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Probing dark sector particles coupling to neutrinos with double beta decay

Noor-Inés Boudjema®,"” Frank F. Deppisch®,"" Antonio Herrero-Brocal®,
and Supriya Senapati

Chayan Majumdar®,

13.§

2,%
4.5,

1Department of Physics and Astronomy, UCL, London WCIE 6BT, United Kingdom
YInstituto de Fisica Corpuscular, CSIC-Universitat de Valencia, 46980 Paterna, Spain
3Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
*Amherst Center for Fundamental Interactions, Department of Physics, University of Massachusetts,
Ambherst, Massachusetts 01003, USA
5Department of Applied Physics and MIIT Key Laboratory of Semiconductor Microstructure
and Quantum Sensing, Nanjing University of Science and Technology, Nanjing 210094, China

® (Received 14 February 2026; accepted 31 March 2026; published 28 April 2026)

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
(Oupp) decay. In all of these searches, a substantial amount of data on two-neutrino double beta (2v/3)
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 |a, | ~
2 x 107 for sub-MeV scalar particles and remain sensitive to off-shell production above the Q-value of

double beta isotopes.

DOI: 10.1103/1xh2-wsrz

I. INTRODUCTION

Double beta decay processes provide a sensitive window
into physics beyond the Standard Model (SM). Two-
neutrino double beta (2vf) 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 T%;z ~ 10! years or longer [1]. In contrast,

neutrinoless double beta (Ovff3) 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, m,.
Current experimental sensitivities reach half-lives of
%, ~ (100 meV/m,)* x 10°° years, making this process
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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 Ovff decay, they also yield precise
measurements of the 2uff decay rates and spectra across
multiple isotopes. For instance, KamLLAND-Zen has
measured the 2y spectrum in '3°Xe 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 *°Zr [7], °°Nd [8], *Ca [9], 3?Se [10], and
especially Mo [11], the latter with approximately
5 x 10° recorded 2u3f3 decay events. These high-statistics
measurements are crucial for refining theoretical inputs,
such as the effective axial coupling g,, which influence
the interpretation of Ouff decay limits [12]. As the
experimental exposure continues to increase, enhancing
the Ouvpp sensitivity, the precision of 2yff 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 2uff data
itself to be used to search for signals of new physics
beyond the SM (BSM).

Published by the American Physical Society
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FIG. 1. Feynman diagrams for double beta decay with scalar
emission (OyppSs, left) and double beta decay with exotic
fermion-pair emission (2yff) via s-channel scalar exchange
(right).

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 2u64Q 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
g,v°vS* from which it can be produced in double beta
decay as shown in Fig. 1 (left). The term Majoron 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 (OuppS) are sensitive to half-lives of the order
T3 ~ (107/[g,])* x 10** 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, mg < Q,
the spectrum will be well approximated by the usual
Majoron-like spectrum for electron Kkinetic energies
T = EX" + EX™ < O — myg. On the other hand, the finite
decay width of S (especially if the exotic y particles couple
strongly to S) and the possibility of off-shell S production
means that the spectrum is also modified for 7 > Q — my,
which includes the scenario where S is too heavy to be

produced on-shell, mg > Q. If the y particles are massive
but can still be produced on-shell, m, +m, < 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 y 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 y 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 § and y 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.

I1. SIMPLIFIED MODELS

In the standard Ovff 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 y, could lead to a new
variant of f 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 J% = —G/v/2ey* P, v, we need the combination

Vmﬁ or, equivalently, VTE Therefore, possible EFT operators

that can give rise to the exotic double beta decay are
1 e s
Ls= A2 i v,
| —
Lp = S lirxllvry,

| R —
Ly = 2 iy v ry ). (1)
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Depending on the charge assignment, we can have only one
(i = j) or different (i # j) generations of BSM fermion y
involved in the process. Here, A corresponds to the new
physics scale which is a function of the mediator mass and its
coupling with v and y. Considering a generic symmetry
group U(1)y under which v and y; have nontrivial charges,
Q% and Q%, respectively, in order to construct U(1)y-
invariant EFT vertices in Eq. (1), we have, for exam-
ple, 0% = —0f = -0Y.

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 2ygff 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 #/u-
channel exchange. For the s-channel scenario with scalar
mediator S, the Lagrangian takes the general form

—L{y Dv(a,PL+b,Pr)uS* +x (a,PL+b,Pr)xS +H.c.
(2)

The resulting S-mediated 2vgff and 2ysff 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 a; = +b;, respectively. In
the latter case, we reproduce the ordinary Majoron term
a,ysuS* + H.c. The classical scenario with Majorana
neutrinos is easily reproduced by taking v = v°. In this
case, S must be real and the coupling includes a normali-
zation factor of 1/2 to avoid double-counting. Then
%1ysuS* + H.c. = iIm(a,)vysvS. For an t/u-channel
exchange, the relevant Lagrangian is given by

—E{f{‘, > v°(ay, P, + b, Pr)yS* +H.c. (3)

There is no neutrino-mass suppression of 2yff decay in
this case either, but due to the ¢/u-channel nature of the
interaction, the decay amplitude acquires a nontrivial
dependence on the neutrino momentum transfer g. This
leads to integrals over g with a different structure compared
to standard Ovpf 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 y 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 7/u-channel setup involves a
gauge boson interacting with one neutrino and one y
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 SU(3) x U(1)gy. Under these assumptions, neu-
trinos acquire Dirac masses via lepton number-conserving
Yukawa interactions, and consequently, the conventional
mechanism for Oypp 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 vvS is
equivalent to that of the ordinary Majoron and our
calculations will cover the usually considered classes IA,
1B, and IIB of ordinary Majoron production [24], i.e., with
a spectral index n = 1 and being dependent on the usual
Oupp decay nuclear matrix element M,,, 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
U5(a’ P + b Pg)uyS* with a, f = e, p, 7. The s-channel
production of § 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 a;° of the coupling matrix.

