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Motivated by the observation of nonzero neutrino masses and the potential for discovering physics
beyond the Standard Model, numerous experiments are actively searching for neutrinoless double beta
ð0νββÞ decay. In all of these searches, a substantial amount of data on two-neutrino double beta ð2νββÞ
decay has been collected. In this work, we explore the sensitivity of current and future double beta decay
experiments to a massive Majoron-like scalar particle coupled to neutrinos and potentially dark sector
fermions, and compare their reach to the relevant cosmological constraints. On- and off-shell production of
such a scalar leads to characteristic distortions in the emitted electron spectrum. We investigate how these
distortions manifest in current and future double beta decay experiments, deriving the sensitivity to such a
scenario. We project the reach of future experiments which can probe scalar-neutrino couplings of jaνj ≈
2 × 10−6 for sub-MeV scalar particles and remain sensitive to off-shell production above the Q-value of
double beta isotopes.
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I. INTRODUCTION

Double beta decay processes provide a sensitive window
into physics beyond the Standard Model (SM). Two-
neutrino double beta ð2νββÞ decay, the only mode permit-
ted within the SM and experimentally observed, is among
the rarest processes ever detected, with half-lives on the
order of T2ν

1=2 ∼ 1019 years or longer [1]. In contrast,
neutrinoless double beta ð0νββÞ decay, characterized by
the absence of missing energy, is a clear signature of lepton
number violation and provides a direct test of the Majorana
nature and absolute mass scale of light neutrinos, mν.
Current experimental sensitivities reach half-lives of
T0ν
1=2 ∼ ð100 meV=mνÞ2 × 1026 years, making this process

a crucial probe of new physics scenarios that violate lepton
number by two units [2–5].
Although the primary goal of double beta decay experi-

ments is the search for 0νββ decay, they also yield precise
measurements of the 2νββ decay rates and spectra across
multiple isotopes. For instance, KamLAND-Zen has
measured the 2νββ spectrum in 136Xe with high statistics
]6 ], while it is limited to the summed electron energy. In

contrast, the NEMO-3 experiment, with its electron
tracking capability, has enabled measurements of the
individual electron energy distributions and their opening
angles. This has resulted in detailed spectral data for
isotopes such as 96Zr [7], 150Nd [8], 48Ca [9], 82Se [10], and
especially 100Mo [11], the latter with approximately
5 × 105 recorded 2νββ decay events. These high-statistics
measurements are crucial for refining theoretical inputs,
such as the effective axial coupling gA, which influence
the interpretation of 0νββ decay limits [12]. As the
experimental exposure continues to increase, enhancing
the 0νββ sensitivity, the precision of 2νββ data is also
expected to improve, although the involved systematic
errors and background need to improve in line with the
decreased statistical uncertainty. This allows 2νββ data
itself to be used to search for signals of new physics
beyond the SM (BSM).
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This may involve nonstandard interactions of the SM
particles involved, especially the neutrinos [13,14], modi-
fying the decay’s spectral shape or the production and
emission of neutral exotic particles such as sterile neutrinos
[15], other light exotic fermions [16], and light scalars [17].
With 2νββQ values of the order Q ∼ 2–4 MeV, depending
on the respective isotope, such particles can be produced if
massless or lighter than a few MeV. The best-studied class
of such scenarios involves the emission of a scalar particle
S known as the Majoron. The original Majoron model
proposed a massless Goldstone boson arising from the
spontaneous breaking of lepton number symmetry [18,19],
which couples to neutrinos via an interaction of the form
gννcνS� from which it can be produced in double beta
decay as shown in Fig. 1 (left). The termMajoron has since
been generalized to refer to any electrically neutral scalar
(Goldstone or otherwise) or even vector particle [20–22].
While the original models assumed a massless Majoron,
more recent frameworks allow for it to be a light but
massive particle [13,17,23–25], potentially serving as a
viable dark matter candidate [26–28]. Current experimental
searches for neutrinoless double beta decay with scalar
emission ð0νββSÞ are sensitive to half-lives of the order
T0νS
1=2 ∼ ð10−5=jgνjÞ2 × 1024 years [11,29–31], assuming a

massless Majoron.
We here focus on the modification of the double beta

decay spectrum from the subsequent production of the
scalar S and its decay to two exotic fermions. The right
diagram in Fig. 1 represents such a portal to probe new
fermions. In addition to this diagram, S will also decay to
two SM neutrinos. If S can be produced on-shell, mS < Q,
the spectrum will be well approximated by the usual
Majoron-like spectrum for electron kinetic energies
T ¼ Ekin

e1 þ Ekin
e2 < Q −mS. On the other hand, the finite

decay width of S (especially if the exotic χ particles couple
strongly to S) and the possibility of off-shell S production
means that the spectrum is also modified for T > Q −mS,
which includes the scenario where S is too heavy to be

produced on-shell, mS > Q. If the χ particles are massive
but can still be produced on-shell, mχ1 þmχ2 < Q, we
expect a distinctive kink in the spectrum. Searches for such
exotic signatures in double beta decay are essential for
advancing our understanding of neutrino properties.
Furthermore, this exotic fermion species χ can be

considered as a viable dark matter (DM) candidate [32],
owing to its stability in presence of some discrete symmetry
in the framework. The interaction between active neutrinos
and such light DM, their couplings with the mediator S as
well as their masses can be constrained by astrophysical
and cosmological bounds, i.e., coming from supernova,
high energy neutrino sources; cosmological constraints
arising from cosmic microwave background (CMB), big
bang nucleosynthesis (BBN), collisional damping and
present-day thermal relic density for DM particles as well
as the laboratory bounds considering light meson decays to
exotic particles. For a recent comprehensive overview on
these constraints, we refer to [33]. The possibility of
inducing double beta emission by scattering of a nucleus
with the DM χ background was considered in [34].
The paper is organized as follows. In Sec. II, we

construct simplified models of a scalar particle coupling
to neutrinos and exotic fermions. In Sec. III, we outline the
calculation of the double beta decay spectrum in the models
considered. The constraints on the light S and χ particles
from cosmology and astrophysics are discussed in Sec. IV,
along with an overview of the most relevant laboratory-
based experimental constraints. Following a discussion of
our statistical approach in Sec. V, we present the sensitivity
of current and future experiments to select model scenarios
in Sec. VI and we conclude in Sec. VII.

II. SIMPLIFIED MODELS

In the standard 0νββ mechanism, two neutrinos annihi-
late due to a Majorana mass term, leaving only electrons in
the final leptonic states. The existence of new BSM neutral
fermions, denoted generically by χ, could lead to a new
variant of ββ decay with no neutrinos in the final state.
This hypothetical double beta decay can be first motivated

by a four-fermion interaction, arising from a heavy mediator
in an effective field theory (EFT) formulation. Since neu-
trinos produced in double beta decay arise from the SM
Fermi interaction, where the leptonic part of the current is
given by Jμl ¼ −GF=

ffiffiffi
2

p
eγμPLν, we need the combination

or, equivalently, . Therefore, possible EFToperators

that can give rise to the exotic double beta decay are

LS ¼
1

Λ2
½χ̄ci χj�½νcν�;

LP ¼ 1

Λ2
½χ̄ci γ5χj�½νcγ5ν�;

LA ¼ 1

Λ2
½χ̄ci γ5γμχj�½νcγ5γμν�: ð1Þ

FIG. 1. Feynman diagrams for double beta decay with scalar
emission (0νββS, left) and double beta decay with exotic
fermion-pair emission (2χββ) via s-channel scalar exchange
(right).
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Depending on the charge assignment, we can have only one
(i ¼ j) or different (i ≠ j) generations of BSM fermion χ
involved in the process. Here, Λ corresponds to the new
physics scalewhich is a function of themediator mass and its
coupling with ν and χ. Considering a generic symmetry
group Uð1ÞX under which ν and χi have nontrivial charges,
Qν

X and Qχi
X , respectively, in order to construct Uð1ÞX-

invariant EFT vertices in Eq. (1), we have, for exam-
ple, Qν

X ¼ −Qχi
X ¼ −Qχj

X .
These interactions, when probed in double beta decay

experiments, could provide a promising window for dis-
covering new physics. However, when computing the
decay rate for 2χSββ decay, some of the operators in
Eq. (1) lead to a suppression by the small neutrino masses.
In general, integrating out a mediator generates the effec-
tive operators, namely they can be realized through two
distinct tree-level diagrams, via an s-channel or t=u-
channel exchange. For the s-channel scenario with scalar
mediator S, the Lagrangian takes the general form

−Ls
UV⊃νcðaνPLþbνPRÞνS�þχcðaχPLþbχPRÞχS�þH:c:

ð2Þ

The resulting S-mediated 2νSββ and 2χSββ decay is not
chirally suppressed by the light active neutrino masses.
Moreover, the process can be dominated by the emission of
S, i.e., scalar emission [28], provided it is kinematically
accessible. We can recover the purely scalar and pseudo-
scalar interactions by imposing ai ¼ �bi, respectively. In
the latter case, we reproduce the ordinary Majoron term
aννcγ5νS� þ H:c: The classical scenario with Majorana
neutrinos is easily reproduced by taking ν ¼ νc. In this
case, S must be real and the coupling includes a normali-
zation factor of 1=2 to avoid double-counting. Then
aν
2
νcγ5νS� þ H:c: ¼ i ImðaνÞνγ5νS. For an t=u-channel

exchange, the relevant Lagrangian is given by

−Lt=u
UV ⊃ νcðaνχPL þ bνχPRÞχS� þ H:c: ð3Þ

There is no neutrino-mass suppression of 2χββ decay in
this case either, but due to the t=u-channel nature of the
interaction, the decay amplitude acquires a nontrivial
dependence on the neutrino momentum transfer q. This
leads to integrals over q with a different structure compared
to standard 0νββ decay, necessitating dedicated nuclear
matrix element computations.
The axial-vector operator in Eq. (1) arises when the

mediating boson is a vector or tensor field. As before, both
s- and t=u-channel completions are possible. In the
s-channel case, a gauge boson mediates interactions
between two neutrinos and two χ fermions. To reproduce
the effective operator structure, the neutrino must be of
Majorana type, since only then can a current-current
interaction involving two neutrinos be realized. In this

case, the vector interaction necessitates a chirality flip for
neutrinos, leading to a suppression proportional to the
neutrino mass. In contrast, the t=u-channel setup involves a
gauge boson interacting with one neutrino and one χ
fermion at the same vertex. This interaction does not
require a chirality flip, and hence the resulting decay rate
is not neutrino mass suppressed.
In the following, we focus on scenarios involving

s-channel mediation by a scalar field S, as described in
Eq. (2). In this work, the lepton number assignments of the
newly introduced scalar and neutral fermion fields are
chosen such that total lepton number is conserved at each
interaction vertex. We work in the broken electroweak
phase, thereby preserving the residual gauge symmetry
group SUð3ÞC ×Uð1ÞEM. Under these assumptions, neu-
trinos acquire Dirac masses via lepton number-conserving
Yukawa interactions, and consequently, the conventional
mechanism for 0νββ is absent. Furthermore, we assume
that the scalar S does not acquire a vacuum expectation
value. However, depending on the lepton number assign-
ments, different combinations of couplings between S and
the neutral fermions are possible. Therefore, in the follow-
ing, we present three distinct UV-complete models, each
characterized by specific lepton number assignments for
the additional fields and their corresponding interaction
structures. We do not attempt to explain the origin of the
scalar mass, especially why it is comparatively light but we
note that massive Majorons as pseudo-Goldstone boson
were for example discussed in [27,35]. While our frame-
works are based on Dirac neutrinos, the interaction ννS is
equivalent to that of the ordinary Majoron and our
calculations will cover the usually considered classes IA,
IB, and IIB of ordinary Majoron production [24], i.e., with
a spectral index n ¼ 1 and being dependent on the usual
0νββ decay nuclear matrix elementM0ν, as limiting cases.
For simplicity, we consider a single generation of each

fermion species included, and specifically assuming the
active state to be the electron neutrino. Extending to three
generations of light neutrinos is straightforward. For
example, allowing S to couple to any combination of
active states generalizes the interaction in Eq. (2) to
νcαðaαβν PL þ bαβν PRÞνβS� with α; β ¼ e, μ, τ. The s-channel
production of S as in Fig. 1 can then be calculated by
summing over all neutrino mass eigenstates but as it is
electron-flavor states that are being created in the charged-
current vertices, this is equivalent to assuming electron-
neutrino states only, with the amplitude proportional to the
ee element aeeν of the coupling matrix.

