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Neutrinos may acquire small Dirac or Majorana masses by new low-energy physics in terms of the chiral
gravitational anomaly, as proposed by Dvali and Funcke (2016). This model predicts fast neutrino decays,
νi → νj þ ϕ and νi → ν̄j þ ϕ, where the gravi-Majorons ϕ are pseudoscalar Nambu-Goldstone bosons.
The final-state neutrino and antineutrino distributions differ depending on the Dirac or Majorana mass of
the initial state. This opens a channel for distinguishing these cases, for example in the spectrum of
high-energy astrophysical neutrinos. In particular, we put bounds on the neutrino lifetimes in the Majorana
case, τ2=m2 > 1.1 × 10−3ð6.7 × 10−4Þ s=eV and τ3=m3 > 2.2 × 10−5ð1.3 × 10−4Þ s=eV at 90% CL for
hierarchical (degenerate) masses, using data from experiments searching for antineutrino appearance from
the Sun.
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I. INTRODUCTION

A completely new approach to explain small Dirac or
Majorana neutrino masses [1] relies on new physics at the
low-energy frontier of particle physics instead of high-
energy extensions of the Standard Model. The key idea is
that a hypothetical topological vacuum susceptibility of
gravity induces fermion condensation [2,3], which can give
rise to effective fermion masses. If this effect is realized in
nature, it is most important for the lightest fermions and
could be the unique origin of neutrino masses.
Phenomenologically, neutrino condensation would be

accompanied by the appearance of pseudoscalar Nambu-
Goldstone bosons ϕ, similar to light mesons in QCD,
that can be interpreted as neutrino-antineutrino bound states
[1,3] and that we call gravi-Majorons.1 An important
difference to conventional Nambu-Goldstone bosons is
that the ννϕ vertex, due to its low-energy origin, “melts”

for high-energy off-shell situations so that constraints based
on scattering processes, e.g., Majoron production in super-
novae, typically do not apply [1,5]. On the other hand,

decays of the type νi → ν
ð−Þ

j þ ϕ proceed in the usual way.
While this scenario is exotic, it may become empirically

motivated in the near future. One predicts a neutrinoless
Universe after photon decoupling, or at least all neutrinos in
the lowest mass state, due to decays and annihilations into
gravi-Majorons [1]. If near-future cosmological observa-
tions [6] fail to detect a hot dark matter component on the
minimal level expected from oscillation experiments, we
may be forced to contemplate the absence of the usual
cosmic neutrino background. Similar questions arise if
the KATRIN experiment [7,8] detects a neutrino mass in
conflict with cosmological limits.
The gravitational mass model works for both Dirac and

Majorana neutrinos. Therefore, one important question
remains how we can experimentally distinguish between
these two possibilities. In high-energy models, neutrinoless
double-beta (0νββ) decay [9] is the most promising
approach and one that remains viable in our scenario.
Moreover, in the current paperwe predict that the low-energy
gravitational mass model offers an additional opportunity

through fast νi → ν
ð−Þ

j þ ϕ decays.
It is not new that details, e.g., of radiative decays νi →

ν
ð−Þ

j þ γ depend on the Dirac vs Majorana nature [10,11].
The γ spectrum in relativistic decays depends on this
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1This suggestive terminology is a bit of a misnomer because
Majorons [4] were originally invoked to explain Majorana
masses, whereas it is a key point of our discussion that ϕ bosons
appear for both the Dirac and Majorana option.
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property, inherited from the angular γ distribution relative
to the spin of the mother neutrino in its rest frame.
However, radiative decays of light neutrinos are usually
too slow to be of any practical interest.

We argue that the νi → ν
ð−Þ

j þ ϕ decays in the gravita-
tional mass model are in principle fast enough to distin-
guish between the Majorana and Dirac cases by using the
flux and spectrum of the daughter neutrinos. A Dirac
neutrino νi decays into a neutrino, either active νj or sterile
Nj, whereas a Majorana neutrino always decays into an
active state, which however in a detector appears as either
a neutrino νj or an antineutrino ν̄j. This is possible because
a Majorana neutrino does not have a defined lepton
number, and what we call antineutrino is simply a state
with right-handed helicity.
A detector that can distinguish neutrinos from antineutrinos

could identify the Dirac or Majorana nature by looking at
neutrino vs antineutrino appearance, assuming an asymmetry
at the source.Moreover, given the source spectrum, the energy
spectrum depends on the nature of the mass term independ-
ently of an asymmetry at the source. If the mass spectrum is
degenerate, Majorana and Dirac particles could be distin-
guished because spin-flip is not suppressed compared to spin
conservation. As a result, Majorana neutrinos would decay to
antineutrinos, whereas Dirac neutrinos would decay to sterile
states. While these methods are not yet experimentally
feasible, with the current data we can put strong bounds on
the Majorana case using null results from experiments
searching for antineutrino appearance from the Sun.
The paper is structured as follows. In Sec. II we explain

the key phenomenological differences between conven-
tional Majoron-like models and the gravi-Majoron sce-
nario. In Sec. III we compute the neutrino decay rate and in
Sec. IV we comment on their impact on solar, IceCube, and
supernova neutrinos. We summarize our findings in Sec. V.

II. DIFFERENCES TO TRADITIONAL
MAJORON-LIKE MODELS

A. Dirac or Majorana neutrino nature

In contrast to the original Majoron model [4], the
gravitational neutrino mass mechanism works for both
Dirac andMajorana neutrinos. Therefore we can in principle
distinguish three possible scenarios:
(1) Pure left-handed Majorana case: If neutrinos are

identical to their antiparticles and no right-handed
states exist, neutrinos are massless in the Standard
Model. The neutrino condensate then generates
small left-handed Majorana masses.