A. Model I

We first construct a model featuring a neutral fermion
sector composed of left- and right-handed neutrinos
(V}.Vg) and additional singlet fermions (y},y%), along
with a scalar singlet S. The fields are assigned lepton
numbers as L, =+1=Ly,. L, =+1=L, . Lg=2.
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With these charge assignments, the relevant Lagrangian
takes the form
=L = myVpV + my gV + my Ve + My

+ (a UV, S* + b UsURS +a, Uiy, S*

+ b VxRS +a )it S +bysxkS) +He.  (4)

The neutral fermion mass matrix in the basis of
(U VS, xh, x$)T can then be written as

0 m 0 my,
Mo m, 0 m, O . (5)
0o m, 0 M
m, 0 M 0

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

1
Miight heavy — 5 |(M + mu) + \/(M - ml/)z + 4m1%)(| (6)
|

—L =1{(a,

—a, 9+a QZ)PL+(b

In the hierarchical regime where (M —m,) > m,,, the

masses are given by

17244

2
mw(

b
M —m,

Myight ~ ’mu - Mpeayy ~M. (7)

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

Vr R cos@ sind VLR o

(xz,R> - <—sin9 cos9> (m)’ ®
where primed and unprimed bases correspond to interac-
tion and mass eigenstates, respectively. These Dirac mass
eigenstates are defined as, v =v; +vp and y = y; + yr
with masses nyjgp and Myeqyy, respectively. In the limit of
negligible light-heavy mixing € — 0, we recover the active
neutrinos and heavier exotic Dirac particles as light
(vLr RV g) and heavy (y; g ~ x} ) eigenstates, respec-
tively. As an example, we can consider M ~1 MeV,
Mijght ~ 1072 eV and my, ~ 10? eV which yields a light-
heavy mixing angle of 9 ~m,, /M =107%

In the mass basis, the interactions, can be written as

— b,,0 + b,0*)Pr}uS*

+ I/C{(aw +(a, —a,)0)P, + (b,, + (b, — b,)0)Pg}yS*
+x{(a, + a,,0 + a,0*)P, + (b, + b,,0 4+ b,6*)Pr}xS* + H.c., 9)

where we have used the relation g,,,l//ll,//z g,l,z//zy/l,
following from the properties of the charge conjugation
operator. We also retained the second-order mixing term 62,
otherwise ignored, accompanied by a,, and b, , 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 y. Here, mygy, 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, y is unstable and decays to three active neutrino final
states, y — vS* — 3v.

B. Model I

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

[
(a,VfV; + b vy +a )(LJ(L
+ b yxR)S" + He. (10)

L = m,,le}e + M)(_’L)(} +

The masses are already diagonal in this case and there is no
mass mixing between v and y. This then simply yields two
Dirac pairs with masses mjjop = m,, and My, = M. The
interaction Lagrangian in this basis becomes

—EZF(QDPL +byPR)l/S* +}7(QXPL+b}(PR))(S*+HC
(11)

As a consequence, the Z,-odd particle y is stable.

C. Model II

Finally, we consider a scenario involving two distinct,
exotic neutral Dirac fermions denoted as y/ and y,, with the
lepton number assignments L, = +1=L,,L, =-2=

u L 2%
L/ ,L)(2 0, Lg = 2. The active SM neutrinos retain their
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canonical lepton number values. The Lagrangian respecting
these assignments is given by
—L = mV Vg + Mg + Mot
+ (auITLC’/L + vaTSV;? + a)m)(gEZZ

+ b, 2 02)S* + He. (12)

The corresponding neutral fermion mass matrix in the basis of
(W VS xh o x % x2)T takes the form

0 m, 0 0 O
m, 0 0 0 0

M~ 0 0 0 M 0 (13)
0 0 M, 0 O
0 0 0 0 M,

In this framework, we have three mass-decoupled neutral
fermions: the active neutrinos form a Dirac state v/ = v =
vy + Vg with mass m,, the field x| =y, = x|, + 1z
becomes a Dirac state with mass m, = M; and y, is a
Majorana fermion with mass M,. In the mass basis, the
interactions are

—E = F{GDPL + bDPR}I/S*
+E{a}(l}(2PL + b)(IZZPR})(ZS* + H.c. (14)

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 ¢ and y;, as generic scalar and
fermions, respectively, with the coupling w¢(aP; +
bPg)y,¢*+ H.c., the corresponding partial decay width
of ¢ — wy, is given by

(¢ — yiya)
= L {(laP + bP)(1 - 2 = 3) — 4Rela’bJxy v}
T

x 1= (= )21 = (3 +x2)2) (15)
with the mass ratios x; = m,,. /my (i =1, 2). The decay

width to a pair of identical fermions y; = y, = y includes
a symmetry factor and can be written as

P = ww) = 52 {(1af + [bP)(1 - 22) - 4Rela" b}

X V1 —4x2, (16)

with x = m,, /m . Therefore, the total decay widths for the

scalar S in our models are
(i) Model I:

s =T(S = w) +T(S = vy) +T(S = xx). (17)

Furthermore, the heavier state y is not stable as it can
decay via an off-shell S, y — vS* — 3v as well as
through the SM currents due to the mixing.

(i) Model I’

Ig=T(S—>w)+T(S— xx). (18)

Due to the imposed Z, symmetry, there is no yvS
interaction and y is stable.
(iii) Model II:

Is=T(S—>w)+T(S =) (19)

In this model, the heavier fermion state, say, y, can

decay via an off-shell S, y, = y1 5" = y; +2v.
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 — v, (@ = e, y, 7).
In Fig. 2, we plot the total decay widths of § as a function
of its mass mg in the three different models considered.
Here, the active neutrino is considered massless whereas
we take m, , = 0.5 MeV for the heavier fermion(s). The

active-sterile mixing in model I is set at @ = 10~ and all
the couplings are a;, =b; =1 (i =v,y, vy, y1)» as dis-
cussed for each model). As expected for an MeV-scale
scalar, the widths are small, reaching at most 'y ~ 220 keV
in model I due its higher number of decay channels with
thresholds at mg = 0.5 MeV (vy accessible) and 1 MeV
(yx accessible). The total decay width of S for model I’ and

0.25 e
0.20f ]
L 06@\\
= 0.15} W 1
Q
=} \@e\\\
O
2 0.10F W 1
0.0} Tode! ]
00 05 10 15 20 25 30

mg [MeV]

FIG. 2. Total decay width of the scalar particle S as a function of
its mass mg in the three different models considered. The active
neutrino is considered massless whereas we take m,, , = 0.5 MeV.
In each model, all a; and b; couplings are set to unity. The active-

sterile mixing in model I is set to § = 107*.
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model II are equal for mg < 1 MeV (due to only accessible
vv channel). For larger S masses, the model II decay
becomes larger as evident from the Egs. (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 y 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 (y,y,pf decay and scalar emission)
shares the same nuclear structure as the Ovff 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
Ovpp decay, with the addition of the new interaction terms.
We therefore denote these common constants generically as
Ny,, 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 y,y,ff decay
via an s-channel scalar. We also show the results for the
interference with the standard 2up3f decay, in the case
S — v, i.e., for the emission of two active antineutrinos.
For comparison and later analysis we also show the rates
for scalar particle emission OvffS (with ordinary Majoron
emission OypBJ as massless limit) and the SM 2vff decay.
Here, we note that we omit the calculation of 2v/(;_channel 5)58
via the exchange of a 7-channel scalar as we are here mainly

NOD

p* —mi + imglg
x [it(p3)(a;Pg + byPr)v(ps)].