A. Model I

We first construct a model featuring a neutral fermion
sector composed of left- and right-handed neutrinos
ðν0L; ν0RÞ and additional singlet fermions ðχ0L; χ0RÞ, along
with a scalar singlet S. The fields are assigned lepton
numbers as Lν0L

¼ þ1 ¼ Lν0R
; Lχ0L

¼ þ1 ¼ Lχ0R
; LS ¼ 2.
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With these charge assignments, the relevant Lagrangian
takes the form

−L¼mνν
0
Rν

0
Lþmνχχ

0
Rν

0
Lþmχνν

0
Rχ

0
LþMχ0Rχ

0
L

þðaνν0cLν0LS� þbνν0cRν
0
RS

� þaνχν0cLχ
0
LS

�

þbνχν0cRχ
0
RS

� þaχχ0cLχ
0
LS

� þbχχ0cRχ
0
RS

�ÞþH:c: ð4Þ

The neutral fermion mass matrix in the basis of
ðν0L; ν0cR ; χ0L; χ0cR ÞT can then be written as

M ¼

0
BBB@

0 mν 0 mνχ

mν 0 mχν 0

0 mχν 0 M

mνχ 0 M 0

1
CCCA: ð5Þ

However, for simplicity, assuming mχν ¼ mνχ and consid-
ering all relevant Yukawa couplings to be real, the mass
matrix M can be diagonalized yielding two Dirac mass
eigenstates with masses,

mlight;heavy ¼
1

2
jðM þmνÞ ∓

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM −mνÞ2 þ 4m2

νχ

q
j: ð6Þ

In the hierarchical regime where ðM −mνÞ ≫ mνχ , the
masses are given by

mlight ≈
����mν −

m2
νχ

M −mν

����; mheavy ≈M: ð7Þ

In the mass basis, the flavor eigenstates can be written as

�
ν0L;R
χ0L;R

�
¼

�
cos θ sin θ

− sin θ cos θ

�
·
�
νL;R

χL;R

�
; ð8Þ

where primed and unprimed bases correspond to interac-
tion and mass eigenstates, respectively. These Dirac mass
eigenstates are defined as, ν ¼ νL þ νR and χ ¼ χL þ χR
with masses mlight and mheavy, respectively. In the limit of
negligible light-heavy mixing θ → 0, we recover the active
neutrinos and heavier exotic Dirac particles as light
(νL;R ≈ ν0L;R) and heavy (χL;R ≈ χ0L;R) eigenstates, respec-
tively. As an example, we can consider M ∼ 1 MeV,
mlight ∼ 10−2 eV and mνχ ∼ 102 eV which yields a light-
heavy mixing angle of θ ≈mνχ=M ¼ 10−4.
In the mass basis, the interactions, can be written as

−L ¼ νcfðaν − aνχθ þ aχθ2ÞPL þ ðbν − bνχθ þ bχθ2ÞPRgνS�
þ νcfðaνχ þ ðaν − aχÞθÞPL þ ðbνχ þ ðbν − bχÞθÞPRgχS�
þ χcfðaχ þ aνχθ þ aνθ2ÞPL þ ðbχ þ bνχθ þ bνθ2ÞPRgχS� þ H:c:; ð9Þ

where we have used the relation gψψc
1ψ2 ¼ gTψψc

2ψ1,
following from the properties of the charge conjugation
operator. We also retained the second-order mixing term θ2,
otherwise ignored, accompanied by aν;χ and bν;χ as these
couplings could enhance it.
This above simplified model provides a minimal reali-

zation of Dirac neutrino mass through a tree-level Dirac
seesaw mechanism, via mixing with an additional neutral
Dirac fermion χ. Here, mlight is the light active neutrino
mass and the heavier state is a sterile Dirac neutrino. Due to
potentially sizeable mixing between these light and heavy
states, χ is unstable and decays to three active neutrino final
states, χ → νS� → 3ν.

B. Model I0

To ensure the stability of χ and allow it to be a viable
dark matter candidate (or component of dark matter), we
impose a discrete Z2 symmetry on model I under which χ0L
and χ0R are odd, while all other fields are even. This forbids
terms that couple ν to χ, leading to the Lagrangian

−L ¼ mνν
0
Lν

0
R þMχ0Lχ

0
R þ ðaνν0cLν0L þ bνν0cRν

0
R þ aχχ0cLχ

0
L

þ bχχ0cRχ
0
RÞS� þ H:c: ð10Þ

The masses are already diagonal in this case and there is no
mass mixing between ν and χ. This then simply yields two
Dirac pairs with masses mlight ¼ mν and mheavy ¼ M. The
interaction Lagrangian in this basis becomes

−L¼ νcðaνPLþbνPRÞνS� þχcðaχPLþbχPRÞχS� þH:c:

ð11Þ

As a consequence, the Z2-odd particle χ is stable.

C. Model II

Finally, we consider a scenario involving two distinct,
exotic neutral Dirac fermions denoted as χ01 and χ2, with the
lepton number assignments Lν0L

¼ þ1 ¼ Lν0R
; Lχ0

1L
¼ −2 ¼

Lχ0
1R
; Lχ2 ¼ 0; LS ¼ 2. The active SM neutrinos retain their
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canonical lepton number values. The Lagrangian respecting
these assignments is given by

−L ¼ mνν
0
Lν

0
R þM1χ

0
1Lχ

0
1R þM2χ

c
2χ2

þ ðaνν0cLν0L þ bνν0cRν
0
R þ aχ1χ2χ

0
1Rχ2

þ bχ1χ2χ
0
1Lχ2ÞS� þ H:c: ð12Þ

The corresponding neutral fermionmassmatrix in the basis of
ðν0L; ν0cR ; χ01L; χ0c1R; χ2ÞT takes the form

M ∼

0
BBBBBB@

0 mν 0 0 0

mν 0 0 0 0

0 0 0 M1 0

0 0 M1 0 0

0 0 0 0 M2

1
CCCCCCA
: ð13Þ

In this framework, we have three mass-decoupled neutral
fermions: the active neutrinos form a Dirac state ν0 ¼ ν ¼
ν0L þ ν0R with mass mν, the field χ01 ¼ χ1 ¼ χ01L þ χ01R
becomes a Dirac state with mass mχ1 ¼ M1 and χ2 is a
Majorana fermion with mass M2. In the mass basis, the
interactions are

−L ¼ νcfaνPL þ bνPRgνS�
þ χ1faχ1χ2PL þ bχ1χ2PRgχ2S� þ H:c: ð14Þ

This framework is mainly intended to highlight that
interactions involving both Dirac and Majorana neutral
fermions through the scalar mediator are possible.

D. Scalar decay width

Before discussing double beta decay in detail, we
determine the total decay width of the scalar S in all three
models. Considering ϕ and ψ1;2 as generic scalar and
fermions, respectively, with the coupling ψc

1ðaPL þ
bPRÞψ2ϕ

�þ H.c., the corresponding partial decay width
of ϕ → ψ1ψ2 is given by

Γðϕ → ψ1ψ2Þ
¼ mϕ

16π
fðjaj2 þ jbj2Þð1 − x21 − x22Þ − 4Re½a�b�x1x2g

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½1 − ðx1 − x2Þ2�½1 − ðx1 þ x2Þ2�

q
; ð15Þ

with the mass ratios xi ¼ mψ i
=mϕ (i ¼ 1, 2). The decay

width to a pair of identical fermions ψ1 ¼ ψ2 ¼ ψ includes
a symmetry factor and can be written as

Γðϕ → ψψÞ ¼ mϕ

32π
fðjaj2 þ jbj2Þð1 − 2x2Þ − 4Re½a�b�x2g

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x2

p
; ð16Þ

with x ¼ mψ=mϕ. Therefore, the total decay widths for the
scalar S in our models are

(i) Model I:

ΓS ¼ ΓðS → ννÞ þ ΓðS → νχÞ þ ΓðS → χχÞ: ð17Þ

Furthermore, the heavier state χ is not stable as it can
decay via an off-shell S, χ → νS� → 3ν as well as
through the SM currents due to the mixing.

(ii) Model I0:

ΓS ¼ ΓðS → ννÞ þ ΓðS → χχÞ: ð18Þ

Due to the imposed Z2 symmetry, there is no χνS
interaction and χ is stable.

(iii) Model II:

ΓS ¼ ΓðS → ννÞ þ ΓðS → χ̄1χ2Þ: ð19Þ

In this model, the heavier fermion state, say, χ2 can
decay via an off-shell S, χ2 → χ1S� → χ1 þ 2ν.

We note that the decay widths can be further enhanced by
allowing S to couple to more than one neutrino generation,
including flavor-violating modes, S → νανβ (α ¼ e, μ, τ).
In Fig. 2, we plot the total decay widths of S as a function

of its mass mS in the three different models considered.
Here, the active neutrino is considered massless whereas
we take mχ1;2 ¼ 0.5 MeV for the heavier fermion(s). The
active-sterile mixing in model I is set at θ ¼ 10−4 and all
the couplings are ai ¼ bi ¼ 1 (i ¼ ν; χ; νχ; χ1χ2 as dis-
cussed for each model). As expected for an MeV-scale
scalar, the widths are small, reaching at most ΓS ∼ 220 keV
in model I due its higher number of decay channels with
thresholds at mS ¼ 0.5 MeV (νχ accessible) and 1 MeV
(χχ accessible). The total decay width of S for model I0 and

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.05

0.10

0.15

0.20

0.25

mS [MeV]

� S
[M

eV
] Mo

del
I

Model
I'

Mode
l II

FIG. 2. Total decay width of the scalar particle S as a function of
its mass mS in the three different models considered. The active
neutrino is consideredmasslesswhereaswe takemχ1;2 ¼ 0.5 MeV.
In each model, all ai and bi couplings are set to unity. The active-
sterile mixing in model I is set to θ ¼ 10−4.
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model II are equal formS < 1 MeV (due to only accessible
νν channel). For larger S masses, the model II decay
becomes larger as evident from the Eqs. (18) and (19).

III. DOUBLE BETA DECAY

In Sec. II, we saw that the presence of BSM neutral
fermions could lead to new phenomenology in double beta
decay experiments. In particular, Sec. II revealed that the
most promising scenario involves a scalar mediator in an s-
channel. Let us now analyze this possibility. We will work
with two different χ particles and with different couplings
for the right and left-handed fermions for the sake of
generality.
From Fig. 1, it can be observed that the nuclear structure

of both processes (χ1χ2ββ decay and scalar emission)
shares the same nuclear structure as the 0νββ decay, since
the corresponding Feynman diagrams are identical except
for the emission of a scalar particle. Consequently, all the
constants involved in these processes are those appearing in
0νββ decay, with the addition of the new interaction terms.
We therefore denote these common constants generically as
N 0ν, which we match to the conventions used in the
literature in order to ensure the correct normalization of the
nuclear matrix elements (NMEs). We here present the
derivation of the decay width for the generic χ1χ2ββ decay
via an s-channel scalar. We also show the results for the
interference with the standard 2νββ decay, in the case
S → ν̄ ν̄, i.e., for the emission of two active antineutrinos.
For comparison and later analysis we also show the rates
for scalar particle emission 0νββS (with ordinary Majoron
emission 0νββJ as massless limit) and the SM 2νββ decay.
Here, we note that we omit the calculation of 2νðt-channelSÞββ
via the exchange of a t-channel scalar as we are here mainly

interested in the modification of the spectrum near the
scalar production threshold and this contribution is
expected to be subdominant due to the higher momentum
jq2j ≈ ð100 MeVÞ2 in the propagator [14]. In our specific
models introduced in Sec. II, S carries a conserved lepton
number charge, and the t-channel contribution is not
allowed anyway.