(2) Pure Dirac case: If neutrinos are distinct from their
antiparticles, right-handed states exist and the con-
densate generates small effective Dirac masses.

(3) Mixed case: If neutrinos are identical to their
antiparticles and right-handed states exist, the
condensate generates Dirac masses as well as left-

and right-handed Majorana masses. In this case, the
active and sterile Dirac states have masses mν ∼
meV − eV and are substantially mixed.

For simplicity, our computations in Sec. III will focus on the
minimal cases (1) and (2). In the former case, the effective
left-handedMajorana mass terms violate isospin by one unit
but are allowed after electroweak symmetry breaking. Here,
wenote that only the condensate but not gravity is assumed to
violate isospin. In the latter case, theYukawa couplings to the
SM Higgs doublet are assumed to vanish based on chiral
symmetry protection, so that the gravitational mechanism is
the only origin of the observed neutrino masses. Note,
however, that even in the presence of nonzero Yukawa
couplings or other hard neutrino mass origins (e.g., the
various seesaw mechanisms [12]), neutrino condensation
would still take place as long asmν;hard < ΛG. Here,ΛG is the
scale of the topological vacuum susceptibility of gravity,
which is constrained by model-independent phenomeno-
logical requirements to lie within the range of ΛG ∼meV −
eV [1,5,13]. Since the susceptibility induces fermion
condensation, ΛG also sets the neutrino condensation scale,
hν̄iνji ∼ Λ3

G, and thus the order of the absolute neutrinomass
scale (see Ref. [1] for a discussion of the hierarchy).
Concerning the gravi-Majorons, the pure Dirac case

(2) gives rise to 14þ 1 (pseudo) Nambu-Goldstone bosons
ϕ≡ fϕk; ηνg from spontaneously breaking the neutrino
flavor symmetry Uð3ÞV ×Uð3ÞA → Uð1Þ3V. Here, the ην
boson comes from the anomalousUð1ÞA part [3] and the 14
ϕk bosons come from the SUð3ÞV × SUð3ÞA part [1]. The
ην gets a mass through the chiral gravitational anomaly,
mην ∼ ΛG ∼ TG, while the ϕk are massless if neutrinos have
only effective (gravitational) masses and no hard masses.2

The analogous left-handed Majorana case (1) would yield
fewer bosons due to breaking a smaller initial flavor
symmetry.
The off-diagonal couplings between gravi-Majorons and

neutrinos are responsible for neutrino decay. In typical
Majoron models such couplings are heavily suppressed
by ðmν;Dirac=mν;MajoranaÞ4 ≪ 1 because the Majorons only
couple to the heavy right-handed neutrino states [14].
In our case, there is no such suppression and we can treat
the off-diagonal couplings as free parameters, which are
proportional to the unknown entries of the neutrino-mass
diagonalization matrix.
To briefly comment on the mixed case (3), this active-

sterile neutrino scenario could be motivated by short-
baseline anomalies [15]. While light sterile neutrinos
generally conflict with cosmological constraints on neu-
trino masses and the effective number of neutrino species
[16], these tensions disappear in the gravitational mass
model because (i) the mass bounds are weakened [1,13]
and (ii) the active relic neutrino background is massless

2This discussion neglects tiny corrections for some ϕk masses
due to weak SUð2ÞW effects, mϕk

∼ 10−33 eVðΛG=0.1 eVÞ3.
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before photon decoupling and therefore uncoupled to the
sterile states (see Appendix A for more details).
We note that light sterile neutrinos would strongly distort

the parameter space for 0νββ decay [17] and could even
make the decay vanish completely [18]. In contrast, gravi-
Majorons do not affect the 0νββ decay because their
emission is strongly suppressed (see Sec. II C). Finally,
there was a debate3 whether the 0νββ decay rate might be
altered because the gravitational neutrino masses are not
hard masses generated at high-energy scales but effective
ones generated at the low-energy condensation scale ΛG.
However, since there is no momentum flow through the
masses generated by the condensate, we expect them to be
indistinguishable from hard neutrino masses in the 0νββ
process.

B. Late neutrinoless Universe

Interactions between neutrinos and Nambu-Goldstone
bosons are strongly constrained by cosmological data.
For example, almost the entire parameter space of the
“neutrinoless Universe” model [19], which evades the
cosmological bounds

P
i mνi ≲ 0.2 eV [20], was ruled out

by early-Universe neutrino free-streaming constraints
[21–25] and precision measurements of the primordial
radiation density [26]. In contrast, gravi-Majorons are
not ruled out because they only arise in the late Universe
after photon decoupling. We will discuss the details of
this high-temperature suppression of the new gravitational
effects in Appendix A.
When the Universe cools down to the low phase-

transition temperature TG ≲ Tdecoupling ∼ 0.3 eV, the neu-
trino condensate forms and the emerging gravi-Majorons
ϕ≡ fϕk; ηνg [1,3] start to interact with neutrinos through
the same nonperturbative gravitational vertex that is
responsible for the neutrino masses,