Mo
Ly, =

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
|¢%| = (100 MeV)? in the propagator [14]. In our specific
models introduced in Sec. II, § carries a conserved lepton
number charge, and the f-channel contribution is not
allowed anyway.

A. y1x2pp decay

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

L = —?<CZDPL + bDPR)I/S* —Z(GXPL —+ b)(PR))(jS* +HC
(20)

Here, v is the electron-neutrino, assumed to be the only
neutrino species. We will treat y; and y; 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 Ouvf4S decay,
which is allowed as long as the production of the scalar
mediator S is kinematically allowed, i.e., mg < Q. The
right diagram represents a potential portal to probe new
fermions, either arising from the on-shell production of §
and its subsequent decay, or through an off-shell S. We
compute the amplitude for the latter process y;y,ff and its
leptonic part is given by

ﬁ_ﬁ—'—mb

_ q+m,
"P; —=——~(a;P byP;) ———=7'P
u(p1)7 qu_mlz/ (av R+ v L) (p_q)z_m%y Rv(pZ)

(21

The outgoing electrons have momenta p; and p, whereas the exotic fermions y; and y, have momenta p; and py,,
respectively. The neutrino mass is m,, and mg and ['g are the mass and total decay width for the scalar mediator S,
respectively, which has momentum p = p; + p4. Due to the small Q ~ MeV value in double beta decay isotopes and the
tiny neutrino masses m, < 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, |¢*| ~ (100 MeV)? > |p?|, m?, and
the amplitude simplifies to
v N Va: gﬂy - -
Ly == [@(p1)Pro(pa)][(ps)(@; P + b3 PL)0(p)]- (22)

¢ p?—m§+imgly

Here, we have used the symmetry under the u < v
exchange of the hadronic contribution. The factor N,
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.
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For each electron, we include the Fermi function F(Z,, E;) (i = 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 Z, = Z + 2 [36],

(2R\/E? — m2)*r=1)
1"2(1 + 2]/0)

Fo(Zs.E) = e |C(yo + iy) . (23)

Here, R=1.2 fm-A'3 denotes the nuclear radius, I'(x) is the gamma function, y, = 1—(aZf)2, and

y=aZiE/+\/ E? —m2, where a =1/137 is the fine-structure constant. As in Ovff 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

NOyau 2

iM,,|* =
My p? —mi + imglg

Fo(p)Fo(p2)IMol? 4p1 - pal(lay* + 1B, )3 - pa — 2Re[(a,) by Jm, my, ], (24)

where the NME M, is identical to the one in standard Ouff decay, due to the same hadronic structure. We will write the
total y,y,pBp decay width as

FZ}( = g2)(|MOIJ|2’ (25)

The phase space factor G,, is calculated by integrating

(la,* + b,1*)ps - ps — 2Re[a}b,Im, m,,
|p* — m5 + imgTs|?

— WoPla, P / G paFalp)Fulp)
5(Q-T-E; —E4)7 (26)

over the phase space of the final state fermions with p; = (E;, p;). First, we integrate over the phase space of the invisible
fermions y; and y,, yielding two integrals

4 3
a’p; P3 - P4
11:/ ; 5(Q—T—E3—E4),
H (27)*2E; |(p3 + pa)* = m§ + imgLs|?
d*p; 1
=m, m, 6(0—-T—-E;—E,), 27
/H 27)32E; |(ps + ps)* — m5 + imsTg|? @ 1= Ed) @7)
with the total kinetic energy of the electrons T = E; + E, — 2m,. Defining
2
ms—m; —m;, —2E3E,’

with |ps| = (E3 —m2)'/2, |ps| = (E} = m2,)"/? and E, = Q — T — E3, we can integrate analytically over E, and the
angles of p; and py, to express the expressmns as

Tem 2_ .2 _ .2
1,(T) = %/Q e dE3{w [arctan { (E3) + arctan {_(E3)] + %log [%} }, (29)

4(27[ 4 2mSFS i(E:;) + 1
and
1 m,m Q-T-m,
L,(T) = 120 ﬁ[n * dEs[arctan ¢, (E3) + arctan {_(E;3)]. (30)

£1

Here, we have defined
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_ 2[p;|paf(x £ 1)

E 31
CulEy) = TP (31)
In Egs. (29) and (30), we expressed the integrands using the relation
arctan {, + arctan{_ = arctan <M> , (32)
1 - €+C_
as this turns out to be more numerically stable for physical, i.e., small values of I'g when evaluating the integrals.
Then, G,, can be expressed as
) &p; 2 .

= Wol’la,| H 22E, 1 P2Fo(p)Fo(p2)[(lay[* + b, )11 (T) — 2Relay b, 15(T)]. (33)

It is convenient to transform this expression into one that depends on the electron kinetic energies, 71 = E; — m, and
T, = E, — m,, and the angle 6, between the emitted electrons, with p; - p» = |p;||p2]| cos 6,,. The fully differential decay
rate can then be written as

ary
dTlded CcOS 912

PP
<2R) (Mo, ?[p1 P2 Ey EzFo(Pl)Fo(Pz)(l _ Ell||Ezz|cos912)

x |a,*{(lay|* + b, )I\(T1 + T2) — 2Re[a;b, |1, (T + T1)}, (34)
where we have explicitly extracted the factor m,/(2R) to emphasize that M, is dimensionless and that the phase space

factor G,, has units of yr~!, to conform to the usual conventions employed in Ov33 decay calculations. Here |p,| and E; are
understood to be expressed in terms of the T; and the factor k, has been obtained using the correct normalization for AV,,

No,[*R* G} cos* O
2% m2 8wom?2

o — ’ (35)

with the Cabibbo angle 6.
Most double beta decay experiments measure only the differential decay rate dI"/dT with respect to the total electron
kinetic energy T = T + T,. Integrating Eq. (34) over the angle and energy difference AT = T, — T, yields the result

dry )2
T = Ko (g%) (Mo, *la, P{(|a, * + |b, )11 (T) = 2Relay b, 11(T) }g(T)O(Q — my, —my, =T), (36)

with the Heaviside function ®(x) and

o(T) = / " 4T|pIp2 L ExFol 1)) Fol b)) (37)

where we express the integrand as E, =3 (T + AT) + m,, E, = (T — AT) +m, and |p;| = (E? —m2)!/? (i =1, 2).
Finally, to compute the total decay width, we integrate over 7,