A. χ 1χ 2ββ decay

The effective Lagrangian inducing χ1χ2ββ decay via s-
channel exchange of a massive scalar S is given by

L¼−νcðaνPLþbνPRÞνS�−χci ðaχPLþbχPRÞχjS� þH:c:

ð20Þ

Here, ν is the electron-neutrino, assumed to be the only
neutrino species. We will treat χi and χj as different
particles in our calculations. If they are identical particles,
a symmetry factor of 1=2 must be included.
The interactions above lead to two different contribu-

tions depending on whether S is considered to be a final
state particle. The corresponding Feynman diagrams are
shown in Fig. 1. The left diagram represents 0νββS decay,
which is allowed as long as the production of the scalar
mediator S is kinematically allowed, i.e., mS < Q. The
right diagram represents a potential portal to probe new
fermions, either arising from the on-shell production of S
and its subsequent decay, or through an off-shell S. We
compute the amplitude for the latter process χ1χ2ββ and its
leptonic part is given by

Lμν
2χ ¼

N 0ν

p2 −m2
S þ imSΓS

�
uðp1ÞγμPL

=qþmν

q2 −m2
ν
ða�νPR þ b�νPLÞ

=p − =qþmν

ðp − qÞ2 −m2
ν
γνPRvðp2Þ

�
× ½ūðp3Þða�χPR þ b�χPLÞvðp4Þ�: ð21Þ

The outgoing electrons have momenta p1 and p2 whereas the exotic fermions χ1 and χ2 have momenta p3 and p4,
respectively. The neutrino mass is mν, and mS and ΓS are the mass and total decay width for the scalar mediator S,
respectively, which has momentum p ¼ p3 þ p4. Due to the small Q ∼MeV value in double beta decay isotopes and the
tiny neutrino masses mν ≲ 0.01 eV, we can assume that the final state lepton momenta and the neutrino masses are
negligible compared to the momentum exchanged through the neutrino propagators, jq2j ≈ ð100 MeVÞ2 ≫ jp2j; m2

ν, and
the amplitude simplifies to

Lμν
2χ ¼

N 0νa�ν
q2

gμν

p2 −m2
S þ imSΓS

½ūðp1ÞPRvðp2Þ�½ūðp3Þða�χPR þ b�χPLÞvðp4Þ�: ð22Þ

Here, we have used the symmetry under the μ ↔ ν
exchange of the hadronic contribution. The factor N0ν

captures the overall normalization of the amplitude to
recover the usual definition of the NME used in the

literature. It will be resolved below as further discussed
in Appendix A.
To compute the leptonic phase space of the process, we

work in s-wave approximation for the outgoing electrons.

NOOR-INÈS BOUDJEMA et al. PHYS. REV. D 113, 075039 (2026)

075039-6



For each electron, we include the Fermi function F0ðZf; EiÞ (i ¼ 1, 2), which depends on the energy of the electron. It
describes the modification of the electron wave function by the electromagnetic potential of the final state nucleus with
charge Zf ¼ Z þ 2 [36],

F0ðZf; EÞ ¼ 4
ð2R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 −m2

e

p
Þ2ðγ0−1Þ

Γ2ð1þ 2γ0Þ
eπyjΓðγ0 þ iyÞj2: ð23Þ

Here, R ¼ 1.2 fm · A1=3 denotes the nuclear radius, ΓðxÞ is the gamma function, γ0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ðαZfÞ2

q
, and

y ¼ αZfE=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 −m2

e

p
, where α ¼ 1=137 is the fine-structure constant. As in 0νββ decay, we assume the closure

approximation, which allows us to factorize the amplitude of the process into separate leptonic and hadronic contributions.
The squared amplitude can then be expressed as

jiM2χ j2 ¼
���� N 0νaν
p2 −m2

S þ imSΓS

����2F0ðp1ÞF0ðp2ÞjM0νj2 4p1 · p2½ðjaχ j2 þ jbχ j2Þp3 · p4 − 2Re½ðaχÞ�bχ �mχ1mχ2 �; ð24Þ

where the NME M0ν is identical to the one in standard 0νββ decay, due to the same hadronic structure. We will write the
total χ1χ2ββ decay width as

Γ2χ ¼ G2χ jM0νj2; ð25Þ

The phase space factor G2χ is calculated by integrating

G2χ ¼ jN 0νj2jaνj2
Z Y4

i¼1

d3pi

ð2πÞ32Ei
4p1 · p2F0ðp1ÞF0ðp2Þ

ðjaχ j2 þ jbχ j2Þp3 · p4 − 2Re½a�χbχ �mχ1mχ2

jp2 −m2
S þ imSΓSj2

× δðQ − T − E3 − E4Þ; ð26Þ

over the phase space of the final state fermions with pi ¼ ðEi;piÞ. First, we integrate over the phase space of the invisible
fermions χ1 and χ2, yielding two integrals

I1 ¼
Z Y4

i¼3

d3pi

ð2πÞ32Ei

p3 · p4

jðp3 þ p4Þ2 −m2
S þ imSΓSj2

δðQ − T − E3 − E4Þ;

I2 ¼ mχ1mχ2

Z Y4
i¼3

d3pi

ð2πÞ32Ei

1

jðp3 þ p4Þ2 −m2
S þ imSΓSj2

δðQ − T − E3 − E4Þ; ð27Þ

with the total kinetic energy of the electrons T ¼ E1 þ E2 − 2me. Defining

x ¼ 2jp3jjp4j
m2

S −m2
χ1 −m2

χ2 − 2E3E4

; ð28Þ

with jp3j ¼ ðE2
3 −m2

χ1Þ1=2, jp4j ¼ ðE2
4 −m2

χ2Þ1=2 and E4 ¼ Q − T − E3, we can integrate analytically over E4 and the
angles of p3 and p4, to express the expressions as

I1ðTÞ ¼
1

4ð2πÞ4
Z

Q−T−mχ2

mχ1

dE3

�
m2

S −m2
χ1 −m2

χ2

2mSΓS
½arctan ζþðE3Þ þ arctan ζ−ðE3Þ� þ

1

4
log

�
ζ2−ðE3Þ þ 1

ζ2þðE3Þ þ 1

�	
; ð29Þ

and

I2ðTÞ ¼
1

4ð2πÞ4
mχ1mχ2

mSΓS

Z
Q−T−mχ2

mχ1

dE3½arctan ζþðE3Þ þ arctan ζ−ðE3Þ�: ð30Þ

Here, we have defined

PROBING DARK SECTOR PARTICLES COUPLING TO … PHYS. REV. D 113, 075039 (2026)

075039-7



ζ�ðE3Þ ¼
2jp3jjp4jðx� 1Þ

mSΓSx
: ð31Þ

In Eqs. (29) and (30), we expressed the integrands using the relation

arctan ζþ þ arctan ζ− ¼ arctan

�
ζþ þ ζ−
1 − ζþζ−

�
; ð32Þ

as this turns out to be more numerically stable for physical, i.e., small values of ΓS when evaluating the integrals.
Then, G2χ can be expressed as

G2χ ¼ jN 0νj2jaνj2
Z Y2

i¼1

d3pi

ð2πÞ32Ei
4p1 · p2F0ðp1ÞF0ðp2Þ½ðjaχ j2 þ jbχ j2ÞI1ðTÞ − 2Re½a�χbχ �I2ðTÞ�: ð33Þ

It is convenient to transform this expression into one that depends on the electron kinetic energies, T1 ¼ E1 −me and
T2 ¼ E2 −me, and the angle θ12 between the emitted electrons, with p1 · p2 ¼ jp1jjp2j cos θ12. The fully differential decay
rate can then be written as

dΓ2χ
S

dT1dT2d cos θ12
¼ κ0ν

�
me

2R

�
2

jM0νj2jp1jjp2jE1E2F0ðp1ÞF0ðp2Þ
�
1 −

jp1jjp2j
E1E2

cos θ12

�
× jaνj2fðjaχ j2 þ jbχ j2ÞI1ðT1 þ T2Þ − 2Re½a�χbχ �I2ðT1 þ T2Þg; ð34Þ

where we have explicitly extracted the factor me=ð2RÞ to emphasize that M0ν is dimensionless and that the phase space
factor G2χ has units of yr−1, to conform to the usual conventions employed in 0νββ decay calculations. Here jpij and Ei are
understood to be expressed in terms of the Ti and the factor κ0ν has been obtained using the correct normalization forN 0ν,

κ0ν ¼
jN 0νj2R2

2π4m2
e

¼ G4
F cos

4 θC
8π5m2

e
; ð35Þ

with the Cabibbo angle θC.
Most double beta decay experiments measure only the differential decay rate dΓ=dT with respect to the total electron

kinetic energy T ¼ T1 þ T2. Integrating Eq. (34) over the angle and energy difference ΔT ¼ T1 − T2 yields the result

dΓ2χ
S

dT
¼ κ0ν

�
me

2R

�
2

jM0νj2jaνj2fðjaχ j2 þ jbχ j2ÞI1ðTÞ − 2Re½a�χbχ �I2ðTÞggðTÞΘðQ −mχ1 −mχ2 − TÞ; ð36Þ

with the Heaviside function ΘðxÞ and

gðTÞ ¼
Z

T

−T
dΔTjp1jjp2jE1E2F0ðjp1jÞF0ðjp2jÞ; ð37Þ

where we express the integrand as E1 ¼ 1
2
ðT þ ΔTÞ þme, E2 ¼ 1

2
ðT − ΔTÞ þme and jpij ¼ ðE2

i −m2
eÞ1=2 (i ¼ 1, 2).

Finally, to compute the total decay width, we integrate over T,

Γ2χ
S ¼

Z
Q−mχ1

−mχ2

0

dT
dΓ2χ

dT
: ð38Þ

The above generic calculation for distinct, massive χ1, χ2 is applicable to all contributions considered here, with an
additional symmetry factor of 1=2 for identical particles, i.e., 2νSββ and 2χSββ. The above expressions can be simplified for
numerical evaluation if one or both χ are massless, due to jpij ¼ Ei.
Heavy scalar mediator. In the case of a heavy s-channel mediator, mS ≫ Q, equivalent to a four-fermion contact

interaction ðν̄νcÞðχcχÞ, the above expressions can be further simplified,
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dΓ2χ
EFT

dT
¼ κ0ν

�
me

2R

�
2

jM0νj2fðjΛ−2
a j2 þ jΛ−2

b j2ÞI1ðTÞ − 2Re½ðΛ−2
a Þ�Λ−2

b �I2ðTÞggðTÞΘðQ −mχ1 −mχ2 − TÞ; ð39Þ

with the integrals

I1ðTÞ ¼
1

ð2πÞ4
Z

Q−T−mχ2

mχ1

dE3E3ðQ − T − E3Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
3 −m2

χ1

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðQ − T − E3Þ2 −m2

χ2

q
; ð40Þ

I2ðTÞ ¼
mχ1mχ2

ð2πÞ4
Z

Q−T−mχ2

mχ1

dE3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
3 −m2

χ1

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðQ − T − E3Þ2 −m2

χ2

q
: ð41Þ

Equation (39) is written in terms of the effective operator scales Λa and Λb, defined by

1

Λ2
a
¼ aνaχ

m2
S
;

1

Λ2
b

¼ aνbχ
m2

S
; ð42Þ

in the case of s-channel scalar mediation considered here.