Lint ¼
X8
k¼1

∂μϕk

X3
i;j¼1

gij;k
mi þmj

ν̄iγ
μγ5νj

þ
X14
k¼9

∂μϕk

X3
i≠j¼1

gij;k
mi −mj

ν̄iγ
μνj

þ iην
X3
i;j¼1

gij;15ν̄iγ5νj þ H:c: ð1Þ

Here, the dimensionless couplings gij;k are normalized in
such a way that we recover the pseudoscalar-coupling
Lagrangian in Eq. (2). The couplings correspond to the
generators of the broken flavor symmetry, i.e., the Gell-
Mann matrices plus the identity. The Uð3ÞA generators
yield diagonal and off-diagonal axial vector-like couplings

proportional to mi þmj (affecting 8þ 1 of the 14þ 1

bosons), while the Uð3ÞV generators yield off-diagonal
vector-like couplings proportional tomi −mj (affecting the
other 6 bosons), similar to familon models (see, e.g.,
Ref. [27]). Note that these couplings do not yield long-
range forces in macroscopic systems, since the pseudosca-
lar coupling is spin-dependent and the scalar coupling is
flavor-changing. In the following, we neglect the sum over
k and conservatively assume that the couplings are to a
single Nambu Goldstone boson.
After the cosmological phase transition, the previously

massless neutrinos become massive, quickly decay into the
lowest mass eigenstate, and annihilate into gravi-Majorons
through the process νþ ν̄ → ϕþ ϕ [1]. Thus, the early-
Universe massless neutrino “radiation” converts into mass-
less gravi-Majoron radiation after photon decoupling, since
all massive ϕ bosons decay into massless ones. This almost
complete annihilation could only be evaded in the hypo-
thetical presence of neutrino asymmetries in the Dirac case,
weakening the cosmological neutrino mass bounds toP

mν < 4.8 eV at 95% CL [13].
To conclude, unless there are large primordial neutrino

asymmetries, the gravitational neutrino mass model [1]
predicts a late neutrinoless Universe and could be falsified
by a cosmological neutrino mass detection, e.g., by the
upcoming DESI or Euclid surveys [6]. The KATRIN beta-
decay experiment [7,8] could provide a hint toward our
predicted neutrinoless Universe if it detects an unexpect-
edly large neutrino mass scale. We stress that KATRIN’s
measurement of the electron energy spectrum would be
unaffected by the gravi-Majorons (unlike the bosons con-
sidered in Ref. [28]) because their interactions take place on
much longer timescales than beta decay. The neutrinoless
Universe scenario would also make it impossible for the
recently proposed PTOLEMYexperiment [29] to detect the
relic neutrino background. Only in the case of substantial
neutrino asymmetries, PTOLEMY could detect the relic
neutrinos with an enhanced (suppressed) detection rate for
normal (inverted) neutrino mass ordering, since the lightest
mass eigenstate contains a large (small) fraction of the
electron-neutrino flavor eigenstate.

C. Stellar and laboratory bounds

One might naively expect that gravi-Majorons are ruled
out by astrophysical observations because their couplings
are severely constrained by stellar processes. As explained
in Ref. [5], the least suppressed two-photon coupling of
the gravi-Majorons is gϕγ ∼ ðΛG=meÞ3=ΛG ∼ 10−10 GeV−1
for ΛG ∼ 0.1 eV, which at first sight is already ruled out by
constraints from solar axion experiments, gϕγ ≲ 0.88 ×
10−10 GeV−1 at 95% CL for mϕ ≲ 0.02 eV [30]. However,
the gravi-Majoron production in astrophysical environments
with E ≫ mν is additionally suppressed by ðΛG=EÞn due to
the high-energy softening of the gravitational vertex,wheren

3We thank Nima Arkani-Hamed for raising this question and
Gia Dvali and Misha Shifman for further discussions. We also
note that this question has not yet been unambiguously answered.
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is an unknown power-law exponent that has to be fixed
by phenomenological requirements (as discussed in [1,5]
and Appendix A). Thus, the common relation between
axionlike predictions for laboratory and solar axion experi-
ments does not apply [5]. By similar arguments one also
evades other astrophysical bounds on the gravitational νν̄γ,
νν̄ϕ, νν̄νν̄, eēϕ, and eēνν̄ couplings, as we comment on
in Appendix A.
Regarding laboratory experiments, the most important

bounds on the emission of conventional M ajoron-like
bosons comes from 0νββ decay [31] and leptonic decays of
mesons [32]. Following the argumentation above, these
bounds do not apply to gravi-Majorons because they and
their couplings to the virtual intermediate neutrinos dis-
solve in these high-energy processes. However, short-
distance fifth-force experiments can put important bounds
on our new gravitational interactions, as discussed in [1,5]
and Appendix A.
We finally stress that the gravitational vertex suppression

is due to the large four-momentum transfer in the processes
under consideration, which is why the suppression does not
apply to neutrino oscillations or to the neutrino decays
considered in Sec. III.

III. NEUTRINO DECAY RATE

As predicted by the gravitational neutrino mass model
[1], the presence of gravi-Majorons implies neutrino decay
through the vertex of Eq. (1). The crucial new point of this
paper is that the Dirac and Majorana neutrino cases yield
different decay channels, so that the composition of the
daughter neutrinos depends on the type of masses gen-
erated through the gravitational mechanism.

A. Pseudoscalar decay channels

For the two neutrino decay channels, νi → νj þ ϕ and
νi → ν̄j þ ϕ with mi > mj, the axial derivative coupling in
Eq. (1) is equivalent to the pseudoscalar coupling4 [36]

Lint ¼ iϕ
X
ij

gijν̄iγ5νj þ H:c: ð2Þ

as we have checked explicitly in Appendix B.