Q—m, —m, dar
¥ = R et o 38

The above generic calculation for distinct, massive y;, y, is applicable to all contributions considered here, with an
additional symmetry factor of 1/2 for identical particles, i.e., 2vsff and 2y ¢f3. The above expressions can be simplified for
numerical evaluation if one or both y are massless, due to |p;| = E

Heavy scalar mediator. In the case of a heavy s-channel mediator, mg > Q, equivalent to a four-fermion contact
interaction (2v°)(y“y), the above expressions can be further simplified,
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Tt = () M PN 1477 P) (D) = 2ReA) AT} TJOQ =y, =, =T). (39

with the integrals

1 0-T-my,
1(T) = (27:)4/ dE3E3(Q—T—E3)\/E§—m§I \/(Q—T—E3)2—m§2, (40)
0-T-my,
L,(T) —%/ dEy\JE} = m2 \(Q =T~ B3> = m2,. (41)

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

1 aua 1 ab
T T (42)
Ay my Ay omg

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

B. Interference between SM 2vff and scalar-induced 2v¢f

In the case of the scalar S producing two active antineutrinos, its contribution will interfere with the standard 2v3f decay.
This interference is determined by the complex-valued integral

4 3

d&’p; P3 D4

In() = [ —__50-T-Fy—E,)
t ,11 (27)*2E; (p3 + pa)* — m§ + imgD's o

m% — iCgmg [Q-T 4E;E, 1 (m3 — 4E3E,)?* + Tsm3
3 3 +5log 212 2
82n)*  Jo mg (L5 + my)

m} —ilgmg 2
r r
+i {arccot (2&) — arccot (—S>] } (43)
mS - 4E3E4 mg

Here, we note that the convention for arccot(x) is such that it has the range —z/2 < arccot(x) < z/2.
The contribution of the decay rate from this interference is given by

drlzxft m€ 2 *
AT = 4nky, R RC[GDMODMzJim(THQ(T)G)(Q -T). (44)

It thus depends on both the Ovpp decay NME M, and the 2v3f decay NME M,,. 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
2upf decay by the appearance of the larger NME M,,,. We still expect that its contribution will be small as the interference
requires a sizeable width I'g or off-shell S production, T > Q — mg, which is strongly suppressed compared to the on-shell
production.

C. Scalar emission

Taking the limit of zero width, I'g — 0, and considering S as a real particle in the final state, we recover the case of scalar
emission OvffS,

dl’s Koy

dT  8xn?

(5 ) o PlaPa(r)y /(@ = 77 =m0 - ms - 7). (43)

We note that this limit is, strictly speaking, not self-consistent as at least the decay to massless active neutrinos is always
allowed if mg > 0 and thus I'g > 0. If all couplings involved are small, this is still a well justified approximation. For
mg = 0, the above expression gives the standard Majoron contribution Ov3J [24]. As we wrote our result as distributions

075039-9



NOOR-INES BOUDJEMA et al.

PHYS. REV. D 113, 075039 (2026)

over T and AT 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 2264 decay

Finally, we give the spectrum for standard 2v/ 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,

dl“%’fv[ _ Koy
dT 2z

M Po(T) 5 (Q = TYO(Q =T, (46)

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 2y for increasing
values of the s-channel mediator mass mg = 0.5 MeV
(blue), 2.8 MeV (green), and 3.5 MeV (red) in model I’
for massless y. The spectra, for '%’Mo, having the largest QO
value Q = 3.03 MeV among the isotopes considered here,
are not normalized but the couplings of S to neutrinos and y

g7
I 2vBB 0vBBJ
S gLovass 0vBBS ]
Q -2 5
é L ms=2.8 MeV 2)(,8ﬁ
T’\ mg=0.5MeV
5 2
8% a XBB ]
S L
S [ 2468
E I ms=3.5MeV
= 27 ]
G 1 1 1 1 1
0.5 1.0 1.5 2.0 2.5 3.0
T [MeV]
FIG. 3. Differential distribution dT"/dT of 2y decay of Mo

with respect to the total electron kinetic energy 7 in model I’
for three different parameter sets: (mS,aD,a)() = (0.5 MeV,
3x 1073, \/5) (blue), (2.8 MeV,7 x 1072, \/5) (green), and
(3.5 MeV,2 x 1071, \/ﬁ) (red). All other couplings are set to
zero and the y are massless. For comparison, the scalar emission
contributions OvffS are also shown, for the corresponding values
of mg and a,. The SM 2vpf and ordinary Majoron emission
OvppJ (with a, = 3 x 1073) are shown in gray. The relevant
NMEs are given in Table 1.

are chosen such that the features are visually enhanced:

(a,.a,) = (3 x 1073,1/2) (blue), (7 x 1072,1/2) (green),
and (2 x 107!, 1/2) (red). Thus, the coupling a, to y is large
and always dominant compared to a, . The scalar S therefore
almost exclusively decays to y with a branching
ratio Br(S — yy) ~ 1.

This can be most easily seen by comparing with the
scalar-emission spectrum O3S for mg = 0.5 MeV that is
also shown and which almost overlaps with 2yff as we
effectively have

dry  dlg

7~ % Br(S — xx), (47)
in narrow-width approximation. Only a slight reduction and
small tail above the scalar emission threshold 7 = Q —
mg =~ 2.53 MeV can be seen due to finite width effects from
the total decay width I'y ~ 1072 MeV. By comparing with
the ordinary (massless) Majoron emission spectrum Ovff3J
(for the same a, = 3 x 1073), we can also see the common
phase space reduction due to the massive S.

In the green scenario, mg = 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 — mg~
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 I'g ~ 0.06 MeV and, most impor-
tantly, 2yff decay can be induced by an off-shell S, i.e., for
electron energies 7 > Q — mg ~ 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 Mo
double beta decay. The resulting spectrum of 2yf3f decay
has a shape similar to SM 2uf, increasingly so with larger
mg where the scalar mediation can be described by an
effective vuvyy operator, mg > Q [14].

In Fig. 3, we always had m, = 0. Instead, in Fig. 4 we
show the dependence of the 2y ¢ff spectrum on m, for a
fixed mg = 0.5 MeV. The blue, green, and red distribu-
tions are for m, = 0.1 MeV, 0.5 MeV, and 1.0 MeV,
respectively, where the a, 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 y case in Fig 3. On the other
hand, for m, = 0.5 MeV and 1.0 MeV, the mass threshold
for y 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, 2vgff contribution.