B. Interference between SM 2νββ and scalar-induced 2νSββ

In the case of the scalar S producing two active antineutrinos, its contribution will interfere with the standard 2νββ decay.
This interference is determined by the complex-valued integral

IintðTÞ ¼
Z Y4

i¼3

d3pi

ð2πÞ32Ei

p3 · p4

ðp3 þ p4Þ2 −m2
S þ imSΓS

δðQ − T − E3 − E4Þ

¼ m2
S − iΓSmS

8ð2πÞ4
Z

Q−T

0

dE3

�
4E3E4

m2
S − iΓSmS

þ 1

2
log

�ðm2
S − 4E3E4Þ2 þ Γ2

Sm
2
S

m2
SðΓ2

S þm2
SÞ

�

þ i

�
arccot

�
ΓSmS

m2
S − 4E3E4

�
− arccot

�
ΓS

mS

��	
: ð43Þ

Here, we note that the convention for arccotðxÞ is such that it has the range −π=2 < arccotðxÞ < π=2.
The contribution of the decay rate from this interference is given by

dΓ2ν
int

dT
¼ 4πκ0ν

�
me

2R

�
Re½a2νM0νM�

2νIintðTÞ�gðTÞΘðQ − TÞ: ð44Þ

It thus depends on both the 0νββ decay NME M0ν and the 2νββ decay NME M2ν. As an interference between a SM and
exotic contribution, it is proportional to the small exotic coupling to second power only. It is also enhanced relative to SM
2νββ decay by the appearance of the larger NMEM0ν. We still expect that its contribution will be small as the interference
requires a sizeable width ΓS or off-shell S production, T > Q −mS, which is strongly suppressed compared to the on-shell
production.

C. Scalar emission

Taking the limit of zero width, ΓS → 0, and considering S as a real particle in the final state, we recover the case of scalar
emission 0νββS,

dΓS

dT
¼ κ0ν

8π2

�
me

2R

�
2

jM0νj2jaνj2gðTÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðQ − TÞ2 −m2

S

q
ΘðQ −mS − TÞ: ð45Þ

We note that this limit is, strictly speaking, not self-consistent as at least the decay to massless active neutrinos is always
allowed if mS > 0 and thus ΓS > 0. If all couplings involved are small, this is still a well justified approximation. For
mS ¼ 0, the above expression gives the standard Majoron contribution 0νββJ [24]. As we wrote our result as distributions
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over T and ΔT instead of the electron energies, an addi-
tional factor of 1=2 appears in the prefactor compared to the
expression commonly found in the literature [24,28].

D. Standard model 2νββ decay

Finally, we give the spectrum for standard 2νββ decay as
the irreducible background to the exotic contributions
presented above. Its calculation is nontrivial and it receives
corrections to the spectral shape due to the dependence of
the corresponding NME on the final lepton momenta [12].
For consistency with the above calculation, we ignore such
corrections and use the usual expression, decoupling the
NME and the phase space integral,

dΓ2ν
SM

dT
¼ κ0ν

2π2
jM2νj2gðTÞ

1

30
ðQ − TÞ5ΘðQ − TÞ; ð46Þ

matching with the existing literature in this approxima-
tion [12].

E. Spectral shapes

Before analyzing the experimental sensitivity to the
double beta decay contributions calculated above, we illus-
trate the decay spectra of the processes calculated above. In
Fig. 3, we show the decay distribution of 2χββ for increasing
values of the s-channel mediator mass mS ¼ 0.5 MeV
(blue), 2.8 MeV (green), and 3.5 MeV (red) in model I0

for massless χ. The spectra, for 100Mo, having the largest Q
value Q ¼ 3.03 MeV among the isotopes considered here,
are not normalized but the couplings of S to neutrinos and χ

are chosen such that the features are visually enhanced:
ðaν; aχÞ ¼ ð3 × 10−3;

ffiffiffi
2

p Þ (blue), ð7 × 10−2;
ffiffiffi
2

p Þ (green),

and ð2 × 10−1;
ffiffiffi
2

p Þ (red). Thus, the coupling aχ to χ is large
and always dominant compared to aν. The scalar S therefore
almost exclusively decays to χ with a branching
ratio BrðS → χχÞ ≈ 1.
This can be most easily seen by comparing with the

scalar-emission spectrum 0νββS for mS ¼ 0.5 MeV that is
also shown and which almost overlaps with 2χββ as we
effectively have

dΓ2χ
S

dT
≈
dΓS

dT
× BrðS → χχÞ; ð47Þ

in narrow-width approximation. Only a slight reduction and
small tail above the scalar emission threshold T ¼ Q −
mS ≈ 2.53 MeV can be seen due to finite width effects from
the total decay width ΓS ≈ 10−2 MeV. By comparing with
the ordinary (massless) Majoron emission spectrum 0νββJ
(for the same aν ¼ 3 × 10−3), we can also see the common
phase space reduction due to the massive S.
In the green scenario, mS ¼ 2.8 MeV, S is near the

threshold to be produced on-shell, leading to a peak at small
electron energies with a nominal threshold at Q −mS≈
0.23 MeV. In many double beta decay experiments, back-
grounds become dominant in this regime and such a peak
would be difficult to detect. The width of S becomes
sizeable, though, with ΓS ≈ 0.06 MeV and, most impor-
tantly, 2χββ decay can be induced by an off-shell S, i.e., for
electron energies T > Q −mS ≈ 0.23 MeV, leading to a
contribution in the higher energy region where it is more
easily detectable.
Finally, in the red scenario, the scalar S has a mass of

3.5 MeV and it cannot be produced on-shell in 100Mo
double beta decay. The resulting spectrum of 2χββ decay
has a shape similar to SM 2νββ, increasingly so with larger
mS where the scalar mediation can be described by an
effective ννχχ operator, mS ≫ Q [14].
In Fig. 3, we always had mχ ¼ 0. Instead, in Fig. 4 we

show the dependence of the 2χSββ spectrum on mχ for a
fixed mS ¼ 0.5 MeV. The blue, green, and red distribu-
tions are for mχ ¼ 0.1 MeV, 0.5 MeV, and 1.0 MeV,
respectively, where the aν coupling is changed accordingly
to show a visible spectrum. In the blue case, S can still be
produced on-shell and there is no discernible effect
compared to the massless χ case in Fig 3. On the other
hand, for mχ ¼ 0.5 MeV and 1.0 MeV, the mass threshold
for χ production is more restrictive than that for S. The
scalar can thus not be produced on-shell. Because of this,
the depicted spectra are expected to be difficult to observe
as they compete with the always accessible, and resonantly
enhanced, 2νSββ contribution.
In Fig. 5, we show an example of the full 2νββ decay

spectrum, including contributions from SM 2νββ,
S-mediated 2νSββ, and their interference (green).

FIG. 3. Differential distribution dΓ=dT of 2χββ decay of 100Mo
with respect to the total electron kinetic energy T in model I0
for three different parameter sets: ðmS; aν; aχÞ ¼ ð0.5 MeV;

3 × 10−3;
ffiffiffi
2

p Þ (blue), ð2.8 MeV; 7 × 10−2;
ffiffiffi
2

p Þ (green), and
ð3.5 MeV; 2 × 10−1;

ffiffiffi
2

p Þ (red). All other couplings are set to
zero and the χ are massless. For comparison, the scalar emission
contributions 0νββS are also shown, for the corresponding values
of mS and aν. The SM 2νββ and ordinary Majoron emission
0νββJ (with aν ¼ 3 × 10−3) are shown in gray. The relevant
NMEs are given in Table I.
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The scalar mass is mS ¼ 2.8 MeV and the coupling is
aν ¼ 7 × 10−2. All other couplings are zero, i.e., there is no
coupling to χ, and S exclusively decays to neutrinos in this
case. The contributions add as

dΓ2ν

dT
¼ jM2νj2

dΓ̃2ν
SM

dT

þ jaνj2jM0νj2
dΓ̃2ν

S on-shell

dT
þ jaνj4jM0νj2

dΓ̃2ν
S off-shell

dT

þ 2Re½a2νM0νM�
2ν�

dΓ̃2ν
int

dT
; ð48Þ

where we have extracted the dependence on aν and the
NMEs with the remaining parts in the reduced width
denoted by a tilde. We have also split up the on- and
off-shell parts of the S-mediated contributions, where the
former scales with Γ−1

S , leading to an overall proportionality
with jaνj2 in this case. We see that the interference depends
on both the 0νββ and 2νββ NMEs and their relative signs.
We here take both NMEs to be positive which leads to a
negative interference above the threshold and a suppression
of the spectrum compared to pure SM 2νββ decay.

IV. COSMOLOGY AND LABORATORY
CONSTRAINTS

Interactions between neutrinos and other light particles
produce a range of observable effects which can be con-
strained by imposing astrophysical, cosmological and
laboratory bounds. We begin by reviewing the existing
constraints on the frameworks presented in Sec. II, spe-
cifically model I0 as the exotic Dirac fermion χ is stable
under the presence of a discrete Z2 symmetry. These
include limits on neutrino and exotic fermion (self-)inter-
actions as well as their couplings to mediator particles. The
constraints arise from a variety of sources, including
cosmological observations such as those from cosmic
microwave background (CMB), big bang nucleosynthesis
(BBN), collisional damping, and thermal relic density
considerations, as well as laboratory searches involving
meson decays.

A. Cosmology constraints

1. Thermal relic

Considering equal number densities for DM particles
and their antiparticles, the thermally averaged annihilation
cross section (multiplied by the relative velocity) required
to account for the observed DM abundance in the present
day universe, which can be expressed by a series expansion
in relative velocity vr (considering nonrelativistic DM
scenario with vr ≪ c) is [37,38]

hσvri ¼ ar þ brv2r þ drv4r : ð49Þ

To avoid DM overabundance, the upper limit on the DM
thermal relic density [39], Ωχh2 ≤ 0.120� 0.001 can be
approximately translated to a lower limit [40,41] on
hσvri ≥ 3 × 10−26 cm3 for a constant cross section at
leading order in the expansion stated above, where σ
corresponds to the annihilation cross section of DM species
to active neutrino pair, χχ → νν. Additionally, if the cross
section, at leading-order, depends on v2r or v4r, the required
value at freeze-out will be hσvri ≃ 6 × 10−29 cm3=s or
hσvri ≃ 9 × 10−26 cm3=s, respectively [42].

FIG. 4. As Fig. 3, but showing dΓ2χ
S =dT formS ¼ 0.5 MeV and

mχ ¼ 0.1 MeV (blue), 0.5 MeV (green), and 1.0 MeV (red). The

nonzero couplings are ðaν; aχÞ ¼ ð3 × 10−3;
ffiffiffi
2

p Þ (blue), ð7 ×
10−2;

ffiffiffi
2

p Þ (green), and ð3 × 10−1;
ffiffiffi
2

p Þ (red).

