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Neutrinoless Double-f Decay with Nonstandard Majoron Emission
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We present a novel mode of neutrinoless double-f decay with emission of a light Majoron-like scalar
particle ¢p. We assume it couples via an effective seven-dimensional operator with a (V + A) lepton current
and (V £ A) quark currents leading to a long-range contribution that is unsuppressed by the light neutrino
mass. We calculate the total double-f decay rate and determine the fully differential shape for this mode.
We find that future double- decay searches are sensitive to scales of the order Ayp ~ 1 TeV for the
effective operator and a light scalar m, < 0.2 MeV, based on ordinary double-f decay Majoron searches.

The angular and energy distributions can deviate considerably from that of two-neutrino double-# decay,
which is the main background. We point out possible ultraviolet completions where such an effective

operator can emerge.
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Introduction.—Double-f decay processes are sensitive
probes of physics beyond the standard model (SM).
The SM process of two-neutrino double-f (2vff3) decay
is the rarest process ever observed with half-lives of order

Tf‘/’/z’ﬂ ~ 10! yr. Neutrinoless double-f (Ov) decay, with

no observation of any missing energy, is clearly the most
important mode beyond the SM as it probes the Majorana
nature and mass m, of light neutrinos, with current
experiments sensitive as T(l)';gﬁ ~ (0.1 eV/m,)? x 10? yr.
In general, it is a crucial test for any new physics scenario
that violates lepton number by two units.

On the other hand, one or more exotic neutral particles
may also be emitted, with a signature of anomalous missing
energy beyond that expected in 2vff decay. A well studied
set of theories involve the emission of a scalar particle,
called Majoron J. The first such proposed Majoron was a
Goldstone boson associated with the spontaneous breaking
of lepton number symmetry [1,2], coupling to a neutrino v
as gyuvd, cf. Fig. 1 (left). Current searches have a

sensitivity of the order T ?’;gﬁ T~ (1075 /g,)? x 102 yr.
The term Majoron has been used in a wider sense, implying
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just a charge-neutral scalar particle (Goldstone boson or
not) or vector particle [3]. Originally considered to be
massless, it may also be a light particle [4-6] that can
potentially be a dark matter candidate [7-9]. Searches for
extra particles in double-f decay are crucial in under-
standing neutrinos. Most importantly, violation of lepton
number by two units and thus the Majorana nature of
neutrinos can only be firmly established in the case of
Ovpp decay.

Not all such emission modes have been discussed in the
literature. Existing experimental searches so far focus on
the emission of one or two Majorons originating from the
intermediate neutrino exchanged in the process. The differ-
ent Majoron scenarios have been classified into several
categories, all of which assume SM (V —A) charged
currents with the electrons and quarks. In this Letter, we

FIG. 1.

Feynman diagrams for ordinary OvpfJ Majoron decay
(left), OvpBp¢p decay triggered by an effective operator of the form
A5 (10d) (20v)¢h (center), and possible ultraviolet completion
of the latter in a left-right symmetric model (right).
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instead consider Ovffi¢p decay with emission of a light
neutral scalar ¢ from a single effective dimension-seven
operator of the form Ax3 (2Od)(eOv) ¢, cf. Fig. 1 (center),
with the fermion currents having a different chiral structure
from that in the SM. In the following, we will refer to the
light scalar as “Majoron,” independent of its origin. We
determine the sensitivity to Ayp and analyze the effect on
the energy and angular distributions in comparison with
2upf decay. We also comment on ultraviolet scenarios
underlying the effective operator.