The differential rate Γ for the decay νi → ν
ð−Þ

j þ ϕ in a
generic reference frame is

dΓ ¼ 1

2Ei
ð2πÞ4δð4Þðpi − pj − kÞjMj2 d3pj

ð2πÞ32Ej

d3k
ð2πÞ32ω ;

ð3Þ
where pi, pj and k are the four-momenta of νi, νj
and ϕ, respectively. The squared amplitudes for both the
helicity-preserving and the helicity-changing processes are

given in Appendix B. After integration over the gravi-
Majoron momenta and the direction of the neutrino, the
differential rate becomes

dΓ
dEj

¼ 1

16πEijpij
jMj2: ð4Þ

In the laboratory frame, where Ei ≫ mi, we find for
Majorana neutrinos

dΓM
νi→νjþϕ

dEj
¼ g2ij

4πEijpij
mimjðA − 2Þ ð5aÞ

dΓM
νi→ν̄jþϕ

dEj
¼ g2ij

4πEijpij
mimj

�
m2

i þm2
j

mimj
− A

�
; ð5bÞ

where

A≡
�
miEj

mjEi
þmjEi

miEj

�
: ð6Þ

Dirac neutrinos decay either into active (left-handed) neu-
trinos or into sterile (right-handed) neutrinos Nj. The differ-
ential decay rates equal 1=4 times the rates for Majorana
neutrinos,

dΓD
νi→νjþϕ

dEj
¼ 1

4

dΓM
νi→νjþϕ

dEj
ð7aÞ

dΓD
νi→Njþϕ

dEj
¼ 1

4

dΓM
νi→ν̄jþϕ

dEj
: ð7bÞ

The differential rates must be integrated over the allowed
energy range for the daughter neutrino νj,

Ei

2

�
1þ 1

x2ij

�
−
jpij
2

�
1 −

1

x2ij

�

≤ Ej ≤
Ei

2

�
1þ 1

x2ij

�
þ jpij

2

�
1 −

1

x2ij

�
ð8Þ

where xij ≡mi=mj > 1. In the lab frame with Ei ≫ mi,
Eq. (8) reduces to

Ei

x2ij
≤ Ej ≤ Ei: ð9Þ

The decay rates for Majorana neutrinos are then

ΓM
νi→νjþϕ ¼ g2ijmimj

4πEi

�
xij
2
− 2þ 2

xij
log xij þ

2

x2ij
−

1

2x3ij

�

ð10aÞ4Notice the Lagrangian in [33–35] includes a factor of 1=2.
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ΓM
νi→ν̄jþϕ ¼ g2ijmimj

4πEi

�
xij
2
−

2

xij
log xij −

1

2x3ij

�
: ð10bÞ

Our results agree with the literature [33–35] if one accounts
for the different normalization of the couplings.
There are two important limits for these expressions: the

case of a large mass hierarchy mi ≫ mj and the degenerate
case mi ≃mj. The latter case remains allowed in the
gravitational mass model because the cosmological bounds
on neutrino masses are substantially weakened (Sec. II B).
In the limit of a large mass hierarchy, one finds

ΓM
νi→νjþϕ ¼ ΓM

νi→ν̄jþϕ ¼ ΓM
tot

2
; ð11Þ

where the total decay rate is

ΓM
tot ¼

g2ijmi

4π

mi

Ei
: ð12Þ

Here, the first factor is the total decay rate in the rest frame
of νi and mi=Ei is the Lorentz factor.
The total decay rate in Eq. (12) yields the neutrino rest-

frame lifetimes τi ¼ 1=Γi of

τ3
m3

≃
4 × 10−11

g232 þ g231

s
eV

ð13aÞ

τ2
m2

≃
1 × 10−9

g221

s
eV

: ð13bÞ

For example, the smallest possible, normal-ordered neu-
trino masses of m1 ¼ 0 meV, m2 ¼ 9 meV, and m3 ¼
50 meV [37] give

τ3 ≃
2 × 10−12 s
g232 þ g231

ð14aÞ

τ2 ≃
9 × 10−12 s

g221
: ð14bÞ

The degenerate limit, mi ≃mj, gives

ΓM
νi→ν̄jþϕ ¼ 2ΓM

νi→νjþϕ ¼ g2ijðmi −mjÞ3
3πm2

i

mi

Ei
: ð15aÞ

B. Scalar decay channels

The scalar decay channels arising from the derivative
vectorlike couplings in Eq. (1) are studied in analogous
fashion. In this case, the derivative vectorlike coupling can
be computed using a scalar coupling,

Lint ¼ iϕ
X
i≠j

gijν̄iνj þ H:c:; ð16Þ

analogous to the pseudoscalar coupling in Eq. (2).
The decay rates for Majorana neutrinos are

ΓM
νi→νjþϕ ¼ g2ijmimj

4πEi

�
xij
2
þ 2þ 2

xij
log xij −

2

x2ij
−

1

2x3ij

�

ð17aÞ

ΓM
νi→ν̄jþϕ ¼ g2ijmimj

4πEi

�
xij
2
−

2

xij
log xij −

1

2x3ij

�
: ð17bÞ

Similar to the pseudoscalar case, the differential decay
rates for Dirac neutrinos equal 1=4 times the rates for
Majorana neutrinos. In the limit of a large mass hierarchy,
one finds again

ΓM
νi→νjþϕ ¼ ΓM

νi→ν̄jþϕ ¼ ΓM
tot

2
ð18Þ

where the total decay rate is

ΓM
tot ¼

g2ijmi

4π

mi

Ei
; ð19Þ

this is identical to the decay rate found for the pseudoscalar
decay channels. The degenerate limit, mi ≃mj, gives
instead

ΓMðDÞðνi → νj þ ϕÞ ¼ g2

ζMðDÞπ

ðm2
i −m2

jÞ
Ei

ð20Þ

where ζM ¼ 1 and ζD ¼ 4, while the spin-flip process is
strongly suppressed by a factor of ½ðm2

i −m2
jÞ=m2

i �3 [38].
We observe that the scalar decay rate of Majorana (M) and
Dirac (D) neutrinos in Eq. (2.6) of Ref. [38] needs to be
corrected. Our result corrects for an inconsistency between
the coupling definition in their Lagrangian and their rate
(if neutrinos are Majorana particles), as well as an incorrect
expansion of their Eq. (2.2).5