FIG. 5. Differential distribution dΓ=dT of 2νββ decay of 100Mo
with respect to the total electron kinetic energy T including
contributions from SM 2νββ, S-mediated 2νSββ and their
interference (green). The scalar mass is mS ¼ 2.8 MeV and aν ¼
7 × 10−2 with all other couplings set to zero. For comparison, the
scalar emission contribution 0νββS (using the same parameters)
and SM 2νββ are also shown. The relevant NMEs are given in
Table I.
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2. Collisional damping

Interactions between neutrinos and DM can significantly
affect the distribution of matter and radiation in the
Universe, particularly by impacting the CMB spectrum
and the formation of large-scale structures (LSS) [43–45].
There are two primary effects to consider: DM is no longer
collisionless due to its interaction with neutrinos and the
mediator particle, and the neutrinos remain collisional for a
longer period compared to the standard cosmological
scenario. This reduces the length of DM free streaming
and enhances their ability to cluster more efficiently which
eventually contributes to the formation of large-scale
structures. By comparing theoretical predictions with
CMB and LSS observations, constraints can be placed
on the strength of ν-DM interactions. In this regard, Planck
data suggests that the ν-DM elastic scattering cross section
for the process νχ → νχ must be [33,46]

σel < 10−29
�

mχ

MeV

�
cm2: ð50Þ

3. Neutrino reheating bounds

DM annihilation into neutrinos after they have
decoupled from electrons, at temperatures T ≲ TD ∼
1 MeV (where TD is the decoupling temperature of DM
from electrons) [47–55], can reheat the neutrino sector,
producing observable effects. This change in neutrino
energy density effectively increases the number of relativ-
istic degrees of freedom, Neff , in the early Universe which
can be expressed as

ρν
ργ

≡ 1þ 7

8

�
Tν

Tγ

�
4=3

Neff ; ð51Þ

where ργ is the photon energy density and Tν, Tγ corre-
spond to the temperature of neutrinos and photons, respec-
tively. In our framework, because of interactions with
neutrinos, the DM particle remains in thermal equilibrium
for a longer time. Therefore, the effective number of light
relativistic species becomes [52,56]

Neff ¼ Nν

�
1þ 1

Nν

gχ
2
F

�
mχ

TD

�
4=3

�
; ð52Þ

where Nν ¼ 3.046 [57,58] and gχ ¼ 4 as the considered
DM is a Dirac particle. The function FðxÞ is defined as

FðxÞ ¼ 30

7π4

Z
∞

x
dy

ð4y2 − x2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 − x2

p
ey � 1

: ð53Þ

4. CMB-NSI

Neutrino nonstandard interactions (NSI) influence the
epoch of neutrino free streaming and their coupling to the

photon-baryon fluid in the early Universe. Such effects
manifest as modifications in the phase shift and amplitude
of the matter power spectrum, leading to stringent cosmo-
logical bounds. These constraints apply not only to neutrino
self-interactions but also to interactions with a light dark
sector, with implications for alleviating long-standing ten-
sions in cosmological data, such as the H0 and

P
mν

tensions [33]. The most recent CMB analysis excludes
effective four-neutrino interactions GeffðννÞðν̄νÞ as [59]

Geff ≃
y2ν
m2

S
< 5.6 × 10−5 MeV−2; ð54Þ

where yν corresponds to a generic coupling of neutrinos with
a mediator of mass mS.

5. CMB-νDM

Additional constraints on ν-DM interactions arise from
cosmological observables including the Lyman-α forest
[60], structure formation [61] and small-scale CMB data
[62]. The upper limits on the DM-neutrino scattering cross
section can be parametrized as [60]

σνχ < σn

�
mχ

GeV

��
Tν

T0
ν

�
n
; ð55Þ

with T0
ν ¼ 6.1K, σ0¼ 2×10−28 cm2, σ2 ¼ 2 × 10−39 cm2,

and n ¼ 2 [33].

6. BBN

If both the mediator and light particles are at the MeV
scale, additional constraints arise from matching with the
observed big bang nucleosynthesis (BBN) parameters. The
Hubble rate at the time of BBN, affected by the presence of
neutrinos and other light degrees of freedom modifies the
neutron-to-proton ratio and the freeze-out of deuterium
reactions. This constrains the number of additional effec-
tive light degrees of freedom around the time of BBN and
neutrino decoupling T ≈ 1–2 MeV. The determination of a
limit on the scalar mass mS is nontrivial. It is further
modified by the fact that neutrinos self-interact via S. In
Ref. [63] the weakest limit was reported in the moderately
interacting self-interacting neutrino scenario, with
a2ν=m2

S ≈ ð100 MeVÞ−2, which is near the sensitivity of
double beta decay searches reported below. In this case, the
upper limit is mS < 0.6 MeV and 3.7 MeV at 95% con-
fidence level, for a real and complex scalar S, respectively.
As S is charged in our case, the more restrictive limit should
apply but we note that due to the neutrino-number violating
nature of our interactions, S may effectively act as a real
scalar, if there is a sizeable neutrino asymmetry present.
The above constraint applies as long as S is in thermal

equilibration with the SM plasma at T ≈ 1–2 MeV via
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νν ↔ S. This is the case if Γðνν ↔ SÞ=H > 1 with the
reaction rate Γðνν ↔ SÞ ¼ gK1ðmS=TÞ=K2ðmS=TÞa2νmS=
ð32πÞ and the Hubble expansion rate H ¼ 1.66

ffiffiffiffiffi
g�

p
T2=

mPlanck where g ¼ 1 (2) for a real (complex) scalar, KiðzÞ
areBessel functions, g� ¼ 10.75 andwe take the temperature
T ¼ maxð1.5 MeV; mSÞ. This is satisfied for most of the
parameter space considered here, i.e., S can be considered in
thermal equilibrium at the time of BBN. Only for small
couplings andmasses, gðaν=8 × 10−7Þ2ðmS=keVÞ2 ≲ 1, this
is not the case, and S will not be produced abundantly.
In our scenario with a coupling to a dark fermion χ, the

above considerations are further complicated, as it will
modify the injection of neutrinos at the time of BBN. An
exact treatment is beyond the scope of this work. To
indicate the relevant parameter space where this effect
should become important, we consider the process
νν → χχ, via s-channel scalar mediation, that keeps the
dark fermion in equilibrium with the SM plasma. The
interaction rate is given by Γνχ ¼ σðνν → S → χχÞnνðTÞ,
where nνðTÞ is the neutrino number density at temperature
T. We have considered that the neutrinos remain in thermal
equilibrium with the SM plasma around this temperature.
The process is effective if Γνχ=H < 1 [33] which we will
indicate below.

B. Constraints from supernovae

The coupling of the light scalar S with neutrinos can
further be constrained considering the significant impact of
this coupling on the mechanism and cooling of supernovae
(SN). We mostly focus on two different constraints from
SN data. First, the binding energy released in a SN is well
predicted with the emitted neutrino signal measured from
SN1987A [64–68]. The presence of a light scalar S and its
coupling with active neutrinos will affect the emitted
luminosity, but this must not alter the experimental obser-
vation. This puts a stringent constraint on such a coupling
[28]. Second, if S couples too strongly it may be trapped
within the SN core [28]. However, the scalar S couples to a
dark fermion χ in our scenario, potentially strongly, where
such bounds are expected to be weakened. Therefore, we
will not consider this trapping constraint further.

C. Meson decays

For a light scalar mediator S coupled to neutrinos and an
exotic fermion, rare meson decays such as kaon decays,
K� → l� þ ν=χ þ S provide strong constraints on the
relevant couplings involved [69]. At tree level, these
three-body decays suffer from infrared divergences in
the limit mS → 0, with the divergent terms proportional
to m2

l logðm2
S=m

2
KÞ. The divergences cancel one-loop cor-

rections to the standard 2-body decay K� → l�ν, in
accordance with the Kinoshita-Lee-Nauenberg theorem.
Using kaon partial width data [70], stringent bounds can
be placed on scalar-neutrino or scalar-exotic fermion

interactions [33,71]. We specifically consider the rare
Kaon decay to constrain the parameter space as it gives
the most stringent limit on the couplings for our masses of
interest. There are other laboratory constraints, not competi-
tive in our parameter space considered, arising from invisible
Z decays, modification of the Fermi constant GF and
others [33].

D. Impact on parameter space

With the above considerations, we summarize the impact
on the parameter space. For model I0 in our study, the
relevant cosmological processes are DM self-annihilation
to neutrino pair χχ → νν, DM-neutrino scattering νχ → νχ
as well as S and χ production from neutrinos νν → S,
νν → χχ. The relevant processes are discussed above and
matrix elements are given in Appendix B.
Figure 6 shows constraints on couplings, or products of

couplings, as a function of the scalar mass mS. The
combinations of couplings jaνj2; jaχ j2; jaνaχ j are involved
in different processes, in the simplified parameter space
where we set bν;χ ¼ 0. We also set mχ ¼ mS=3. The curve
labeled “thermal relic” shows the coupling required to
achieve the observed relic density for χ. Cosmological
limits arise from the CMB, with “CMB: νDM” and “CMB:
NSI” curves indicating upper limits where scalar inter-
actions distort the CMB anisotropy spectrum. Likewise, the
curve labeled “collisional damping” corresponds to exces-
sive interactions of S with neutrinos and DM χ interrupts
structure formation. The most restrictive laboratory

FIG. 6. Constraints on (products of) couplings from cosmo-
logical (DM thermal relic, collisional damping, CMB and BBN),
supernovae, and kaon decay bounds as a function of the scalar
mass mS. The dark fermion χ mass is set at mχ ¼ mS=3.
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constraints in the parameter space shown, apart from
double beta decay searches, are from rare kaon decays,
K → eνS and K → μνS, which probe couplings down to
∼10−2 and ∼10−2.5, respectively, for mS ≲ 100 MeV. We
note that K → μνS involves coupling to νμ, i.e., not directly
comparable to the electron coupling involved in double
beta decay. The red region labeled “BBN, real S” is
excluded by constraints on the presence of a light real
scalar, if it has thermalized by the time of BBN. The
dashed-line bounded region “BBN, complex S” gives the
corresponding constraint for a complex scalar. These BBN
constraints were determined assuming the presence of only
an additional scalar coupling with neutrinos, i.e., without a
dark fermion χ. They are expected to be modified if χ
thermalizes as well, which occurs above the curve νν →
S → χχ in the described scenario as an example. Finally, we
also show the constraint from SN luminosity considerations
[28,72] where the gray shaded region at the bottom is
excluded as a result of recasting the limits derived in [72] in
our scenario.

V. STATISTICAL PROCEDURE

Our goal is to estimate the sensitivity of current and
future double beta decay experiments to the different
models discussed in Sec. II, and we follow the standard
frequentist approach [73]. The total double beta decay rate
with respect to the electrons’ kinetic energy T in our case is
then generally written as

dΓðxÞ
dT

¼ dΓ2ν
SM

dT
þ dΓBSMðxÞ

dT
: ð56Þ

Here, dΓ2ν
SM=dT represents the standard 2νββ decay con-

tribution in the SM, which will act as background to the
search for an exotic contribution dΓBSMðxÞ=dT, where x
represents the parameters of the model in question. For
example, in the simplest scenario of scalar emission, we
have x ¼ ðaν; mSÞ. The BSM contribution will vanish in a
certain parameter limit x → 0, e.g., for aν → 0 in the scalar
emission case.
Experiments observe events of double electron emission

distributed over energy bins. Theoretically, the expected
number of events within an energy interval Ti < T < Ti þ
ΔT is calculated as

NðiÞ
expðxÞ ¼ NAm−1

isoE
Z

TiþΔT

Ti

dT
dΓðxÞ
dT

: ð57Þ

The factor in front of the integral gives the effective number
of decaying nuclei with Avogadro’s number NA ¼ 6.022×
1023 mol−1, the molar mass miso of the isotope in question,
and the fiducial exposure E of the experiment in units
of kg · yr.
Having observed a set of events, the log-likelihood, or

χ2ðxÞ, of the binned data D ¼ fNðiÞ
obsg given a BSM

hypothesis is

−2 logLðDjxÞ ¼ 2
XNbins

i

�
NðiÞ

expðxÞ − NðiÞ
obs þ NðiÞ

obs log

�
NðiÞ

obs

NðiÞ
expðxÞ

�	

≈ χ2ðxÞ ¼
XNbins

i

ðNðiÞ
obs − NðiÞ

expðxÞÞ2

NðiÞ
expðxÞ

; ð58Þ

where the second line applies if there are sufficiently many
events per bin [74]. For the standard 2νββ decay as
common contribution, this is the case for the current and
future experimental exposures considered below.
In order to estimate the sensitivity of an experiment, we

assume that it does not see a distribution that differs
significantly from the SM prediction, setting the number

of observed events to NðiÞ
obs ¼ NðiÞ

expð0Þ. This represents the
so-called Asimov dataset [75] which provides a good
approximation to Monte Carlo simulations of the experi-
ment that would otherwise be required [76].
In addition to the statistical uncertainty, we include two

types of systematic errors:
(1) Systematic experimental errors, assumedproportional

to the number of events in a bin, σðiÞsys ¼ σfN
ðiÞ
exp, are

added in quadrature to the statistical uncertainty. We
take σf as constant for a given experiment.