Effective long-range interactions.—We are interested in
processes where right- and left-handed electrons are emit-
ted along with a scalar ¢ considering as a first approach,
only (V+A) and (V—A) currents. The effective
Lagrangian can then be written as

Gpcosé . et et
Louppp = FTZC (fim SR JRJM¢+ kR ”JR,@)

+ H.c., (1)

with the Fermi constant G, the Cabbibo angle 0., and the
leptonic and hadronic currents j; , = &y*(1 F ys)v and
JY » = iy*(1 F ys)d, respectively. Here, v is a four-spinor
field of the light electron neutrino, either defined by v =
vp + v (i.e., a Majorana spinor constructed from the SM
active left-handed neutrino v;) or v =v; + vy (a Dirac
spinor constructed from the SM v; and a new SM-sterile
right-handed neutrino vg). Whether the light neutrinos are of
Majorana or Dirac type and whether total lepton number is

|

dxd’y

XL(X Y)”/lfa(Elx Eyy)

broken or conserved is of crucial importance for an under-
lying model (determined by the chosen lepton numbers for
vy and ¢) but as far as the effective interactions in Eq. (1) are
concerned, this does not play a role in our calculations. The
proton mass m,, is introduced in the exotic interactions as

normalization to make the effective coupling constants eﬁ 3

and e;/é r dimensionless, in analogy to the effective operator
treatment of Ovpf decay [10,11]. In Eq. (1), we omit exotic
operators with left-handed lepton currents; as in the standard
long-range case, such contributions will be additionally
suppressed by the small neutrino masses [11]. We instead
focus on the process depicted in Fig. 1 (center), where the
SM (V — A) Fermi interaction, the first term in Eq. (1), meets
one of the exotic operators. In this case, the momentum part
in the numerator of the neutrino propagator contributes,
rather than the mass. In Eq. (1) we consider the first
generation electron and neutrino only. Generalizing to three

flavors amounts to promoting the €£x couplings to 3 x 3
matrices in generation space, (eﬁx)m- (a=e, u, T,
i = vy, 1y, v3). The final decay rate will then be proportional
to |l 2 = [32(ehy),; U2, where U is the SM lepton
mixing matrix.

Decay rate and distributions.—We base our calculation
of the Ovpf¢ decay rate and kinematic distributions on Doi
et al. [12]. The details of the calculation are given in the
Supplemental Material A [13]; here we outline the main
features. Summing over all intermediate nuclear states N,
the amplitude of 0] — 0} Oypf¢ decay can be written as

ela(x-y)

% K LX(X Y)uﬁa(Elx Eyy) _
o+ py — %(E1 E, - Ey)

Here, X = L, R correspond to eﬁL, eﬁR, Uy =Ey—E; +
Qpp/2 + m, with E; and Ey the energies of the initial and
intermediate nucleus, respectively. The energies of the two
outgoing electrons and the Majoron are E,, and Eg,
respectively, and the available kinetic energy release
Qpp. The nucleon and lepton currents are defined as

(FIJy()IN) NI (¥)IT). X.Y =L.R,
(3)

I (x.y) =

1
”/m (Elx Eyy) = —11” (Elx)Vquya(l F 7rs5)ec(Eyy). (4)

We consider that the internal neutrino propagates between
the interaction points x and y with momentum ¢* = (@, q).
From Egs. (2) and (4) one can see explicitly the required

@+ py

—(E,—E, + E¢)> — (B EZ)]' (2)

[
antisymmetry of the amplitude under the exchange of the
two electrons.

In Eq. (2), the Majoron energy E, is added or subtracted
depending on whether the electron labeled 1 or 2 is being
emitted from the exotic operator. The Majoron makes a
crucial difference, as E,, goes together with (E; — E;) and
not with the term proportional to the intermediate nuclei
energy uy as for an ordinary Majoron. A dependence on E,
will thus appear through the matrix element in addition to
that through the phase space. The differential decay rate for
the 0t — 0" Oupp¢ decay can then be written as [12]

2

4
(GF COS ech) m [ (El, E2>

25617 (m,R)?
+ b(El,E2) COS 9]p1p2E1E2E¢dE1dE2dCOS 9, (5)

dr‘:
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TABLE L.

effective couplings eﬁL and e}?R of OyBB¢ decay for %2Se and
136Xe. The limits are estimated based on the experimental half-life
constraints for ordinary Majoron emission (spectral index n = 1)
as given. Nuclear matrix elements from Refs. [35-37] where used
for this estimate.

