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Majorons are the Goldstone bosons associated to lepton number and thus closely connected
to Majorana neutrino masses. Couplings to charged fermions arise at one-loop level, in-
cluding lepton-flavor-violating ones that lead to decays ` → `′J , whereas a coupling to
photons is generated at two loops. The typically small couplings make massive majorons
a prime candidate for long-lived dark matter. Its signature decay into two mono-energetic
neutrinos is potentially detectable for majoron masses above MeV.

1 Majoron couplings

The difference between baryon number B and lepton number L is an anomaly-free global
symmetry of the Standard Model (SM); spontaneously breaking this U(1)B−L symmetry results
in a Goldstone boson called majoron [1, 2]. In the simplest realization, this majoron J resides
in a singlet complex scalar σ = (f + σ0 + iJ)/

√
2 that carries B − L charge 2, f being the

B − L breaking scale and σ0 the heavy CP-even majoron partner. Further introducing three
right-handed neutrinos NR, the Lagrangian reads

L = LSM + iNRγ
µ∂µNR + (∂µσ)†(∂µσ)− V (σ)−

(
LyNRH + 1

2N
c

RλNRσ + h.c.
)
, (1)

with the SM lepton (scalar) doublet L (H). We suppressed flavor indices and the details of the
scalar potential V (σ). SU(2)L ×U(1)Y ×U(1)B−L symmetry breaking then yields the famous
seesaw neutrino mass matrix Mν ' −mDM

−1
R mT

D with mD = yv/
√

2 and MR = λf/
√

2� mD.

Many of the parameters encoded in Mν have been measured already: the mass splittings
and mixing angles. However, even if we could measure all elements of Mν , we would still not
be able to reconstruct the underlying seesaw parameters mD and MR. As shown in Ref. [3],

one can map the parameters {mD,MR} bijectively onto {Mν ,mDm
†
D}, implying that mDm

†
D

contains precisely those nine seesaw parameters that cannot be determined by measurements
of neutrino masses and oscillations. As we will see below, this is a convenient parametrization
for the phenomenology of majorons, which endow mDm

†
D with physical meaning.

The tree-level couplings of the majoron J can easily be derived from Eq. (1), which in
particular include the couplings Jνjiγ5νjmj/(2f) to the light neutrino mass eigenstates νj .
With f at the seesaw scale and active neutrino masses mj below eV, this coupling is incredibly
tiny. At one-loop level [1, 4, 5], the majoron also obtains couplings to charged leptons ` and
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quarks q, parametrized as iJf̄1(gSJf1f2 + gPJf1f2γ5)f2 with coefficients

gPJqq′ '
mq

8π2v
δqq′T

q
3 trK , gSJqq′ = 0 , (2)

gPJ``′ '
m` +m`′

16π2v

(
δ``′T

`
3 trK +K``′

)
, gSJ``′ '

m`′ −m`

16π2v
K``′ , (3)

where T d,`3 = −Tu3 = −1/2 and we introduced the dimensionless hermitian coupling matrix

K ≡ mDm
†
D/(vf). The majoron couplings to charged fermions are hence determined by the

seesaw parameters mDm
†
D, which are independent of the neutrino masses and can in particular

be much bigger than the naive one-generation expectation MνMR. Perturbativity sets an
upper bound on K of order 4πv/f , and since K is furthermore positive definite we have the
inequalities |K``′ | ≤

√
K``K`′`′ ≤ trK. These fermion couplings are obviously crucial for

majoron phenomenology and in principle even offer a new avenue to reconstruct the seesaw
parameters. Note in particular the off-diagonal lepton couplings, which will lead to lepton
flavor violation [4, 5] (Sec. 3).

There is one more coupling of interest, that to photons. For a massless majoron, the coupling
JF F̃ vanishes because B −L is anomaly free [4]; otherwise, it is induced at two-loop level and
non-trivial to calculate. Considering only a gauge-invariant subset of diagrams, we can however
obtain the simple expression [5]

Γ(J → γγ) ' α2 (trK)
2

4096π7

m3
J

v2

∣∣∣∣∣∣
∑

f

Nf
c T

f
3 Q

2
f g

(
m2
J

4m2
f

)∣∣∣∣∣∣

2

, (4)

where the sum is over all SM fermions f with color multiplicity Nf
c , isospin T f3 , and electric

charge Qf . The loop function is given by g(x) ≡ −(log[1− 2x+ 2
√
x(x− 1)])2/(4x).