In Fig. 5, we show an example of the full 2u4f3 decay
spectrum, including contributions from SM 2upp,
S-mediated 2vgff, and their interference (green).
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g
288 0vBBJ
% 6k OVﬁﬁS -
= 2xpB ]
L mg=0.5MeV
5 m,=0.1 MeV
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k=
o
=
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S2 268
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XBB
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FIG.4. AsFig. 3, but showing dF?{/dT for mg = 0.5 MeV and
m, = 0.1 MeV (blue), 0.5 MeV (green), and 1.0 MeV (red). The

nonzero couplings are (a,.a,) = (3 x 107,v/2) (blue), (7 x
1072,1/2) (green), and (3 x 10~",v/2) (red).

The scalar mass is mg = 2.8 MeV and the coupling is
a, = 7 x 1072, All other couplings are zero, i.e., there is no
coupling to y, and S exclusively decays to neutrinos in this
case. The contributions add as

dl—QD — |M ‘2 dl:%lll\/[
dar — "7 ar
deu _ df*Zy .
+ ’ay|2|M0y|2 S;;Shell 4 |ap|4|MOL/|2 S;f]fwshell
ar
+ 2Re[aZ M, M3, d]l?t’ (48)
8 T T T T T
2vB6

12vBB+2vs BBl

mg=2.8 MeV

dr/dT [(10°° yr)~!/MeV]
N
T

" PR PR SR S S (T S S S PR "
0 0.5 1.0 1.5 2.0 2.5 3.0
T [MeV]
FIG. 5. Differential distribution dI"/dT of 2upf decay of Mo

with respect to the total electron kinetic energy 7 including
contributions from SM 2uff, S-mediated 2vgBf and their
interference (green). The scalar mass is mg = 2.8 MeV and a, =
7 x 1072 with all other couplings set to zero. For comparison, the
scalar emission contribution Ov3fS (using the same parameters)
and SM 2upf are also shown. The relevant NMEs are given in
Table I.

where we have extracted the dependence on a, 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 I'g', leading to an overall proportionality
with |, |? in this case. We see that the interference depends
on both the Ovff and 2v3 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 2yff 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 I’ as the exotic Dirac fermion y is stable
under the presence of a discrete Z, 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 v, (considering nonrelativistic DM
scenario with v, < ¢) is [37,38]

(ov,) = a, + b,v? + d,v}. (49)

To avoid DM overabundance, the upper limit on the DM
thermal relic density [39], thz <0.120 £ 0.001 can be
approximately translated to a lower limit [40,41] on
(6v,) >3 x 10720 cm® for a constant cross section at
leading order in the expansion stated above, where o
corresponds to the annihilation cross section of DM species
to active neutrino pair, yy — vv. Additionally, if the cross
section, at leading-order, depends on v2 or v?, the required
value at freeze-out will be (o6v,) ~6 x 107° cm?/s or

{ov,) =9 x 10726 ¢cm?/s, respectively [42].
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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 v-DM interactions. In this regard, Planck
data suggests that the -DM elastic scattering cross section
for the process vy — vy must be [33,46]

oq < 107% (%) cm?. (50)

3. Neutrino reheating bounds

DM annihilation into neutrinos after they have
decoupled from electrons, at temperatures 7 < 7Tp ~
1 MeV (where T'p 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, N, in the early Universe which
can be expressed as

Py 7(T,\*3
p_51+§(T—> Neir. (51)
14 14

where p, is the photon energy density and T, T, 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]

lyg m.\ 4/3
Neg =N, |1+ —ZF(-Z . 52
eff 1/|: +NU 2 <TD> ( )
where N, = 3.046 [57,58] and g, = 4 as the considered
DM is a Dirac particle. The function F(x) is defined as

F(x):%[oody@)ﬂ_ﬁ)vy2_x2‘ (53)

e’ 1
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 H, and ) m,
tensions [33]. The most recent CMB analysis excludes
effective four-neutrino interactions Gg(Dv)(Dv) as [59]

2
Ger 225 < 5.6 x 1075 MeV~2, (54)
mg

where y, corresponds to a generic coupling of neutrinos with
a mediator of mass mg.

5. CMB-vDM

Additional constraints on v-DM interactions arise from
cosmological observables including the Lyman-a 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]

m T,\"
6”){ < (o <?&> <W> R (55)

with T9=6.1K, 6p=2x 1072 cm?, 6, = 2 x 107 cm?,
and n = 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 7 =~ 1-2 MeV. The determination of a
limit on the scalar mass mg 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
a2/m%~ (100 MeV)~2, which is near the sensitivity of
double beta decay searches reported below. In this case, the
upper limit is mg < 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 7T = 1-2 MeV via
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v < S. This is the case if I'(uw <> S)/H > 1 with the
reaction rate I'(vv <> S) = gK,(mg/T)/K>(mg/T)a*mg/
(327) and the Hubble expansion rate H = 1.66,/g,7%/
Mppanek Where g = 1 (2) for a real (complex) scalar, K;(z)
are Bessel functions, g, = 10.75 and we take the temperature
T = max(1.5 MeV, mg). 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 and masses, g(a, /8 x 1077)?(mg/keV)? < 1, this
is not the case, and S will not be produced abundantly.

In our scenario with a coupling to a dark fermion y, 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
v — yy, via s-channel scalar mediation, that keeps the
dark fermion in equilibrium with the SM plasma. The
interaction rate is given by I',, = o(vw = S — yy)n,(T),
where n,(T) 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 I',,/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 y 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* — ¢* +v/y + S provide strong constraints on the
relevant couplings involved [69]. At tree level, these
three-body decays suffer from infrared divergences in
the limit mg — 0, with the divergent terms proportional
to m%log(m%/m%). The divergences cancel one-loop cor-
rections to the standard 2-body decay K* — #*y, 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 G and
others [33].

D. Impact on parameter space

With the above considerations, we summarize the impact
on the parameter space. For model I’ in our study, the
relevant cosmological processes are DM self-annihilation
to neutrino pair yy — vv, DM-neutrino scattering vy — vy
as well as S and y production from neutrinos vv — S,
v — yy. 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 mg. The
combinations of couplings |a,|?, |a,|*, |a,a,| are involved
in different processes, in the simplified parameter space
where we set b, , = 0. We also set m, = mg/3. The curve
labeled “thermal relic” shows the coupling required to
achieve the observed relic density for y. Cosmological
limits arise from the CMB, with “CMB: vDM” 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 y interrupts
structure formation. The most restrictive laboratory

’
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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 mg. The dark fermion y mass is set at m, = mg/3.
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constraints in the parameter space shown, apart from
double beta decay searches, are from rare kaon decays,
K — evS and K — uvS, which probe couplings down to
~1072 and ~10727, respectively, for mg < 100 MeV. We
note that K — uvS involves coupling to v, 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 y. They are expected to be modified if y
thermalizes as well, which occurs above the curve vv —
S — yy 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 7 in our case is
then generally written as

Nhins

~2log £(D}x) =23 {Ws(x)

dT  dT dT

Here, dl“%’f\/I /dT represents the standard 2uff decay con-
tribution in the SM, which will act as background to the
search for an exotic contribution dl'ggy(X)/dT, where x
represents the parameters of the model in question. For
example, in the simplest scenario of scalar emission, we
have x = (a,, mg). The BSM contribution will vanish in a
certain parameter limit x — 0, e.g., for a, — 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 7; < T < T; +
AT is calculated as

dF(x)

T (57)

150

0 T+AT
N (x) = NAm.-'5/T dT

The factor in front of the integral gives the effective number
of decaying nuclei with Avogadro’s number N, = 6.022 x
10%* mol~!, the molar mass m;g, of the isotope in question,
and the fiducial exposure £ of the experiment in units
of kg - yr.