Current limits and expected future sensitivity on the

Isotope Ty, [yr] |€£L‘ |€£R‘

82Ge 3.7 x 10?2 [38] 4.1x 107 4.6 x 1072
136xe 2.6 x 10** [39] 1.1x10™* 1.1 x 1072
82Ge 1.0 x 10%* 8.0x 107° 8.8 x 1073
136X e 1.0 x 10% 5.7 %1073 5.8x 1073

with the axial coupling g, of the nucleon and the radius R
of the nucleus. The magnitudes of the electron spatial
momenta are denoted p;, and 0 <0 < 7 is the angle
between the emitted electrons. In Eq. (5), the Majoron
energy is determined as E; = Qg +2m, — E| — E; by
energy conservation. Definitions for the coefficients
a(E(,E,), b(E|,E,) in the decay rate can be found in
the Supplemental Material A [13], where we show in detail
the derivation of the differential decay rate. Therein we use
the nuclear matrix elements listed in Table I and Coulomb-
corrected relativistic electron wave functions.

From Eq. (5), the total decay rate and thus the half-life is
calculated by performing the integration of a(E, E,) over
all energies within the allowed phase space limits Ej,
E; >0 and E, + E; < Qps + 2m,. In addition, we deter-
mine and discuss several distributions below. We will show

results for the e;’gL and eﬁ’gR versions of the effective
operators where we consider only one of these to be
present at a time. We assume the exotic ¢p Majoron to
be massless in our calculations and comment on massive ¢
in the discussion below. For our numerical evaluation we

2.5

o
o

L ——

A S

2088, 0vBBJ

—
(93}

r~'dr/dr
=

e
3

0.4 0.6 1.0

(T=E+E-2my)/Qp

focus on two isotopes: (i) **Xe, for which the KamLAND-
Zen collaboration [39] currently provides the most stringent
constraints; (ii) 8°Se used by NEMO-3 and the upcoming
SuperNEMO experiments [38] that can measure the
detailed electron topology.

For all experimental searches, the crucial distribution is
with respect to the sum of the kinetic energies of the
detected electrons. With the SM 2uf3$ decay as irreducible
background to any exotic signal, it is important to calculate
it precisely. In Fig. 2 (left), we compare the normalized total
electron kinetic energy distribution of Oyff¢ decay with
that of 2uff decay and ordinary OvpfJ Majoron decay
(with spectral index n = 1) for the isotope *Xe. The

distribution associated with 6?& is very similar to ordinary
OvppJ decay, while the introduction of a hadronic right-

handed current in the eg » term changes considerably the
shape of the distribution. In both cases, the spectral index
still corresponds to n = 1 with the characteristic onset near
the kinematic endpoint. We emphasize that because of the
different shape, a dedicated signal over background analy-

sis is required to determine the experimental sensitivity on

the effective parameters e?éL and e?@R precisely.

NEMO-3 and SuperNEMO are able to measure the
individual electron energies. In right-handed current sce-
narios without emission of a Majoron, the single energy
distribution exhibits a distinctive valley-type shape. This
occurs as the dominant term is proportional to (E; — E,) for
the corresponding €y term, as a result of the antisymmetry
with respect to electron exchange. (For the ¢g; term with a
left-handed hadronic current, P-wave and nuclear recoil
contribute constructively, giving a dominant contribution
proportional to (E; + E,) [12].) In our case, depicted in
Fig. 2 (right), part of the energy is being carried away by the
Majoron, shifting the distribution towards lower electron
energies and softening the characteristic valley-type

3.5
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FIG. 2. Left: Normalized OvBfB¢ decay distributions in the total kinetic energy of the electrons for '3*Xe. Right: Normalized Ovff¢
decay distribution in the single electron kinetic energy distribution for 82Se. The blue solid and red dashed lines correspond to the eﬁ R
and e‘,é ;. cases, respectively. The corresponding distributions for the SM 2u3f decay and ordinary Ovf33J Majoron decay (spectral index

n = 1) are given for comparison.
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distribution for eﬁR. The distribution does not vanish for
E —m,= %Qﬂﬂ (as in the ordinary right-handed current
case), but is still significantly different from that of ordinary
Majoron emission. The distribution with respect to both
electron energies is depicted in Fig. 1 (top panel) in the
Supplemental Material A [13]. It exhibits an even more

pronounced difference between the €£R mode and 2vpp.
This may be used experimentally to improve the sensitivity
through kinematic selection criteria, counteracting the effect
of the less peaked total energy distribution, cf. Fig. 2 (left).