In the degenerate mass scenario, the main difference
between the scalar and pseudoscalar decay channels is that
helicity-flipping processes are strongly suppressed in the
former case but not in the latter—see Eq. (15). Since spin-
flip processes are unsuppressed in the pseudoscalar case
and their rate is different from the spin-conserving proc-
esses, we can identify several different observables to
distinguish Majorana and Dirac neutrinos, as we will
discuss in Sec. IV. Given that the vectorlike coupling is
either equivalent to the axial vectorlike coupling (in the

5We thank Nicole Bell for communications on this point.
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hierarchical scenario) or cannot distinguish Majorana from
Dirac neutrinos (in the degenerate scenario), we will focus
for the rest of the paper on the axial vectorlike couplings,
i.e., the pseudoscalar decay channels.
To show how the cases for Majorana and Dirac neutrinos

are different, in Fig. 1 we plot the energy distributions
FðEj=EiÞ of the daughter neutrinos produced in the
pseudoscalar decay of the parent neutrinos νi, which is
proportional to the differential rate and normalized to the
total decay rate. To describe the figure, let us begin with the
decay of Majorana neutrinos with energy Ei. In the upper
panel of Fig. 1, we show the hierarchical case, mi ≫ mj.
The spectrum of neutrinos and antineutrinos is a box given
by the sum of two triangles, one corresponding to outgoing
νj and one to outgoing ν̄j. In the degenerate case mi ≃mj

shown in the lower panel of Fig. 1, the two triangles are
distorted, but the sum of the νj and ν̄j distributions is still a
box, as the sum of Eqs. (5a) and (5b) is independent of

energy. In the Dirac case, the spectrum of active daughter
neutrinos is only the orange triangle because the comple-
ment to the box, the blue triangle, corresponds to unde-
tectable sterile daughter neutrinos.

IV. CONSTRAINTS AND DETECTION
OPPORTUNITIES

One of the possibilities to distinguish Majorana from
Dirac neutrinos is given by the appearance or disappear-
ance of neutrinos or antineutrinos from a source whose flux
is asymmetric between ν and ν̄. For example, the Sun emits
only neutrinos [39], besides a tiny contribution of anti-
neutrinos coming from heavy-element decay, which is
much smaller than the geoneutrino background [40–42].
The detection of antineutrinos could point toward the decay
of Majorana neutrinos. Notice, however, that other explan-
ations for such a detection would be possible, e.g., a spin
precession due to a neutrino magnetic dipole moment [43].
New liquid scintillator detectors will significantly increase
the current best experimental limits [44].
A second possibility relies on the observation of the

differential energy spectrum from a source whose flux is
known. In this case, there is no need for an asymmetry
between the initial neutrino and antineutrino fluxes because
the differential energy spectrum is differently affected by
the decay depending on the nature of the neutrino mass.
Finally, the observation of a change in the flavor pattern

in the neutrino flux from a known source could in principle
distinguish Majorana and Dirac neutrinos if it is possible to
distinguish neutrinos from antineutrinos in the detector.
Otherwise, it is only possible to observe the decay, as the
latter changes the neutrino composition in terms of mass
eigenstates of the flux.
In the following, we will quantitatively examine the first

possibility, which yields bounds on the Majorana case of
our neutrino decay scenario. Moreover, we will qualita-
tively discuss the other two proposed methods, which turn
out to be not experimentally feasible yet.

A. Solar, atmospheric, and long-baseline neutrinos

The current constraints on neutrino decay for a normal
nondegenerate mass ordering are

τ3
m3

> 2 × 10−10
s
eV

ð21aÞ

τ2
m2

> 1.0 × 10−3
s
eV

: ð21bÞ

The bound on τ3 at 90% CL is obtained through an analysis
of long-baseline neutrinos [45,46] (comparable constraints
can be put on invisible decays into sterile neutrinos, using
atmospheric and long-baseline neutrino data [47]). The
bound on τ2 at 99% CL has been recently obtained with
updated solar neutrino measurements [48], which have

FIG. 1. Normalized energy distributions FðEj=EiÞ of the
daughters νj and ν̄j produced in the pseudoscalar decay of
Majorana neutrinos νi → νj þ ϕ (orange), νi → ν̄j þ ϕ (blue),
and their sum (green), for hierarchical (upper panel) and
degenerate (lower panel) neutrino masses. For the Dirac case,
the blue curve instead refers to the decay to undetectable sterile
states Nj.
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improved the previous estimate [49]. It is important to
notice that these bounds only apply to invisible neutrino
decays, i.e., the decay products are assumed not to cause
significant signals in the detectors [47,49]. Moreover, we
stress again that these limits on the lifetimes assume a
hierarchical ordering [38,50]. The constraints in Eqs. (21a)
and (21b) require the off-diagonal couplings to obey

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g232 þ g231

q
< 9 × 10−2 and g21 < 3 × 10−4: ð22Þ

These bounds on the couplings are valid both for Majorana
neutrinos and, once multiplied by a factor of 2, also for
Dirac neutrinos. In the Majorana case, additional strong
bounds can be obtained because solar neutrinos would
decay to antineutrinos showing up at experiments like
SNO [51] and KamLAND [52]. Also Borexino [53] can put
competitive bounds on the lifetime of solar neutrinos.
However, the analysis in [53] only yields bounds on the
conversion of ν to ν̄ assuming either equal shapes for the
solar ν and the converted ν̄ or a unknown shape for the ν̄
spectrum, while no dedicated analysis is carried out for
neutrino decay.
The analysis of KamLAND data gives bounds on the

lifetime of ν2 Majorana neutrinos of [52]