Having observed a set of events, the log-likelihood, or
72(x), of the binned data D ={N')} given a BSM
hypothesis is

(i)
i i N
- Nggs + Ng)lzs 10g< (')Obs ) }
Ne;p(x)

b~ Nob(x))

2

where the second line applies if there are sufficiently many
events per bin [74]. For the standard 2uff 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 Nf)'b)s = Nf(fx)p(()). 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, assumed proportional
to the number of events in a bin, o-g'yl = afNéQp, are
added in quadrature to the statistical uncertainty. We

take o as constant for a given experiment.

Ng()p(x) ’

(58)

|
(2) The main theoretical uncertainty arises from the
2upp and Ovpp NMEs that enter the decay rate
calculations. The standard 2vff decay depends on
M,, whereas the BSM contributions, due to their
ordinary Majoron structure, mainly scale with M,
(the interference of the scalar-mediated 2vgff with
SM 2upf will also depend on M,,). Calculations in
different nuclear structure models differ by factors of
2-3 in a given isotope. In order to include this effect,
we treat both M,, and M, as Gaussian-distributed
nuisance parameters with best fit values and standard
deviations, (M, ) + M, derived from a survey
of NME values [77]. We also include a potential
correlation between M,, and M,,. While this
correlation is not direct and perfect, it is observed
statistically in several NME calculations and is
encoded by a statistical correlation factor p [78].

075039-14



PROBING DARK SECTOR PARTICLES COUPLING TO ...

PHYS. REV. D 113, 075039 (2026)

Jointly, M,, and M, follow a bivariate, potentially
tilted, Gaussian distribution.
We thus have the y* function

NZ (N&H(0) = Nip(x))®

2
X (x) = ; i
i Né,? (X) + (Ugy)s)z

1 |:(’7 B <M2b>)2 (K - <MOIJ>)2
1 - p2 (5'/\/121/)2 (5'/\/101/)2
(n — (M) (k = (Mq,))

-2 (59)

oMy, - 6 M, ’

where the set of parameters x now includes the two NME
nuisance parameters #, k, and the Asimov dataset is
calculated using the best fit value n = (M,,). By con-
struction, »?(0) = 0 for the Asimov dataset, i.e., the SM
2upp decay case with (M,,) 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 > using a, for a fixed scalar mass
mg. In order to find the 90% confidence level (CL) limit on
such a coupling constant g, we first minimize over the NME
nuisance parameters,

xg) = min (9.1, %)]. (60)

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 y*(g) = 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, 7°Ge, '"Mo, and '*°Xe.
As described above, we treat the 2vff and Ovff NMEs as
individual random variables, based on the spread in differ-
ent nuclear structure calculations. We fix the best fit value
(M,,) using the experimentally measured 2u/3ff decay half
lives via Eq. (46). For the NME M,,, 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 .M, 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 M, and M,, are
potentially correlated and can be approximated by a linear
relation, M,,/q> = a + b - A~/ M,,, where a and b are
real constants and ¢ is a factor capturing the potential axial-
coupling quenching. We incorporate this correlation into
our uncertainty estimates, by propagating the variation in
M, through this expression. The resulting uncertainty in
M., is therefore given by

SMy, = bAVS . 5 M, (61)

where we take a typical value b = 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 11,
NEMO-3, and KamlLAND-Zen, we assume the
NME values in Table I, without correlation between
M,, and M, p = 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, oM,, —» 0.2 x 6 M,,,. At the same time, we
include a statistical correlation between M., and
M,,,, with a correlation factor p = 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 "°Ge, '“Mo, and !*°Xe, we consider an existing
Ovpp 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 £, the minimum
usable electron energy 7', the energy resolution (bin width)
AT and the relative systematic uncertainty 6. In determining
the binned spectrum, we also exclude the highest 100 keV

TABLE 1. Molar mass m;,, Q value and experimental 2v3 decay half-life (T%’;z)exp for the isotopes considered in
this work. Also given are the average NMEs (M., ), (M,,) and the standard deviations 6M.,,, SM,.

Isotope Mg [g/mOH Q [MCV] (T%l//z)exp [yr] <M2u> (SMZI./ <MOIJ> 6M01/
;gGe 72.6 2.04 1.9 x 107! 0.10 0.22 43 1.2
1%9Mo 96.0 3.03 7.1 x 108 0.19 0.27 4.9 L5
1§le 131 2.46 2.2 x 107! 0.016 0.19 2.6 1.1
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TABLE II. Current or expected future exposure £, minimum electron energy 7', energy resolution (bin width)
AT and relative systematic uncertainty ¢, for the double beta decay experiments considered in this work.
Isotope Experiment E [kg - yr] T min [keV] AT [keV] o [%]
5Ge GERDA 1I [79] 104 500 15 1.9
LEGEND-1000 [80] 7.0 x 10° 100 2.5 0.5
100Mo NEMO-3 [11] 34 500 100 1.8
CUPID-IT [81] 1.7 x 103 100 5 0.5
136Xe KamLAND-Zen [6] 126 100 50 0.3
nEXO [82] 1.9 x 10* 100 5 0.5

below the 2vf3f end point, mainly to ensure that there are
enough events in each bin to justify the use of the y? function
in Eq. (58). We therefore assume a usable spectrum over the
interval Ty, < 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 2uff3 spectrum, with some theoretical and exper-
imental systematic errors captured.

A. Scalar emission

We first consider simple scalar particle emission, OvBfS
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

dr(x)
dT

drgy |, dUs(x)
— , 62
ar | dr (62)

with the SM 2y and OuffS spectra given in Egs. (46) and
(45), respectively. The model parameters are the scalar
mass mg and the coupling a, to active neutrinos,
x = (mg, a,).