(2) The main theoretical uncertainty arises from the
2νββ and 0νββ NMEs that enter the decay rate
calculations. The standard 2νββ decay depends on
M2ν whereas the BSM contributions, due to their
ordinary Majoron structure, mainly scale with M0ν

(the interference of the scalar-mediated 2νSββ with
SM 2νββ will also depend on M2ν). Calculations in
different nuclear structure models differ by factors of
2–3 in a given isotope. In order to include this effect,
we treat bothM2ν and M0ν as Gaussian-distributed
nuisance parameters with best fit values and standard
deviations, hMnνi � δMnν, derived from a survey
of NME values [77]. We also include a potential
correlation between M2ν and M0ν. While this
correlation is not direct and perfect, it is observed
statistically in several NME calculations and is
encoded by a statistical correlation factor ρ [78].
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Jointly,M2ν andM0ν follow a bivariate, potentially
tilted, Gaussian distribution.

We thus have the χ2 function

χ2ðxÞ ¼
XNbins

i

ðNðiÞ
expð0Þ − NðiÞ

expðxÞÞ2
NðiÞ

expðxÞ þ ðσðiÞsysÞ2

þ 1

1 − ρ2

�ðη − hM2νiÞ2
ðδM2νÞ2

þ ðκ − hM0νiÞ2
ðδM0νÞ2

− 2ρ
ðη − hM2νiÞðκ − hM0νiÞ

δM2ν · δM0ν

�
; ð59Þ

where the set of parameters x now includes the two NME
nuisance parameters η, κ, and the Asimov dataset is
calculated using the best fit value η ¼ hM2νi. By con-
struction, χ2ð0Þ ¼ 0 for the Asimov dataset, i.e., the SM
2νββ decay case with hM2νi as NME.
We are mainly interested in the general sensitivity to the

BSM scenarios considered and we do not attempt to fit all
model parameters at the same time. Instead, we choose one
coupling constant g as fitting parameter while keeping all
other parameters fixed, specifically the particle masses
involved. For example, in the simple scalar emission
model, we calculate χ2 using aν for a fixed scalar mass
mS. In order to find the 90% confidence level (CL) limit on
such a coupling constant g, we first minimize over the NME
nuisance parameters,

χ2ðgÞ ¼ min
η;κ

½χ2ðg; η; κÞ�: ð60Þ

This profile function then follows a chi-squared distribution
with one degree of freedom and to find the 90% CL upper
limit on g, we set χ2ðgÞ ¼ 2.71.

VI. SENSITIVITY OF DOUBLE BETA
DECAY EXPERIMENTS

In Table I, we provide the relevant data for the three
isotopes considered in this work, 76Ge, 100Mo, and 136Xe.
As described above, we treat the 2νββ and 0νββ NMEs as
individual random variables, based on the spread in differ-
ent nuclear structure calculations. We fix the best fit value
hM2νi using the experimentally measured 2νββ decay half
lives via Eq. (46). For the NMEM0ν, we compute the mean
of the values provided in Table I of [77] which includes

calculations from the Shell model, QRPA, EDF, and IBM
frameworks. The corresponding uncertainty δM0ν is evalu-
ated as the standard deviation of this set, providing a
measure of the spread among theoretical predictions. As
discussed in [78], the matrix elements M0ν and M2ν are
potentially correlated and can be approximated by a linear
relation, M2ν=q2 ¼ aþ b · A−1=6M0ν, where a and b are
real constants and q is a factor capturing the potential axial-
coupling quenching. We incorporate this correlation into
our uncertainty estimates, by propagating the variation in
M0ν through this expression. The resulting uncertainty in
M2ν is therefore given by

δM2ν ¼ bA−1=6 · δM0ν; ð61Þ

where we take a typical value b ¼ 0.18 for the slope of the
proportionality [78].
In the following, we will assume two different NME

scenarios:
(1) For the existing experimental searches at GERDA II,

NEMO-3, and KamLAND-Zen, we assume the
NME values in Table I, without correlation between
M2ν and M0ν, ρ ¼ 0.

(2) For the future searches at LEGEND-1000, CUPID,
and nEXO, we take the same values above as a
pessimistic scenario (no future improvement in
NME calculations) but also consider an optimistic
scenario as follows: We keep the best fit values from
Table I but reduce the uncertainties by a factor of
five, δMnν → 0.2 × δMnν. At the same time, we
include a statistical correlation between M0ν and
M2ν, with a correlation factor ρ ¼ 0.85 [78]. This is
intended as an optimistic choice for the state of NME
calculations at the time of the experimental search.

We will estimate the sensitivity for different experimental
setups as described in Table II. For each of the relevant
isotopes 76Ge, 100Mo, and 136Xe, we consider an existing
0νββ decay search (at GERDA II, NEMO-3, and
KamLAND-Zen, respectively) and at a future planned
experiment (LEGEND-1000, CUPID, and nEXO, respec-
tively). We have extracted the key experimental metrics for
our statistical approach from the references listed in Table II
and [77], specifically, the assumed exposure E, theminimum
usable electron energyTmin, the energy resolution (binwidth)
ΔT and the relative systematic uncertainty σf. In determining
the binned spectrum, we also exclude the highest 100 keV

TABLE I. Molar massmiso,Q value and experimental 2νββ decay half-life ðT2ν
1=2Þexp for the isotopes considered in

this work. Also given are the average NMEs hM2νi, hM0νi and the standard deviations δM2ν, δM0ν.

Isotope miso [g/mol] Q [MeV] ðT2ν
1=2Þexp [yr] hM2νi δM2ν hM0νi δM0ν

76
32Ge 72.6 2.04 1.9 × 1021 0.10 0.22 4.3 1.2
100
42Mo 96.0 3.03 7.1 × 1018 0.19 0.27 4.9 1.5

136
54Xe 131 2.46 2.2 × 1021 0.016 0.19 2.6 1.1
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below the 2νββ end point, mainly to ensure that there are
enough events in each bin to justify the use of the χ2 function
in Eq. (58). We therefore assume a usable spectrum over the
interval Tmin < T < Q − 0.1 MeV. Our statistical approach
described in Sec. V is not intended to exactly reproduce the
experimental sensitivities, but to provide an estimate that
mainly incorporates the statistical uncertainty in measuring
the SM 2νββ spectrum, with some theoretical and exper-
imental systematic errors captured.

A. Scalar emission

We first consider simple scalar particle emission, 0νββS
as the BSM signal, i.e., S is assumed to be emitted as a real
particle in the final state. The measured electron energy
spectrum is then given by

dΓðxÞ
dT

¼ dΓ2ν
SM

dT
þ dΓSðxÞ

dT
; ð62Þ

with the SM 2νββ and 0νββS spectra given in Eqs. (46) and
(45), respectively. The model parameters are the scalar
mass mS and the coupling aν to active neutrinos,
x ¼ ðmS; aνÞ.
Following our statistical approach, using the experimen-

tal setups and NME scenarios described above, we estimate
the sensitivity to aν at 90% CL for a given scalar mass mS.
The result is shown in Fig. 7. The colored blue, green, and
red regions at its top would be excluded by the existing
searches at GERDA II, KamLAND-Zen, and NEMO-3,
respectively. The maximally testable mS is determined by
the isotope’s Q value and the minimum usable Tmin of the
given experiment, mS < Q − Tmin. Thus, despite NEMO-3
having the smallest exposure, it still provides a relevant
constraint due the large Q value of 100Mo. As mentioned,
for the future searches, we take a pessimistic and optimistic
set of NMEs, corresponding to the blue, green, and red
bands for LEGEND-1000, nEXO, and CUPID, respec-
tively. In addition to the higher exposures, we also take a
uniform value of Tmin ¼ 100 keV, e.g., extending the
sensitivity of CUPID to mS ≲ 2.9 MeV. We note that
the sensitivity to scalar emission 0νββS (massive
Majoron) was estimated in [28] but only taking into

account the phase space suppression of the total 0νββS
decay rate due to a massive scalar. We here instead include
the spectrum shape as well. Specifically, as mS increases,
the phase space is suppressed and the 0νββS spectrum
shifts to lower electron energies, becoming more similar to
SM 2νββ decay, see Fig. 3. We thus see that our sensitivity
worsens more rapidly for increasing mS until mS becomes
large enough for the spectrum to peak to the left of the SM
2νββ spectrum. Finally, we note that the PandaX collabo-
ration has experimentally constrained 0νββS emission in
this scenario using 125Xe double beta decay data [83].

B. Model I0: Coupling to neutrinos only

We first extend the simple scalar emission case by
allowing the scalar to decay to active neutrinos. This
corresponds to model I0 (cf., Sec. II B), where the coupling
to χ is set to zero. The measured electron energy spectrum
can then be expressed as

TABLE II. Current or expected future exposure E, minimum electron energy Tmin, energy resolution (bin width)
ΔT and relative systematic uncertainty σf for the double beta decay experiments considered in this work.

Isotope Experiment E [kg · yr] Tmin [keV] ΔT [keV] σf [%]

76Ge GERDA II [79] 104 500 15 1.9
LEGEND-1000 [80] 7.0 × 103 100 2.5 0.5

100Mo NEMO-3 [11] 34 500 100 1.8
CUPID-1T [81] 1.7 × 103 100 5 0.5

136Xe KamLAND-Zen [6] 126 100 50 0.3
nEXO [82] 1.9 × 104 100 5 0.5
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FIG. 7. Estimated upper limits and sensitivity on the coupling
jaνj at 90% CL in scalar emission 0νββS decay as a function of
the scalar mass mS. The experimental setups for the current and
planned future experiments are given in Table II. For the
sensitivity of future experiments, the colored bands indicate
the use of two sets of NMEs: A pessimistic scenario with current,
uncorrelated uncertainties as given in Table I; and an optimistic
scenario where uncertainties are reduced by a factor of 5 and a
correlation ρ ¼ 0.85.
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dΓðxÞ
dT

¼ dΓ2ν
SM

dT
þ dΓ2ν

S ðxÞ
dT

þ dΓ2ν
intðxÞ
dT

; ð63Þ

where the 2νSββ spectrum is determined using Eq. (36)
with mχ1 ¼ mχ2 ¼ 0, and including a symmetry factor of
1=2. The interference term is given in Eq. (44). In full
generality, the model parameters are described by the exotic
particle masses mS and the set of couplings aν, bν,
x ¼ ðmS; aν; bνÞ. For simplicity and minimality, we take
bν ¼ 0, i.e., we only consider the aν coupling through
which S is produced.
In Fig. 8, we show the aν sensitivity as a function of mS.

The plot focuses on larger values of mS ≥ 1 MeV and
jaνj ≥ 10−4. For small jaνj, withmS below the experimental
threshold, the sensitivity is the same as for the scalar
emission case in Fig. 7. This is because 0νββS and 2νSββ
are largely indistinguishable as long as S can be produced
on-shell within the experimentally accessible electron
spectrum and the total decay width ΓS remains small.
On the other hand, above the threshold, 0νββS produces no
events whereas 2νSββ is allowed. For larger aν, the
interference between SM 2νββ and 2νSββ also becomes
sizeable, scaling as ∝ a2ν. Thus, the sensitivity to jaνj
extends both beyond the experimental threshold mS < Q −
Tmin and the ultimate mS threshold mS < Q. For example,
KamLAND-Zen provides a meaningful sensitivity, jaνj ≲
10−1 for masses up to mS ≲ 4.3 MeV. A future nEXO
experiment may probe scalar masses up to mS ≈ 7.5 MeV.