τ2
m2

> 6.7 × 10−2 s
eV

ðdegenerateÞ ð23aÞ

τ2
m2

> 1.1 × 10−3 s
eV

ðhierarchicalÞ ð23bÞ

at 90% CL, which translate to bounds on the coupling

g21 < 4 × 10−5 ðdegenerateÞ ð24aÞ

g21 < 3 × 10−4 ðhierarchicalÞ: ð24bÞ

Concerning ν3 decay, there is as yet no dedicated analysis
in the context of Majoron models [37], presumably because
it was not known until recently that there is a small
component of ν3 in electron neutrinos. To estimate the
flux of ν3 from the Sun, we observe that this mass
eigenstate is not affected by matter effects, so its compo-
nent is simply jUe3j2 ¼ 0.02 [54]. In conclusion, approx-
imately 2% of the neutrinos coming from the Sun are ν3.
The bounds on the lifetime of ν3 Majorana neutrinos are
then

τ3
m3

> 1.3 × 10−4 s
eV

ðdegenerateÞ ð25aÞ

τ3
m3

> 2.2 × 10−5 s
eV

ðhierarchicalÞ ð25bÞ

at 90% CL, and the bounds on the coupling are finally

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g232 þ g231

q
< 3 × 10−4 ðdegenerateÞ ð26Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g232 þ g231

q
< 2 × 10−3 ðhierarchicalÞ ð27Þ

These bounds apply to any model where neutrinos can
decay to a light pseudoscalar.

B. IceCube and supernova neutrinos

Neutrino decays imply a distinct flavor composition of
long-traveling astrophysical neutrinos because all neutrinos
arrive in the lightest mass state. Observable decay effects
require Γiðmi=EÞ≳D−1 and therefore [36]

gij ≳ 5 × 10−8
�
50 meV

mi

��
E

10 TeV

�
1=2

�
100 Mpc

D

�
1=2

:

ð28Þ

As mentioned in Ref. [1], the relatively weak constraints in
Eq. (22) from atmospheric, long-baseline, and solar neu-
trinos therefore imply that a deviation from an equal
neutrino flavor ratio ðνe∶νμ∶ντÞ ¼ ð1∶1∶1Þ could be mea-
sured at experiments such as IceCube. While normal mass
ordering would imply a dominance of νe due to ν1 ¼
ð0.68∶0.11∶0.21Þ, inverted ordering would yield a domi-
nance of νμ and ντ due to ν3 ¼ ð0.02∶0.54∶0.44Þ [54]. An
equal flavor ratio would not be allowed because only the
intermediate eigenstate ν2 has an almost equal flavor content.
An additional question is whether one can distinguish

Majorana from Dirac neutrinos at IceCube. At low ener-
gies, the detector cannot distinguish neutrinos from anti-
neutrinos. Nevertheless, for neutrinos with energies around
6.3 PeV in the laboratory frame, the Glashow resonance
makes IceCube more efficient for ν̄e detection [55]. Such a
resonance is the s-channel of the process ν̄e þ e− → W− →
ν̄α þ l−α and allows the detector to distinguish neutrinos
from antineutrinos. However, the main problem here is the
unknown asymmetry of the neutrino and antineutrino
fluxes. For analyzing IceCube data, it is customary to
assume equal fluxes for να and ν̄α, both in energy and flavor
[56]. In this case, it would be impossible to distinguish
Majorana from Dirac neutrinos. However, in general, these
fluxes are expected to be different. Neutrinos are produced
by the decay of charged pions via the decay chain [57]

πþ →μþ þ νμ

↓

eþ þ νe þ ν̄μ ð29Þ

and the corresponding charge-conjugate process. If there
is an asymmetry in charged-pion production, there will
be an asymmetry in neutrino fluxes. For example, the
production mechanism pþ γ → Δþ → nþ πþ involving
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proton collisions on photons of the environment (pγ
sources) produces no π− and thus no ν̄e [55]. Note that
the ν̄e from neutron beta decay can be neglected here due
to the large neutron lifetime compared to its propagation
timescale and the short πþ and μþ lifetimes.
For normal mass ordering, complete neutrino decay is

currently disfavored by IceCube data at the 2σ level [58].
Moreover, a single event detected in the energy range of
the Glashow resonance could rule out complete decay for
inverted mass ordering [59]. Even though such bounds are
stronger than the ones from solar neutrinos obtained in
this paper, we stress that solar neutrinos already allow one
to distinguish Majorana from Dirac neutrinos, making the
results previously discussed complementary to IceCube
results. In the far future, a better understanding of neutrino
production in astrophysical sources would give us tools to
further distinguish the Majorana from the Dirac scenario.
The same might be true for supernova neutrinos, which

are expected to decay into the lightest mass eigenstate
while traveling to Earth. While this decay scenario
requires modified analyses of original supernova neutrino
spectra [1], it could also be probed through the future
detection of the supernova relic neutrino flux, i.e., the
redshifted neutrino background from all past supernovae.
In Ref. [60] it was argued that a complete decay scenario
can potentially enhance the supernova relic neutrino
background density up to the current experimental detec-
tion bound, so that its measurement might be feasible with
near-future experiments.