Following our statistical approach, using the experimen-
tal setups and NME scenarios described above, we estimate
the sensitivity to a, at 90% CL for a given scalar mass m.
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 1II, KamLLAND-Zen, and NEMO-3,
respectively. The maximally testable mg is determined by
the isotope’s Q value and the minimum usable 7', of the
given experiment, mg < Q — T ;. Thus, despite NEMO-3
having the smallest exposure, it still provides a relevant
constraint due the large Q value of '“Mo. 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 T, = 100 keV, e.g., extending the
sensitivity of CUPID to mg < 2.9 MeV. We note that
the sensitivity to scalar emission OyffS (massive
Majoron) was estimated in [28] but only taking into

account the phase space suppression of the total Ovpp3S
decay rate due to a massive scalar. We here instead include
the spectrum shape as well. Specifically, as mg increases,
the phase space is suppressed and the OyppS spectrum
shifts to lower electron energies, becoming more similar to
SM 2upf decay, see Fig. 3. We thus see that our sensitivity
worsens more rapidly for increasing mg until mg becomes
large enough for the spectrum to peak to the left of the SM
2upp spectrum. Finally, we note that the PandaX collabo-
ration has experimentally constrained OvAfS emission in
this scenario using '>°Xe double beta decay data [83].

B. Model I': 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 I’ (cf., Sec. I B), where the coupling
to y is set to zero. The measured electron energy spectrum
can then be expressed as

107!
1072
3 107
N
=
St
= 10
S
1073
10—6 L. | P P R B
0.5 1 1.5 2 2.5 3
mg [MeV]

FIG. 7. Estimated upper limits and sensitivity on the coupling
|a,| at 90% CL in scalar emission Ovf33S decay as a function of
the scalar mass mg. 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 p = 0.85.
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FIG. 8. AsFig. 7, but showing the sensitivity on a, in model /',
with all couplings set to zero except for a,.

dT ~ dT dT dr -’

where the 2vgff spectrum is determined using Eq. (36)
with m, = m,, =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 mg and the set of couplings a,, b,,
x = (mg,a,,b,). For simplicity and minimality, we take
b, =0, i.e., we only consider the a, coupling through
which § is produced.

In Fig. 8, we show the a, sensitivity as a function of mg.
The plot focuses on larger values of mg > 1 MeV and
|a,| > 10~*. For small |a, |, with mg below the experimental
threshold, the sensitivity is the same as for the scalar
emission case in Fig. 7. This is because OvffS and 2vgff
are largely indistinguishable as long as S can be produced
on-shell within the experimentally accessible electron
spectrum and the total decay width I'g remains small.
On the other hand, above the threshold, OvffS produces no
events whereas 2vgfff is allowed. For larger a,, the
interference between SM 2uff and 2uvgff also becomes
sizeable, scaling as o a?. Thus, the sensitivity to |a,]
extends both beyond the experimental threshold mg < Q —
T in and the ultimate mg threshold mg < Q. For example,
KamLAND-Zen provides a meaningful sensitivity, |a,| <
10~" for masses up to mg <4.3 MeV. A future nEXO
experiment may probe scalar masses up to mg =~ 7.5 MeV.

C. Model I': Dominant coupling to dark fermion

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

dU(x) dUg,  drg(x)  dIi(x)
dT ~ dT dT dT

dre (x)

dr ~ (64)

where the 2y¢ff spectrum is determined using Eq. (36)
with m, = m, = m,, including a symmetry factor of 1/2.
In full generality, the model parameters are described by the
exotic particle masses mg, m,, and the full set of couplings
a,, b,, a,, b,, x = (mg,m,,a,,b,,a,,b,). For simplicity
and to explore the full range by which the above scalar
emission case can be modified, we take b, = bx =0 and
a, =1, i.e., we only keep the left-handed couplings and
assume that S couples dominantly to the dark fermion y.
Because of this, § almost exclusively decays to y,
Br(S — yy)~1 for a, <107! and sufficiently light y,
m, < mg /3. Given these choices, we determine the
90% CL constraint on a, for given masses mg and m,,.

We note that for massless y, as considered below first,
the model is equivalent to one where S also couples to
another active neutrino flavor, such as v,v, and thus
identifying a, — a;*. Couplings to third generation neu-
trinos are constrained much more weakly and can be
large [33].

In Fig. 9, we show the a, sensitivity as a function of mg,
assuming a massless y. 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 a, = 1, the § 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 2y production and not the interference
with 2vgf. The spectrum shape in this case, for m, = 0, is
largely indistinguishable from that of SM 2uff. The
sensitivity is therefore strongly dependent on the ability
to fix the overall spectrum normalization.

Of course, this increased sensitivity on a, is dependent
on the choice of the other parameters of the model. This can

107!

GERDA'II

._.
<
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layl (90% CL)

<
L

1074
mg [MeV]
FIG.9. AsFig. 7, but showing the sensitivity on a, in model /',

with coupling a, =1, all other couplings set to zero and a
massless y.
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FIG. 10. As Fig. 7, but showing the sensitivity on a, in model
I', with coupling a, = 1, all other couplings set to zero and a
massive y, m, = mg/3.

be captured by an extended y? 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 m, = mg/3 instead of a massless y. The overall
effect is reduced due to the phase-space suppression from
m,,, especially near the visible mg threshold, T 2 Q — T'y,-
For large mg, where y cannot be produced on-shell either,
the light neutrino emission 2vgff 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 m,,. To illustrate the depend-
ence on m,, we consider the production of y for a heavy
scalar, mg > 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 v or a massless/very light y) together with a massive
dark fermion, described by Eq. (39),

y 2
ar ar dr -’
Here, we take m,, =0, m, =m,. We determine the

sensitivity on the effective operator strength |A|=
(IAZ2* + A%*)7* as a function of m,, x = (m,. |A]).
In the context of our three models in Sec. II, such a
scenario can be realized in model I with a dominant
coupling P, yS*, either through a direct coupling a,,
or large active-sterile mixing €. In this case, we have a
mixed production of an active neutrino with a dark fermion,
vyerrP when S is heavy. It can also be realized in model 11,
taking, say, y; to be massless or very light, m, < Q.

100————————— —————————r —————————r

|Al [MeV] (90% CL)

m, [MeV]

FIG. 11. Sensitivity on the operator scale A as a function of m,,,
for vygfp production of a single, massive dark fermion via a
heavy s-channel mediator.