C. Model I0: Dominant coupling to dark fermion

We now extend the scope and explore the sensitivity
where the scalar S couples to a dark fermion χ as well. The
measured electron energy spectrum now is

dΓðxÞ
dT

¼ dΓ2ν
SM

dT
þ dΓ2ν

S ðxÞ
dT

þ dΓ2ν
intðxÞ
dT

þ dΓ2χ
S ðxÞ
dT

; ð64Þ

where the 2χSββ spectrum is determined using Eq. (36)
withmχ1 ¼ mχ2 ¼ mχ , including a symmetry factor of 1=2.
In full generality, the model parameters are described by the
exotic particle masses mS, mχ and the full set of couplings
aν, bν, aχ , bχ , x ¼ ðmS;mχ ; aν; bν; aχ ; bχÞ. For simplicity
and to explore the full range by which the above scalar
emission case can be modified, we take bν ¼ bχ ¼ 0 and
aχ ¼ 1, i.e., we only keep the left-handed couplings and
assume that S couples dominantly to the dark fermion χ.
Because of this, S almost exclusively decays to χ,
BrðS → χχÞ ≈ 1 for aν ≲ 10−1 and sufficiently light χ,
mχ ≲mS=3. Given these choices, we determine the
90% CL constraint on aν for given masses mS and mχ .
We note that for massless χ, as considered below first,

the model is equivalent to one where S also couples to
another active neutrino flavor, such as ντντ and thus
identifying aχ → aττν . Couplings to third generation neu-
trinos are constrained much more weakly and can be
large [33].
In Fig. 9, we show the aν sensitivity as a function of mS,

assuming a massless χ. We again focus on the mass region
near and above the S production threshold. Qualitatively,
the behavior is equivalent to Fig. 8, with sensitivities
extending far above the Q value. With aχ ¼ 1, the S decay
width is much higher than in the previous case, resulting in
broader finite width corrections and an improved sensitivity
near the threshold. In future searches, this sensitivity will
depend more strongly on the NME scenario considered,
though. This is because the spectrum above the threshold is
dominated by 2χSββ production and not the interference
with 2νSββ. The spectrum shape in this case, for mχ ¼ 0, is
largely indistinguishable from that of SM 2νββ. The
sensitivity is therefore strongly dependent on the ability
to fix the overall spectrum normalization.
Of course, this increased sensitivity on aν is dependent

on the choice of the other parameters of the model. This can
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FIG. 8. As Fig. 7, but showing the sensitivity on aν in model I0,
with all couplings set to zero except for aν.
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FIG. 9. As Fig. 7, but showing the sensitivity on aν in model I0,
with coupling aχ ¼ 1, all other couplings set to zero and a
massless χ.
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be captured by an extended χ2 analysis incorporating two
or more model parameters at a time. This is beyond the
scope of this work but in Fig. 10, we show the equivalent
plot for mχ ¼ mS=3 instead of a massless χ. The overall
effect is reduced due to the phase-space suppression from
mχ , especially near the visiblemS threshold, T ≳Q − Tmin.
For large mS, where χ cannot be produced on-shell either,
the light neutrino emission 2νSββ becomes dominant and
the sensitivities approach that of Fig. 8.

D. Effective operator and dependence
on dark fermion mass

So far, we have mainly discussed the sensitivity as a
function of the scalar mediator mass, for a fixed or
correlated dark fermion mass mχ . To illustrate the depend-
ence on mχ , we consider the production of χ for a heavy
scalar, mS ≫ Q, or, equivalently, via an effective operator.
Specifically, and in order to explore the largest mass range,
we look at the associated production of a massless fermion
(active ν or a massless/very light χ) together with a massive
dark fermion, described by Eq. (39),

dΓðxÞ
dT

¼ dΓ2ν
SM

dT
þ dΓ2χ

EFTðxÞ
dT

: ð65Þ

Here, we take mχ1 ¼ 0, mχ2 ¼ mχ . We determine the
sensitivity on the effective operator strength jΛj ¼
ðjΛ−2

a j2 þ Λ−2
b j2Þ−1=4 as a function of mχ , x ¼ ðmχ ; jΛjÞ.

In the context of our three models in Sec. II, such a
scenario can be realized in model I with a dominant
coupling νcPLχS�, either through a direct coupling aνχ
or large active-sterile mixing θ. In this case, we have a
mixed production of an active neutrino with a dark fermion,
νχEFTββ when S is heavy. It can also be realized in model II,
taking, say, χ1 to be massless or very light, mχ1 ≪ Q.

The sensitivity on the EFT scale Λ is shown in Fig. 11, as
a function of the dark fermion mass mχ . For mχ → 0, we
recover the scenario in Fig. 9 for large mS and the
associated sensitivity. Because the decay spectrum is
largely identical to SM 2νββ decay, it is not the most
easily testable. Instead, a finite mχ leads to a pronounced
kink in the spectrum. For largemχ , the decay will be phase-
space suppressed and the optimal sensitivity is achieved for
mχ ≈ 0.3–0.6 MeV. The current limit on jΛj is largely set
by KamLAND-Zen, up to jΛj ≈ 20 MeV. This may be
improved to jΛj ≈ 60 MeV in the future. The use of 100Mo
as isotope will have the benefit of probing heavier χ masses.
While the EFT treatment requires, strictly speaking, jΛj ≫
Q (or, rather, mS ≫ Q), it is applicable for fairly light
mediator masses, not too far above the Q-value threshold.

VII. CONCLUSION

Double beta decay processes are sensitive avenues to
probe physics beyond the SM. While the neutrinoless
mode, 0νββ is the key process to probe the Majorana
nature of neutrinos, one can also expect distinct signatures
over the SM 2νββ decay spectrum, in presence of new light
particles. In this work, we have explored a class of
scenarios where a light scalar, S, couples both to active
neutrinos and, potentially, a new fermionic particle χ.
Owing to these new interactions, on- andoff-shell production
of S followed by its transition into neutrinos or exotic
fermions, a spectral distortion in the double beta decay
spectrum can be observed. We have constructed simplified
model scenarios responsible for such exotic double beta
decay contributions. Focusing on scalar s-channel media-
tion, we considered two Dirac neutrino scenarios (model I
and I0) differing by the presence or absence of νχ mixing, the
latter enforced through a stabilizingZ2 symmetry thatmakes
χ a potential dark matter candidate. We further introduced a
third model (model II) involving both Dirac and Majorana
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FIG. 10. As Fig. 7, but showing the sensitivity on aν in model
I0, with coupling aχ ¼ 1, all other couplings set to zero and a
massive χ, mχ ¼ mS=3.

FIG. 11. Sensitivity on the operator scale Λ as a function ofmχ ,
for νχSββ production of a single, massive dark fermion via a
heavy s-channel mediator.
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exotic fermions to illustrate the broader range of possible
interactions.
We analyzed how the double beta decay spectrum is

modified by the presence of the mediator scalar S and the
exotic fermion species χ, highlighting the dependence of
the spectral shape on their masses and couplings. For
massless χ, we showed that when S is sufficiently light to
be produced on-shell, the resulting 2χSββ spectrum closely
follows the scalar emission shape, with only minor devia-
tions arising from finite-width effects of the mediating
scalar. As mS approaches the kinematic threshold or
becomes too heavy to be produced on-shell, the spectrum
shifts toward lower electron energies or enters an off-shell
regime inwhich the dominant contributionsmove to largerT,
eventually matching the SM 2νββ distribution in the mS ≫
Q limit. Introducing nonzero χ masses further restricts on-
shell production of the mediator and suppresses visible
distortions in the electron spectrum, making heavier χ
scenarios increasingly challenging to probe. Finally, in the
case where S couples exclusively to neutrinos, we demon-
strated that the full double beta decay spectrum receives both
on-shell and off-shell scalar-mediated contributions, includ-
ing destructive interference with the SM amplitude, leading
to a characteristic spectral suppression near the threshold.
These results collectively illustrate the diverse range of
spectral signatures that light scalars and exotic fermions
can imprint on double beta decay observables.
In model I0, the χ can be considered as a potential dark

matter candidate (or a component of the dark sector) due to
the absence of mixing with the active neutrino sector, due to
a Z2 symmetry. Here, we discussed cosmological and
laboratory constraints. Collisional damping, CMB, and
BBN limits collectively require lower bounds on light
DM and mediator masses, while SN data, rare kaon decays
further restrict the viable couplings for larger mediator
scalar mass. Together, these complementary constraints
significantly narrow the parameter space in which the light
scalar-fermion dark sector remains consistent with current
observations, as shown in Fig. 6.
Incorporating statistical, experimental and theoretical

uncertainties on the double beta decay spectrum, we have
estimated the sensitivity of a set of current and future
double beta decay experiments toward exotic scalar emis-
sion 0νββS as well as massless and massive exotic fermion
production from the mediator scalar decay 2χSββ. This is
summarized in Fig. 12, comparing the double beta decay
constraints and future sensitivity with the most relevant
cosmological and laboratory bounds. The darker blue,
green, and red solid curves illustrate the exclusion bounds
on jaνj in model I0 for aχ ¼ 0, derived from the three
current experimental searches, GERDA II, KamLAND-
Zen, and NEMO-3, respectively, at 90% CL. Likewise, the
bands indicate the projected sensitivities of the future
experiments LEGEND-1000, nEXO, and CUPID, using
different nuclear matrix element uncertainties. In contrast,
the scenario with aχ ¼ 1 coupled to a massless dark

fermion (or another generation of active neutrino such as
ντ) is represented by the dashed curve for nEXO as the most
sensitive future search. While BBN, SN data, and kaon
decay bounds impose stringent bounds, future double beta
decay experiment can probe the parameter space for mS ≳
0.6 MeV and couplings 10−5 ≲ jaνj ≲ 10−2 for a real scalar
S. While not visible in Fig. 12, scalars lighter than mS ≲
0.1 keV and coupling with aν ≲ 10−5 will not be thermally
produced by the time of BBN and the corresponding bound
will not apply, see Fig. 6. Current double beta decay
experiments, as shown in Fig. 12 and recently reported by
PandaX [83] are already probing this regime and future
searches will extend it to jaνj ≈ 2 × 10−6. Double beta
decay experiments thus provide the most stringent labo-
ratory bounds and have the potential to probe light scalars
coupling to neutrinos as well as to light fermions in a dark
sector, extending beyond the double beta decay Q values.
The experimental sensitivities are in a parameter space
relevant for cosmological considerations, providing inde-
pendent, laboratory tests of light exotic physics.

Note added. As we were finalizing this manuscript, we
became aware of an independent experimental analysis by
the PandaX collaboration on a similar topic [83].
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APPENDIX A: NORMALIZATION
OF ββ DECAY WIDTHS

The nuclear structure appearing in our processes, i.e.,
χ1χ2ββ and Majoron decay, is the same as that involved in
ordinary neutrinoless double beta decay. Therefore, we can
make use of the NMEs of that process. To do so, our
normalization must be matched to that used in the literature

in order to consistently employ the numerical results
for M0ν.
Within our approach, it is straightforward to recover the

standard results for 0νββ decay. The process amplitude can
be factorized into leptonic and hadronic contributions,

A0ν ¼
X
n

LμνHμν; ðA1Þ

where Lμν and Hμν denote the leptonic and hadronic
contributions, respectively, and the sum over n accounts
for the nuclear intermediate states. Assuming the closure
approximation, the two decouple and, using the symmetry
under μ ↔ ν in the hadronic sector, the leptonic part can be
written as

Lμν ¼ N 0νmββgμνu1PRv2; ðA2Þ

where N 0ν is a normalization factor chosen to match the
standard results in the literature, and mββ is the effective
double beta decay neutrino mass. The corresponding decay
width is then expressed as

Γ0ν ¼
����mββ

me

����2jM0νj2G0ν: ðA3Þ

where G0ν and M0ν denote the phase space factor and the
NME, respectively. The phase space factor can be com-
puted as