V. CONCLUSIONS

In this paper, we have explored the possibility of
distinguishing Majorana from Dirac neutrinos by their
gravi-Majoron decays, assuming a gravitational origin of
neutrino masses as proposed in Ref. [1]. Interactions
between neutrinos and conventional Nambu-Goldston
bosons are strongly constrained by cosmology, astrophys-
ics, and laboratory experiments. In contrast, the gravi-
Majorons we consider are not ruled out because they only
arise in the very late Universe and effectively decouple
from high-energy processes. The detection of an unexpect-
edly large absolute neutrino mass scale in beta-decay
experiments could provide a hint toward the gravitational
mass mechanism because it evades all cosmological mass
bounds. Such a large absolute neutrino mass scale would
imply a degenerate mass hierarchy, allowing us to distin-
guish Majorana from Dirac neutrinos through their decay.
In the Majorana case, we put strong quantitative bounds
on the decay of the heaviest neutrino, τ3=m3 >
2.2 × 10−5 s=eV at 90% CL, using data from experiments
searching for antineutrino appearance from the Sun. We
also qualitatively explored the possibility of distinguishing
Dirac from Majorana neutrinos with future IceCube data;
however, such a possibility requires a better understanding
of neutrino production in astrophysical sources. The future

will bring more data in neutrino astronomy, and perhaps
even a supernova, to further study such an exotic, yet
fascinating, scenario.
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APPENDIX A: HIGH-ENERGY SOFTENING OF
THE GRAVITATIONAL VERTEX

In this appendix, we explain and constrain the high-
energy softening of the nonperturbative gravitational vertex
that gives rise to the coupling in Eq. (1). Some of the
constraints have already been discussed in Refs. [1,5].

1. Cosmological constraints

In the early Universe before photon decoupling, i.e., for
T ≳ 0.3 eV, neutrino self-interactions λij ¼ fgij; yijg are
strongly constrained by data from the cosmic microwave
background, λij ≲ 10−7 [36,61]. Since we only compare
relative temperatures here, we can neglect the ratio of
ð4=11Þ1=3 between the neutrino and photon temperatures.
Moreover, in the even earlier Universe before neutrino
freeze-out, i.e., for T ≳ 1 MeV, the existence of new
degrees of freedom (e.g., sterile neutrinos) is excluded if
they had been in equilibrium with photons or electrons [26].
Thus, the interaction rate Γ ¼ hσνvνinν ∼ λ4ijT needs to be
smaller than the Hubble expansion rate HðTÞ ∼ T2=MP,
which yields the constraint λij < ðT=MPÞ1=4 ∼ 10−8 for
T ¼ meV. Note that new neutrino physics at lower temper-
atures becomes irrelevant for this constraint, since energy
is conserved in the relic neutrino sector after neutrinos
freeze out.
The mentioned cosmological constraints do not rule out

the ’t-Hooft-like gravitational four-neutrino vertex [1,5]
that gives rise to the interactions λij in Eq. (1) after the
phase-transition, because this effective low-energy vertex is
strongly temperature-suppressed before the neutrino phase-
transition, λijðTÞ ∝ ðΛG=TÞn.6 Here, n is an unknown

6Note that the analogous gravitational four-fermion vertices for
charged fermions are additionally suppressed by the masses of
these fermions, which renders them cosmologically irrelevant [1].
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power-law exponent that has to be fixed by phenomeno-
logical requirements.
For comparison, the nonperturbatively generated QCD

axion mass is suppressed by ma ∝ ðΛQCD=TÞ11 for
T ≫ mq, where ΛQCD is the QCD scale and mq are the
quark masses [62]. However, we note that the analogy
between the QCD and gravitational scenarios does not go
too far because the perturbative QCD coupling becomes
strong at T ∼ ΛQCD, while the perturbative gravitational
coupling is expected to be weak and cosmologically
decoupled at the phase-transition temperature TG ∼ ΛG
[1,5]. While quarks and pions couple via the slowly
running perturbative QCD coupling, our gravitational
vertex is purely nonperturbative and thus expected to
decrease much faster than in the perturbative QCD case.
Thus, our analogy is only based on possible similarities
between the nonperturbative and anomaly structures of
these two theories [1].
The mentioned cosmological constraints require λijðT0Þ≲

10−4 for a minimal suppression of n ¼ 1 and a phase-
transition temperature of TG ≳ T0, where T0 ∼ 0.2 meV
is the cosmic temperature today. Already for n ≥ 2, the
zero-temperature couplings can be as large as λijðT0Þ ∼ 1.
We note in this context that a simplified cosmological
analysis of the neutrino mass model demonstrates that the
phase-transition is favored to happen at very low redshifts,
z ∼ 0 [13].

2. Stellar and laboratory constraints

The gravi-Majoron production in high-energy astro-
physical environments with E ≫ mν is suppressed by
ðΛG=EÞn, where n ¼ 1 is already sufficient to satisfy the
astrophysical constraints on gϕγγ mentioned in Sec. II C.
The gravitational νν̄γ, νν̄ϕ, νν̄νν̄, eēϕ, and eēνν̄ couplings
are also strongly suppressed in stellar processes. However,
the constraints on direct couplings to electrons are
stronger than in the two-photon case, due to the absence
of the electron-loop suppression. The most stringent
bounds on Majoron-like models usually come from
Compton or bremsstrahlung processes in red giant cores,
geēϕ ≲ 10−9 GeV−1 [63], which equally apply to geēνν̄. In
our case, these astrophysical bounds cannot be trivially
translated into bounds on n, since astrophysical processes
typically involve different momentum transfers. In par-
ticular, these processes becomes less n-suppressed but
more phase-space suppressed at low momentum transfer
[64]. We defer a detailed analysis of such constraints to
later studies and only observe here that the constraints
should be satisfied for a relatively low suppression factor.
The most stringent laboratory bounds on fifth forces

mediated by the scalar analogs of gravi-Majorons [5] are
jαj≲ 106 ð10−2Þ forΛG ∼ 0.1 eV (1 meV) [65], where jαj is
the strength of the Yukawa-like correction to the Newtonian
gravitational constant (i.e., normalized to gravity). These

bounds on fifth forces between hadrons translate into
constraints on the power-law exponent of the large-mass
decoupling, n≳ 1.6 (1.7), due to jαj ∼ ðΛG=mpÞ2n
ðMP=mpÞ2 at distances r ∼ Λ−1

G [5]. Here, we used
ðΛG=mpÞ ∼ 10−10 ð10−12Þ and denoted MP and mp as
the Planck and proton masses, respectively. The high-energy
suppression of the predicted fifth force between electrons is
much weaker due to ðΛG=meÞ ∼ 2 × 10−7 ð2 × 10−9Þ, but
the experimental bounds on such a force are weaker as well,
jαj≲ 1022 (1018) [66], translating to n≳ 1.2 (1.2). Thus,
all of the laboratory constraints are compatible with the
model predictions for n ≳ 2 [5].