One can use also angular correlations to distinguish
between left-handed and right-handed currents [40,41], see
Fig. 1 (bottom panel) in the Supplemental Material A [13].
Integrating over the electron energies one obtains the
average angular distribution which takes the simple form
(dl'/dcosO) = (I'/2)(1 + kcos ). The coefficient k is

k?éL = +0.70 (electrons are dominantly emitted colline-
arly) and k‘,ﬁR = —0.05 (electrons are emitted nearly iso-

tropically) in our Ouvff¢ scenarios with e;/éL and eﬁR,
respectively, for 8Se. For comparison, the angular corre-
lation factor for SM 2upf decay is k*// = —0.66 and
k’ = —0.80 for ordinary Majoron emission; i.e., the elec-
trons are dominantly emitted back to back.

Finally, we estimate the sensitivity of existing and
planned future double-f decay searches on the effective

coupling strength 614; , and e;/QR of Ovpf¢ decay. We would
like to emphasize again that due to the different total
electron energy distribution, a dedicated signal over back-
ground analysis is required to determine the constraints
precisely. Experiments such as NEMO-3 and SuperNEMO
can also improve their sensitivity due to the nonstandard

decay topology, especially for eﬁR. As detailed in the
Supplemental Material A [13], a requirement that any
one electron has a kinetic energy of E; —m, > Qps/2
can for example reduce the 2y background by an order of
magnitude. Here, we simply estimate the sensitivity by
comparing our predictions for the Ovpf¢ decay half-life
T/, =In2/I" with the experimental constraints on ordi-
nary (n = 1) Majoron emission. We use the most stringent
limits for %2Se by NEMO-3 [38] and for 3Xe by
KamLAND-Zen [39]. For future prospects, we estimate
that experimental Majoron search sensitivities may reach
T35, % 10" yr (e.g., with the help of angular and energy

selection cuts at SuperNEMO) and T}, ~ 10% yr. (The

corresponding Ovpff decay sensitivities of the planned
SuperNEMO [42] and nEXO experiments [43] may
improve by O(100), but this requires an experimental
approach that is essentially background-free. This is not

possible for Majoron emission with a continuous total

electron energy spectrum.) The corresponding limits on €£ L

and eﬁR are shown in Table I, where only one effective
operator is assumed to present at a time.

Discussion.—Searches for Majorons or Majoron-like
particles are a staple in double-f decay experiments. So
far, they only cover the case where the neutrino involved
couples via the SM (V — A) charged current interaction.
This is clearly a well-motivated minimal choice but it is
worthwhile to explore other scenarios. In this Letter, we
have discussed one such alternative where a Majoron-like
particle ¢ is emitted from effective operators with (V + A)
leptonic currents, cf. Fig 1 (center). The future sensitivities

on the effective couplings eﬁ ;, and eﬁ x shown in Table I
may be translated into effective operator scales Ayxp ~
1.3 TeV and 270 GeV, respectively, using 1/A3p =
e%XGF cosO¢/ (\/Emp). As noted before, we assume a
massless ¢ in deriving these limits; they remain essentially
unchanged for masses small compared to Qgp, my <
0.2 MeV and are of the same order for m; <1 MeV,
but will deteriorate as m, — Qg (for a recent analysis in
ordinary Majoron emission, see Ref. [9]). Constraints on
our operators may also be set from other processes, such as
exotic decay modes of the pion, 7~ — e U,¢p. As we
consider only V + A currents, helicity suppression will
still apply and the limits are expected to be correspondingly
weak, we roughly estimate Ayp 2 15 GeV.