G0ν ¼ jN 0νj2
Z Y2

i¼1

d3pi

ð2πÞ32Ei
2p1 · p2F0ðp1ÞF0ðp2ÞδðQ − TÞ

¼ 2jN 0νj2
ð2πÞ4

Z
Qþme

me

jp1jjp2jE1E2F0ðp1ÞF0ðp2ÞdE1; ðA4Þ

where F0ðpÞ is the Fermi function, and we have used E2 ¼ Qþ 2me − E1 and jpij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
i −m2

i

p
. Comparing with the

standard result in the literature, we obtain

jN 0νj2 ¼
G4

F cos
4 θc

4πR2
; ðA5Þ

in such a way the decay width is given by

Γ0ν ¼
����mββ

me

����2G4
F cos

4ðθcÞm2
e

32π5R2
jM0νj2

Z
Qþme

me

jp1jjp2jE1E2F0ðp1ÞF0ðp2ÞdE1; ðA6Þ

and reproduce the known result.
For the case where χ1 and χ2 are antineutrinos, one must also account for the interference with standard 2νββ. Following a

similar approach, the leptonic contribution can be written as
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Lμν ¼ N 2νgμν½ū1PRv2�½ū4PRv3�; ðA7Þ

where p1 and p2 correspond to the electron momenta, while p3 and p4 correspond to the neutrinos. The decay width is

Γ2ν ¼ jM2νj2G2ν; ðA8Þ

with the phase space factor

G2ν ¼ jN 2νj2
Z Y4

i¼1

d3pi

ð2πÞ32Ei
4p1 · p2F0ðp1ÞF0ðp2Þp3 · p4δðQ − T − E3 − E4Þ

¼ 4jN 2νj2
ð2πÞ8

Z ðQ − TÞ5
30

jp1jjp2jE1E2F0ðp1ÞF0ðp2ÞdE1dE2: ðA9Þ

Comparison with the standard literature then gives

jN 2νj2 ¼ 8π
G4

F cos
4ðθcÞ

m2
e

: ðA10Þ

Thus, the decay width is given by

Γ2ν ¼
G4

Fcos
4ðθcÞ

8π7m2
e

jM2νj2
Z ðQ − TÞ5

30
jp1jjp2jE1E2F0ðp1ÞF0ðp2ÞdE1dE2; ðA11Þ

recovering the known result.

APPENDIX B: CALCULATION OF SCATTERING RATES

The squared amplitude, summed over final and averaged over initial spins, of DM χ to neutrino annihilation via s-channel
scalar mediation, χðp1Þ þ χðp2Þ → S → νðp3Þ þ νðp4Þ, can be written as

jMsj2 ¼
1

ðs −m2
SÞ2 þm2

SΓ2
S
½ðjaχ j2 þ jbχ j2Þðp1 · p2Þ − 2m2

χReðaχb�χÞ�½ðjaνj2 þ jbνj2Þðp3 · p4Þ�; ðB1Þ

where p1 · p2 ¼ ðs − 2m2
χÞ=2, p3 · p4 ¼ s=2. Following [37,38], we have estimated the thermally averaged annihilation

cross section hσvreliwhich will be constrained by present-day relic density criteria for DM candidates in the universe, where
we have considered vrel ¼ 10−3 ≪ c.
Similarly, the squared amplitude for elastic scattering between DM χ and neutrinos, χðp1Þ þ ν̄ðp2Þ → χ̄ðp3Þ þ νðp4Þ via

t-channel scalar mediation can be expressed as

jMtj2 ¼
1

2ðt −m2
SÞ2

½ðp3 · p1Þðjaχ j2 þ jbχ j2Þ þ ðp4 · p2Þðjaνj2 þ jbνj2Þ − 2m2
χReðaχb�χÞ�; ðB2Þ

where p3 · p1 ¼ ðt − 2m2
χÞ=2 and p4 · p2 ¼ t=2. Using this, the elastic scattering cross section can be estimated as σel ¼

1=ð16πsÞPspins jMtj2 and this is constrained by the bounds from collisional damping [43–45].
Furthermore, we have obtained the scattering cross section for νðp1Þ þ νðp2Þ → χðp3Þ þ χðp4Þ via s-channel scalar

mediation,

σðνν → S → χχÞ ¼ 1

32πs½ðs −m2
SÞ2 þm2

SΓ2
S�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
χ

s

s

× ½ðjaνj2 þ jbνj2Þðp1 · p2Þ�½ðjaχ j2 þ jbχ j2Þðp3 · p4Þ − 2m2
χReðaχb�χÞ�; ðB3Þ

with p1 · p2 ¼ s=2 and p3 · p4 ¼ ðs − 2m2
χÞ=2.
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NOOR-INÈS BOUDJEMA et al. PHYS. REV. D 113, 075039 (2026)

075039-22

https://doi.org/10.1063/1.5130963
https://doi.org/10.1063/1.5130963
https://doi.org/10.1088/0954-3899/39/12/124007
https://doi.org/10.1088/0954-3899/39/12/124007
https://doi.org/10.1103/PhysRevD.98.095023
https://doi.org/10.1103/PhysRevD.98.095023
https://doi.org/10.1007/JHEP12(2018)097
https://doi.org/10.1007/JHEP12(2018)097
https://doi.org/10.1103/PhysRevD.102.095016
https://doi.org/10.1103/PhysRevLett.122.192501
https://doi.org/10.1016/j.nuclphysa.2010.07.009
https://doi.org/10.1016/j.nuclphysa.2010.07.009
https://doi.org/10.1103/PhysRevD.94.072003
https://doi.org/10.1103/PhysRevD.93.112008
https://doi.org/10.1140/epjc/s10052-018-6295-x
https://doi.org/10.1140/epjc/s10052-018-6295-x
https://doi.org/10.1140/epjc/s10052-019-6948-4
https://doi.org/10.1140/epjc/s10052-019-6948-4
https://doi.org/10.1103/PhysRevC.97.034315
https://doi.org/10.1103/PhysRevC.97.034315
https://doi.org/10.1103/PhysRevLett.125.171801
https://doi.org/10.1103/PhysRevLett.125.171801
https://doi.org/10.1103/PhysRevD.102.051701
https://doi.org/10.1103/PhysRevD.102.051701
https://doi.org/10.1103/PhysRevD.103.055019
https://doi.org/10.1103/PhysRevD.103.055019
https://doi.org/10.1016/j.physletb.2021.136127
https://doi.org/10.1016/j.physletb.2021.136127
https://doi.org/10.1103/PhysRevLett.122.181801
https://doi.org/10.1016/0370-2693(81)90011-3
https://doi.org/10.1016/0370-2693(81)90559-1
https://doi.org/10.1016/0370-2693(81)90559-1
https://doi.org/10.1016/0370-2693(93)91720-8
https://doi.org/10.1016/0370-2693(93)91720-8
https://doi.org/10.1103/PhysRevD.49.5925
https://doi.org/10.1016/0370-2693(93)90605-H
https://doi.org/10.1016/0550-3213(95)00273-U
https://doi.org/10.1016/0550-3213(95)00273-U
https://doi.org/10.1016/0370-2693(96)00038-X
https://doi.org/10.1016/j.physletb.2018.08.022
https://doi.org/10.1016/j.physletb.2018.08.022
https://doi.org/10.1016/0370-2693(93)90140-D
https://doi.org/10.1007/JHEP05(2017)102
https://doi.org/10.1103/PhysRevD.99.096005
https://doi.org/10.1103/PhysRevD.99.096005
https://doi.org/10.1103/PhysRevC.86.021601
https://doi.org/10.1103/PhysRevC.86.021601
https://doi.org/10.1103/PhysRevD.104.112002
https://doi.org/10.1103/PhysRevD.107.032006
https://doi.org/10.1103/PhysRevD.107.032006
https://doi.org/10.1103/PhysRevD.91.093011
https://arXiv.org/abs/2507.01000
https://arXiv.org/abs/2212.07832
https://doi.org/10.1103/PhysRevX.1.021026
https://doi.org/10.1103/PhysRevX.1.021026
https://doi.org/10.1143/PTPS.83.1
https://arXiv.org/abs/hep-ph/9404219
https://doi.org/10.1103/PhysRevD.97.075039
https://doi.org/10.1103/PhysRevD.97.075039
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1201/9780429492860
https://doi.org/10.1201/9780429492860


[41] R. J. Scherrer and M. S. Turner, On the relic, cosmic
abundance of stable weakly interacting massive particles,
Phys. Rev. D 33, 1585 (1986); 34, 3263(E) (1986).

[42] F. Giacchino, L. Lopez-Honorez, and M. H. G. Tytgat,
Scalar dark matter models with significant internal brems-
strahlung, J. Cosmol. Astropart. Phys. 10 (2013) 025.

[43] C. Boehm, P. Fayet, and R. Schaeffer, Constraining dark
matter candidates from structure formation, Phys. Lett. B
518, 8 (2001).

[44] C. Boehm, A. Riazuelo, S. H. Hansen, and R. Schaeffer,
Interacting dark matter disguised as warm dark matter, Phys.
Rev. D 66, 083505 (2002).

[45] C. Boehm and R. Schaeffer, Constraints on dark matter
interactions from structure formation: Damping lengths,
Astron. Astrophys. 438, 419 (2005).

[46] K. Akita and S. Ando, Constraints on dark matter-neutrino
scattering from the Milky-Way satellites and subhalo
modeling for dark acoustic oscillations, J. Cosmol. Astro-
part. Phys. 11 (2023) 037.

[47] E.W. Kolb, M. S. Turner, and T. P. Walker, The effect of
interacting particles on primordial nucleosynthesis, Phys.
Rev. D 34, 2197 (1986).

[48] P. D. Serpico and G. G. Raffelt, MeV-mass dark matter and
primordial nucleosynthesis, Phys. Rev. D 70, 043526
(2004).

[49] C. Boehm, M. J. Dolan, and C. McCabe, Increasing Neff
with particles in thermal equilibrium with neutrinos,
J. Cosmol. Astropart. Phys. 12 (2012) 027.

[50] C. M. Ho and R. J. Scherrer, Limits on MeV dark matter
from the effective number of neutrinos, Phys. Rev. D 87,
023505 (2013).

[51] G. Steigman, Equivalent neutrinos, light WIMPs, and the
chimera of dark radiation, Phys. Rev. D 87, 103517 (2013).

[52] C. Boehm, M. J. Dolan, and C. McCabe, A lower bound on
the mass of cold thermal dark matter from Planck,
J. Cosmol. Astropart. Phys. 08 (2013) 041.

[53] K. M. Nollett and G. Steigman, BBN and the CMB
constrain light, electromagnetically coupled WIMPs, Phys.
Rev. D 89, 083508 (2014).

[54] G. Steigman and K. M. Nollett, Light WIMPs, equivalent
neutrinos, BBN, and the CMB, Mem. Soc. Astron. Ital. 85,
175 (2014).

[55] K. M. Nollett and G. Steigman, BBN And The CMB
constrain neutrino coupled light WIMPs, Phys. Rev. D
91, 083505 (2015).

[56] R. J. Wilkinson, A. C. Vincent, C. Bœhm, and C. McCabe,
Ruling out the light weakly interacting massive particle
explanation of the Galactic 511 keV line, Phys. Rev. D 94,
103525 (2016).

[57] G. Mangano, G. Miele, S. Pastor, and M. Peloso, A
precision calculation of the effective number of cosmologi-
cal neutrinos, Phys. Lett. B 534, 8 (2002).

[58] G. Mangano, G. Miele, S. Pastor, T. Pinto, O. Pisanti, and
P. D. Serpico, Relic neutrino decoupling including flavor
oscillations, Nucl. Phys. B729, 221 (2005).

[59] D. Camarena and F.-Y. Cyr-Racine, Strong constraints on a
simple self-interacting neutrino cosmology, Phys. Rev. D
111, 023504 (2025).

[60] R. J. Wilkinson, C. Boehm, and J. Lesgourgues, Con-
straining dark matter-neutrino interactions using the CMB
and large-scale structure, J. Cosmol. Astropart. Phys. 05
(2014) 011.

[61] W. Crumrine, E. O. Nadler, R. An, and V. Gluscevic, Dark
matter coupled to radiation: Limits from the Milky Way
satellites, Phys. Rev. D 111, 023530 (2025).
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