations. The detector’s energy response,
including the energy scale and resolution, is parameterized
using two-parameter and three-parameter functions of the
visible energy, respectively. The calibrated parameters,
along with their associated uncertainties, are incorporated
into the likelihood function for spectrum fitting. Single-site
(SS) events, defined as those with a single reconstructed S2
cluster, are selected within an energy region of interest
(ROI) of 20–2800 keV. The fiducial volume, defined as the
innermost cleanest part of the detector in Ref. [51],
corresponds to an exposure of 37.8 kg · yr of 136Xe.
The background modeling and constraints within the

ROI are consistent with those detailed in Refs. [51,52],
encompassing contributions from the outer structure, solar
neutrinos, and liquid xenon. The background from the outer
structure, which includes the detector materials and the
stainless steel platform, is estimated using data from the
high-purity germanium counting station [53] and multisite
event analysis [54], respectively. A time evolution analysis
is employed to constrain Gaussian mono-energetic
peaks from short-lived xenon isotopes (127Xe, 129 mXe,
and 131mXe) [51]. The level of 85Kr is determined via

β-γ cascades through the isomeric state of 85mRb [50]. The
levels of 124Xe and 125I are taken from previously reported
PandaX-4T measurements [55]. The remaining xenon
isotopes (125Xe and 133Xe), as well as 212Pb and 214Pb,
are treated as free parameters in the likelihood fit. The
primary contribution to the fit comes from the standard
double β-decay of 136Xe, with its rate determined based on
the half-life measurement by PandaX-4T [53] with its rate
left floating in the likelihood fit. Additional minor physical
backgrounds include solar neutrino-electron scattering
events (pp and 7Be), with their spectra and associated
uncertainties adopted from Refs. [56,57].
The binned-likelihood spectral fit is performed for

different mediator masses, as well as for the massless
scenario, with the signal amplitude allowed to float. Under
the on-shell mediator scenario, and accounting for the
detector energy resolution and efficiency, the mediator
mass mϕ is scanned from 10 to 2390 keV in steps of
20 keV. Gaussian penalty terms are applied to constrain the
nuisance parameters, which account for uncertainties in the
detection efficiency, event selection, and background mod-
eling. A convolution method is employed to propagate
the uncertainties of the energy response into the energy
spectrum, ensuring that all relevant uncertainties are fully
incorporated in the likelihood fit. Additional details on the
statistical approach can be found in Ref. [51]. Figure 2
shows the background-only fit to the SS energy spectrum,
with contributions from other background components
consistent with their expectations. No significant excess
above the expected background was observed.
Therefore, 90% confidence level upper limits on the

event rate were determined and subsequently converted into
constraints on gνϕ, as shown in Fig. 3. For comparison,
we also overlay the results from a phenomenological
analysis in Ref. [58] (white curve), a reinterpretation of
the world limits on massless Majoron using two-neutrino
double β-decay data but ignoring the energy dependence of
background in those experiments. In contrast, our limit is
obtained through a complete spectral fit on the PandaX-4T
data, resulting into a tightest bound for a mediator
mass above 0.8 MeV. Consistent with the findings in
Refs. [15,28,59], our results challenge neutrino self-
interaction models proposed to resolve the Hubble tension.
Such models typically require neutrino-mediator couplings
of gνϕ ∼ ð0.4–4Þ × 10−2 [“moderately interacting” (MIν)]
and gνϕ ∼ ð2–3Þ × 10−1 [“strongly interacting” (SIν)] for a
mediator mass of mϕ ≃ 1 MeV [15]. Within the context
of the light scalar exchange paradigm discussed here, the
tension between small scale structure observations, the
Hubble constant, and the PandaX constraints persists and
could point to additional new physics beyond the ΛCDM.
For example, alternative explanations such as early dark
energy, modified recombination histories, and extended
dark-sector dynamics have been proposed to alleviate the
Hubble tension [60–63].

FIG. 2. The background-only fit to the combined SS data from
Run0 and Run1, spanning from 20 to 2800 keV with a bin size of
4 keV. The contributions from xenon isotopes are included in the
Xe� term. The lower panel displays the residuals, with the
corresponding �2σ and �4σ bands. Additionally, the hypotheti-
cal spectra for mediator masses mϕ ¼ 10, mϕ ¼ 1050, and
mϕ ¼ 2050 keV, with the corresponding values of gνϕ at the
PandaX-4T upper limits, 1.4 × 10−5, 3.3 × 10−5, and 2.4 × 10−4,
are also shown.
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Also overlaid in Fig. 3 is the big bang nucleosynthesis
(BBN) bound on a real scalar mediator. This bound comes
from limits on the effective neutrino flavor number Neff
[28], which may be relaxed if the energy density of light
particles is diluted relative to the SM radiation, for example,
through the late decay of a heavy particle into the SM bath
after the light particles freeze out [69].
Assuming that dark matter (DM) self-interaction (χχ) is

also mediated by the exchange of the same scalar ϕ,
astrophysical observations can provide strong constraints
on gχϕ, the coupling constant between DM and ϕ. It has
been shown that if σT=mχ , the DM self-interaction cross
section per unit DM mass, lies within the range of
∼0.1–10 cm2=g, it can flatten the central density profiles
of dwarf galaxies, potentially resolving the small-scale
structure problem [70–72], while remaining consistent with
observational bounds on Milky Way and galaxy cluster
scales. Using the numerical methods described in Ref. [73],
we derived the allowed parameter space for gχϕ across
different mediator masses in SIDM senario, considering
dwarf galaxy-scale self-interaction cross sections and the
corresponding DM scattering velocities, vdw ¼ 10 km=s.
The resulting constraints on the coupling as a function of
dark matter mass are shown as the blue bands in Fig. 4, for
two representative mediator masses (10 keV and 2 MeV)
probed by PandaX.