The sensitivity on the EFT scale A is shown in Fig. 11, as
a function of the dark fermion mass m,. For m, — 0, we
recover the scenario in Fig. 9 for large mg and the
associated sensitivity. Because the decay spectrum is
largely identical to SM 2vpf decay, it is not the most
easily testable. Instead, a finite m, leads to a pronounced
kink in the spectrum. For large m,,, the decay will be phase-
space suppressed and the optimal sensitivity is achieved for
m, = 0.3-0.6 MeV. The current limit on |A| is largely set
by KamLAND-Zen, up to |A| =20 MeV. This may be
improved to |A| ~# 60 MeV in the future. The use of '"Mo
as isotope will have the benefit of probing heavier y masses.
While the EFT treatment requires, strictly speaking, |A| >
Q (or, rather, mg > 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, Ovfp is the key process to probe the Majorana
nature of neutrinos, one can also expect distinct signatures
over the SM 2uf3f3 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 y.
Owing to these new interactions, on- and off-shell production
of § 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 I") differing by the presence or absence of vy mixing, the
latter enforced through a stabilizing Z, symmetry that makes
 a potential dark matter candidate. We further introduced a
third model (model II) involving both Dirac and Majorana
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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 y, highlighting the dependence of
the spectral shape on their masses and couplings. For
massless y, we showed that when S is sufficiently light to
be produced on-shell, the resulting 2y ¢f3f spectrum closely
follows the scalar emission shape, with only minor devia-
tions arising from finite-width effects of the mediating
scalar. As mg approaches the kinematic threshold or
becomes too heavy to be produced on-shell, the spectrum
shifts toward lower electron energies or enters an oft-shell
regime in which the dominant contributions move to larger 7,
eventually matching the SM 2uf distribution in the mg >
Q limit. Introducing nonzero y masses further restricts on-
shell production of the mediator and suppresses visible
distortions in the electron spectrum, making heavier y
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 I, the y 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 Z, 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 OyppS as well as massless and massive exotic fermion
production from the mediator scalar decay 2y ¢ff. 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 |a,| in model I' for a, = 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 a, =1 coupled to a massless dark

1072 T T
GERV
K-evS
\

1074

10-¢
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complex S
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SN Luminosity

0 1 2 3 4 5
mg [MeV]

FIG. 12. Summary of double beta decay sensitivities as dis-
cussed in Sec. VI compared with the most relevant CMB-NSI,
BBN, Supernovae and kaon constraints, cf., Sec. IV.

fermion (or another generation of active neutrino such as
v,) 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 mg 2
0.6 MeV and couplings 107> < |a,| < 1072 for a real scalar
S. While not visible in Fig. 12, scalars lighter than mg <
0.1 keV and coupling with a, < 107> 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 |a,|~2 x 107°. 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 § DECAY WIDTHS

The nuclear structure appearing in our processes, i.e.,
x1x2pp 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 M,.

Within our approach, it is straightforward to recover the
standard results for Ovf3f decay. The process amplitude can
be factorized into leptonic and hadronic contributions,

AOI/ = ZL;wHﬂyv (Al)

where L,, and H" 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 4 <> v in the hadronic sector, the leptonic part can be
written as

L;w = Noun’lﬁﬂgﬂpﬁ]PRUZ’ (Az)

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

2

FOI/ = '@ ‘MOI/PQOD' (A3)

e

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

2 B ;
o = NP [ Tl ggiag 2 P2Folp)Fo(p)5(@ =T

_ 2|NOL/|2
- ()

Q+mF
/ IP1||p2| EVExFo(p1)Fo(p2)dE;.
m,

(A4)

where Fy(p) is the Fermi function, and we have used E, = Q + 2m, — E; and |p;| = \/E? — m?. Comparing with the

standard result in the literature, we obtain

Wo|* =

in such a way the decay width is given by

2G4 cos*(6,)
327°R?

"pp

FOV = '
me

and reproduce the known result.

G} cos* 0,
4zR*

m? , [Qtme
Moy / D119 E1 ExFo(p1 ) Fo(pa)dE;.
m(’

(AS)

(A6)

For the case where y; and y, are antineutrinos, one must also account for the interference with standard 2vf. Following a

similar approach, the leptonic contribution can be written as
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L;w = Nng;w[ﬁlPREZ] [1_44PRU3]’ (A7)

where p; and p, correspond to the electron momenta, while p; and p, correspond to the neutrinos. The decay width is

F2u = ‘M2u|2g2w (Ag)
with the phase space factor
Gy = [N |? / EWMH - P2Fo(P1)Fo(P2)p3 - pad(Q — T — E3 — Ey)
AN P [(Q-T)°
= | 28| / ( ) IP1]|P2|E1E2Fo(p1)Fo(p2)dE, dE,. (A9)
(27) 30
Comparison with the standard literature then gives
G} cos*(0
N, P = 8~ COSZ( ). (A10)
Thus, the decay width is given by
G3cos* (6, 0-T)
I, :%Tm(zﬂf\/lzup/%mﬂP2|E1E2F0(P1)Fo(Pz)dE1dE2, (A11)

recovering the known result.

APPENDIX B: CALCULATION OF SCATTERING RATES

The squared amplitude, summed over final and averaged over initial spins, of DM y to neutrino annihilation via s-channel
scalar mediation, y(p;) + x(p2) = S = v(p3) + v(ps), can be written as

1
(s = mg)* + m3Ts

(M, = [(la, > + 16, 2) (1 - p2) — 2m;Re(a,b)][(la > + 16, *) (3 - pa)l- (B1)

where p; - p, = (s — 2m)2() /2, p3 - ps = s/2. Following [37,38], we have estimated the thermally averaged annihilation
cross section (o) which will be constrained by present-day relic density criteria for DM candidates in the universe, where
we have considered v, = 1073 < c.

Similarly, the squared amplitude for elastic scattering between DM y and neutrinos, y(p;) + o(p>) — 7(p3) + v(p4) via
t-channel scalar mediation can be expressed as

1
M = s
! 2(t — m2)?
where p3 - p; = (1 — 2m§) /2 and p,4 - po = t/2. Using this, the elastic scattering cross section can be estimated as o, =
1/(1675) 3 pins |M,[* and this is constrained by the bounds from collisional damping [43—45].

Furthermore, we have obtained the scattering cross section for v(p) + v(p,) = y(p3) + ¥(p4) via s-channel scalar
mediation,

[(p3 - P(ay > +16,1P) + (pa - p2)(|a,]? + [b,]%) — 2m7Re(a,b})], (B2)

( s ) 1 ! 4m)2(
-5 = -—£
a wx 32zs[(s — m2)? + m3T3] s
x [(la,? +[6.1) (p1 - p2)l[(la, > + 1B, *)(P3 - pa) — 2mjRe(a,by)], (B3)

with p; - py = s/2 and p3 - py = (s —2m3)/2.
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