2 Majoron dark matter

With the relevant majoron couplings at our disposal, we can start to discuss phenomenology.
First off, we are going to study the case of the majoron as a dark matter (DM) candidate. This
is motivated by the fact that it generically has tiny couplings to the SM, ensuring that it is dark
and stable enough to form DM [6, 7]. A prerequisite here is an explicit U(1)B−L breaking in the
Lagrangian to generate a majoron mass mJ , making J a pseudo-Goldstone boson. This could
simply be an explicit mass term in the scalar potential, a gravity-generated higher-dimensional
operator or an axion-like anomaly-induced potential. Furthermore, a production mechanism is
required to generate the observed abundance in the early Universe. With small couplings, the
obvious mechanism to use here is freeze-in, e.g. from the coupling to the Higgs or the right-
handed neutrinos [8]. For majoron masses as low as keV one has to be careful not to violate
structure-formation constraints from the Lyman-α forest. In these cases, different production
mechanisms are required that make J cold enough, which can naturally be found in inverse-
seesaw majoron models [9, 10]. Here we will focus on DM masses above MeV for simplicity.

Assuming a massive singlet majoron to make up all of DM, the main signature then comes
from its eventual decay into SM particles. As discussed above, the only decay channel at tree
level is into neutrino mass eigenstates, J → νjνj , with coupling mj/f . These neutrinos will
not oscillate, so the flavor content of the monochromatic neutrino flux follows simply from the
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mass eigenstates [5]. For normal hierarchy, this implies only a small νe component of the flux,
because the heaviest neutrino only has a tiny θ13-suppressed electron component; for inverted
hierarchy, the majoron decays into the two heaviest neutrinos, which results in roughly 50%
electron flavor in the flux; in the quasi-degenerate regime, all flavors are equally probable.
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Figure 1: Lower limit on the B − L breaking scale f from
DM decay J → νν, assuming a quasi-degenerate (solid) or
normal-hierarchy neutrino spectrum (dashed) [5].

Knowing the flavor composi-
tion of J → νν allows us to search
for these neutrino lines with neu-
trino detectors. Borexino and
KamLAND use inverse beta de-
cay νep → ne+ to reconstruct
the neutrino energy with good ac-
curacy. Due to the kinematic
threshold of this process it is not
possible to detect neutrino lines
below mJ ∼ MeV. Above MeV,
on the other hand, these exper-
iments could indeed be sensitive
to a dark-matter induced neutrino
flux [5] (see Fig. 1). For higher
masses, Super-K becomes most
sensitive and can also utilize the
νµ component of the flux [11].
For sub-MeV masses, limits on
J → νν can still be derived from
cosmology [12], but are of course
less of a smoking-gun signature for
majoron DM.

Majoron DM can thus be used to motivate neutrino line searches all the way down to MeV
energies, far below what is typically considered. A natural question to ask here is whether
observable neutrino fluxes are compatible with limits from visible DM decay channels, which
are far more constrained. As shown above, the decays J → `¯̀′, qq̄, γγ are indeed all unavoidably
induced at loop level in the singlet majoron model. However, they all depend on parameters
that are independent of the J → νν channel, making it impossible to directly compare these
channels. In other words, the DM decay into visible channels probes different parameters
than J → νν, making them complementary. In the mJ = MeV–100 GeV region, one can
indeed obtain strong constraints on the K matrix elements from the visible channels, without
invalidating our conclusion about neutrino lines [5]. For sub-MeV majoron masses, only the
decay J → γγ remains as a promising indirect detection signature [7, 13].

3 Lepton flavor violation

Going back to the majoron couplings to fermions of Eq. (3) shows that the quark couplings
are diagonal at one-loop level, whereas the lepton couplings are not. Due to the rather strong
lepton mass hierarchy, m` � m`′ , the off-diagonal couplings can be approximately written as
− im`

8π2vK``′ J ¯̀PL`
′ + h.c., which can induce the lepton-flavor-violating two-body decays ` →

`′J [4, 5]. If the majoron is massless or decays invisibly, the only signature of this decay is the
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mono-energetic `′, which has to be searched for on top of the continuous energy spectrum from
the SM decay channel `→ `′ν`ν`′ . Current limits translate into |Kµe| . 10−5, |Kτ`| . O(10−3),
with good prospects for improvement at Mu3e and Belle [14, 15]. Channels with more tagging
potential, such as ` → `′Jγ or ` → `′(J → visible), are also promising and currently under
investigation. We stress that lepton flavor violation with majorons depends on a different
combination of seesaw parameters than the more commonly studied heavy-neutrino induced
`→ `′γ. These channels are therefore complementary and should both be investigated.

4 Conclusion

The singlet majoron model inherits some nice properties from the seesaw Lagrangian, namely
small Majorana neutrino masses and leptogenesis, while providing a new phenomenological han-
dle. The majoron couplings to charged particles are precisely given by the seesaw parameters
that are impossible to determine from the neutrino mass matrix, which could in principle allow
us to reconstruct the seesaw with low-energy measurements. Since the couplings can be tiny
without fine-tuning, a massive majoron makes for a promising unstable dark matter candidate,
with signature decay into mono-energetic neutrinos, potentially detectable for energies above
MeV. With few new parameters, which are furthermore linked to the seesaw mechanism, ma-
joron models are simple extensions of the Standard Model that still provide rich phenomenology.
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