The νϕ and χϕ couplings inevitably introduce inter-
actions between the DM and neutrinos. Such interactions, if
present, would leave observable imprints in cosmological
observations. Specifically, if DM scatters off relativistic
neutrinos during the radiation-dominated era, it suppresses
primordial density fluctuations, erases small-scale struc-
tures, and produces observable signatures in the cosmic
microwave background (CMB) and the matter power
spectrum [74–76]. In this Letter, we adopt the limit
on the energy-squared dependent scattering cross section
and translate it to a fixed neutrino energy Eν ¼
Q=2 ≅ 1.229 MeV, obtaining

σelνχ ≲ 10−30ðmχ=GeVÞcm2 ð5Þ

for nonzero neutrino masses [77,78] (the limit becomes
stronger by about three orders of magnitude for massless
neutrinos [76]). On the other hand, a value of gνϕ can be
combined with Eq. (5) to derive corresponding upper
bounds on gχϕ (see Supplemental Material [37]). For
illustration, assuming gνϕ takes the current upper limit
value in Fig. 3, the red dashed curves in Fig. 4 show the
corresponding upper bounds on gχϕ for two representative
mediator masses (10 keVand 2MeV) probed by PandaX. If
gνϕ saturates its current experimental upper limit, the
allowed region becomes largely incompatible with the
SIDM parameter space inferred from small-scale structure

FIG. 3. Bounds on gνϕ with varying mass of ϕ. The blue region
presents the direct probing upper limit on gνϕ from PandaX-4T
experiment. The white solid line stands for the reinterpreted
constraints from the massless Majoron limits using the two-
neutrino double β-decay data of 48Ca, 100Mo, 136Xe, and 150Nd
[58]. The excluded region from BBN nucleosynthesis constraints
with a preferred value of the baryon density for real scalar
mediators [28] is shown in grey vertical band. The light yellow
bands presents the preferred parameter space for the strong
interaction (SIν) and the moderate interaction (MIν) case [10],
respectively [15]. We also provide some references for relevant
constraints from Meson decay [64] (dark blue), SN 1987 A
[65,66] (green), and IceCube [67,68] (orange band).

FIG. 4. Constraints on the coupling gχϕ as a function of DM
mass. The blue bands (dash-dotted and dashed) show the ranges
favored by SIDM, corresponding to dwarf-scale observations
with σT=mχ ¼ 0.1–10 cm2=g for mediator masses of mϕ ¼
10 keV (dashed) and mϕ ¼ 2 MeV (dash-dotted). The dashed-
dotted or dashed red lines represent the upper limit of gχϕ using
CMB constraints on the DM-neutrino interaction [Eq. (5)] with
the same choose of the mediator masses: mϕ ¼ 10 keV (dashed)
and mϕ ¼ 2 MeV (dash-dotted), assuming that gνϕ takes the
value of the current PandaX-4T upper limit.
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observations. To maintain consistency, the scenario dis-
cussed here would require gνϕ to be at least three orders of
magnitude below the upper limit shown in Fig. 3, which
would correspondingly shift the red dashed curves derived
from the cosmological constraints on DM–ν interactions
[Eq. (5)] upward, or invalidating the parameter space of
SIDM. Another scenario with a light exotic fermonic DM is
considered in Ref. [79].
In summary, in this Letter we consider a well-motivated

massive real scalar particle, ϕ, which mediates interactions
both among neutrinos and among DM particles. Using the
PandaX-4T data and the complete analysis machinery, we
perform the first direct spectral search for the neutrino-
scalar coupling constant, gνϕ, through the double β decay
with scalar emission, setting the most stringent laboratory
constraints for mϕ in the range of 0.8 to 2 MeV. These
results are in conflict with models invoking such inter-
actions to alleviate the Hubble tension. For mϕ below
1.3 MeV, our results provide complementary constraints on
neutrino-scalar interactions compared to those derived from
Big Bang Nucleosynthesis. If the same scalar ϕ mediates
DM self-interactions, an assumed coupling gνϕ can be
combined with neutrino-DM scattering cross-section limits
from CMB observations to constrain DM-scalar inter-
actions, enabling a rigorous comparison with the self-
interacting dark matter parameter space inferred from
small-scale structures.
Our study highlights the potential of double β-decay data

to probe the early Universe, the fundamental properties of
neutrinos and dark matter, and, more broadly, physics
beyond the standard model. As a versatile and ultrasensitive
observatory, PandaX will continue to push these boundaries
and offer opportunities to a wide range of fundamental
questions.

Note added—Recently, we became aware of an inde-
pendent theoretical work on this same topic (see Ref. [80]).
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