An ultraviolet scenario generating the effective operators
in Eq. (1) is suggested in left-right symmetric models
[44-47] where the SM W and v are replaced by their
right-handed counterparts W and N. The heavy neutrino N
then mixes with v via a Yukawa coupling y, once the
SM Higgs boson acquires its vacuum expectation value
(H) = 174 GeV. A massless or light scalar ¢ is not part of
the minimal left-right symmetric model which thus needs to
be modified, e.g., by keeping the U(1);_, symmetry global
or by extending its scalar sector. Charging ¢ under lepton
number allows coupling to N with a strength y,. The
corresponding diagram is shown in Fig. 1 (right). We can
then identify

Greostc 4 grynY,(H) cos 6¢ 6
= R = <, (6)
p

2
8my, my
leading to the estimate

T 35x107 N2 my, \4( my O\
105 yr = \g2yny,cos08 ) \4 Tev) \100 MeV /) ~
(7)

where g is the gauge coupling constant and 6F the
equivalent of the Cabibbo angle, both associated with
the SU(2);y of the leftright symmetric model.
Alternatively, it is also possible to trigger the e}’gL mode
through the Wx-W mixing 6. Its value is generically
expected to be 0 = kggmiyy, /(g my,) where k = O(1).
In this case one has
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GpeosOe o4 IrgLOYNY,(H) cos Oc (8)

RL — 2 2 )
V2m, 8mymy

resulting in the estimate

T (1AX107N2 [ my, \*( my \* 9)
105 yr  \ gakyny, 25 TeV) \100 MeV ) °

This is more stringent due to the better sensitivity on e% , in
Table I. Choosing the right-handed neutrino mass my to
be as low as 100 MeV is strictly speaking not allowed
in the effective operator treatment which requires
my > pp~ 100 MeV, but it may be more natural in a
scenario where the mass of N is generated through the
vacuum expectation value of ¢, my = yy(¢). In fact,
choosing my to be smaller and abandoning the effective
operator treatment may be more natural; the qualitative
arguments should hold as above though a dedicated
calculation of Ouvff¢ would be required. In addition, the
contribution to Oyffi¢ via a heavy neutrino is expected to
peak at my = pyr with the above estimates applying to a
good approximation [48]. (In addition to the operators
discussed here, the left-right symmetric scenario will also
induce a standard Majoron interaction ¢vv (leading to
standard Majoron emission with spectral index n = 1) after
electroweak symmetry breaking from an operator of the
form ¢ HHwv. It is suppressed relative to our contributions
by an additional power of y, but does not suffer from
suppression by the heavy Wy mass or the small Wi — W
mixing.) We can here only give a sketch of what such a
model scenario may look like; for a more detailed dis-
cussion, we refer the reader to our Supplemental Material
B.1 [13] where we describe a left-right symmetric model
incorporating a Dirac seesaw mechanism to generate the
light neutrino masses. Here, ordinary Ovff decay is not
allowed and only our Ovffi¢p mode would occur.

Other ultraviolet completions do exist; to lowest dimen-

sion, the effective operator eﬁ z in Eq. (1) can be matched to
the SM invariant operator LegdgrugH¢p (= Og¢p in the
counting of Ilepton number violating operators in
Ref. [49]). All tree level completions of the operator Og
were derived in Ref. [50] which can be easily adapted to
include the SM singlet ¢b. These for example include heavy
leptoquarks as well as heavy scalars and fermions as present
in R-parity violating supersymmetry, cf. Supplemental
Material B.2 [13] for more details. The interactions in
Eq. (1) could also be extended in several directions. Most
straightforwardly, one can generalize Eq. (1) by including
scalar and tensor fermion currents to incorporate all possible
Lorentz-invariant combinations. The Majoron may also
couple derivatively, if originating as a Goldstone boson; this
would increase the number of possible Lorentz-invariant
combinations. Alternatively, if the exotic particle is a vector
boson a* [3], such as a dark photon, the fermion currents can

couple to it via the vector field itself as well as its field strength
tensor f**. An even number of exotic neutral fermions y may
also be emitted but this would quickly increase the dimension
of the corresponding effective operator. Instead, they may
also originate from the internal neutrino via a dimension-six
operator of the form Agjvyyy [51]. Exploring such alter-
natives to the well-studied neutrinoless double-f decay is
imperative in order to be able to draw reliable conclusions on
the nature of neutrino mass generation.
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