APPENDIX B: MATRIX ELEMENT FOR
NEUTRINO DECAY

In this appendix, we calculate the matrix element for the
decay process νi → ν

ð−Þ
j þ ϕ of a Dirac or a Majorana

neutrino with fixed initial spin and derivative coupling to a
gravi-Majoron7

Lint ¼ ∂μϕ
X
ij

gij
mi þmj

ν̄iγ
μγ5νj þ H:c: ðB1Þ

For the Dirac case, fixing the initial spin is equivalent to
choosing an active or a sterile initial state, whereas for a
Majorana neutrino it simply means choosing if it is a
neutrino (left-handed) or an antineutrino (right-handed).
Using the Feynman rules of Ref. [67], we find

MD ¼ gϕ;ijūνjγ
μγ5uνiJ

ϕ
μ ðDiracÞ ðB2aÞ

MM ¼ gϕ;ijūνjγ
μγ5uνiJ

ϕ
μ × 2 ðMajoranaÞ; ðB2bÞ

where we have neglected global phases and Jϕμ ¼ kμ is the
gravi-Majoron current. Note that the matrix element for
the Majorana case is twice as large as for the Dirac case
because the Hermitian conjugate in the Lagrangian also
contributes to the amplitude, so that the rate will be four
times larger for a decaying Majorana neutrino. This can be
compared, e.g., to radiative decays induced by standard
model interactions, for which the one of Majorana neu-
trinos is two times larger than the decay width of Dirac
neutrinos [68]. The global constant can be reabsorbed in the
coupling definition.
Let us consider the case of a decaying Majorana

neutrino. Squaring the amplitude one finds

7Notice there is a special case in which the relativeCP phase of
the decaying neutrino and the daughter neutrino is either −1 or
þ1. If this scenario is realized, Majorana neutrino can only have
either pseudoscalar or pseudovector coupling, not both.
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jMMj2 ¼ g2ij
ðmi þmjÞ2

Tr½ðpi þmiÞð1þ hiγ5SiÞγμγ5

×ðpj þmjÞð1þ hjγ5SjÞγνγ5�kμkν; ðB3Þ

where pi, pj, and k are the four-momenta of νi, νj, and ϕ
respectively and we used [69]

uνūν ¼
1

2
ðpþmνÞð1þ hγ5SÞ ðB4Þ

with the spin vector

S ¼
�jpj
mν

;
Eν

mν
p̂

�
: ðB5Þ

The squared amplitude in Eq. (B3) has 16 terms, 8 of
which contain an odd number of γμ and 4 of which have a
γ5 so that they do not contribute for symmetry reasons.
The remaining terms give

jMMj2 ¼ 4g2ij½ðpi · pj −mimjÞð1þ hihjSi · SjÞ
−hihjðpi · SjÞðpj · SiÞ�: ðB6Þ

Analogously, one can compute the decay through a
pseudoscalar coupling

Lint ¼ iϕ
X
ij

gijν̄iγ5νj þ H:c: ðB7Þ

and find explicitly that it has the same squared amplitude
as in Ref. [33]. Notice that there are two factors to be taken
into account. The coupling in our interaction Lagrangian
is twice as large as in Ref. [33]; furthermore, we use a
different spinor normalization, so an additional factor
1=ð4mimjÞ has to be included. Our results agree with
Ref. [33] but differ from the ones reported in Ref. [38],
where the couplings are defined as in our Lagrangian but
the rate is quoted directly from Ref. [33]; the results in
Ref. [38] would be correct if they considered exclusively
Dirac neutrinos. In the following we will consider only the
pseudoscalar coupling, as the derivative coupling process
is equivalent to the latter.
After substituting Eq. (B5) in (B8), one can evaluate the

squared amplitude in the νi rest frame (where the spin
vector S ¼ ð0;SÞ, so that S · p ¼ 0), showing that the
emission of a certain helicity is not isotropic,

jMMj2 ¼ 4g2ij

�
ðmiEj −mimjÞ

�
1 − hihjEj

pj

jpjj
· Si

�

−hihj
�
mi

jpjj
mj

�
ðpj · SiÞ

�
: ðB8Þ

The different angular distributions in the rest frame trans-
late into different energy spectra in the laboratory frame for
different helicities [11]. We can evaluate the squared
amplitudes in the laboratory frame, in which Ei ≫ mi,
finding for the helicity conserving decay

jMM
νi→νjþϕj2 ¼ 4g2ijmimjðA − 2Þ ðB9Þ

and for the helicity flipping decay

jMM
νi→ν̄jþϕj2 ¼ 4g2ijmimj

�
m2

i þm2
j

mimj
− A

�
; ðB10Þ

where

A≡
�
miEj

mjEi
þmjEi

miEj

�
: ðB11Þ

The decay rate for Dirac neutrinos to an active or a sterile
neutrino neutrino are found by dividing these expression
by 4 and interpreting ν̄j as a sterile state Nj. These are the
expressions that are relevant for the decay rate discussed
in the main text.
The vectorlike coupling case is obtained following the

same steps. Starting from the Lagrangian

Lint ¼ ∂μϕ
X
i≠j

gij
mi −mj

ν̄iγ
μνj þ H:c: ðB12Þ

one finds for the helicity conserving decay

jMM
νi→νjþϕj2 ¼ 4g2ijmimjðAþ 2Þ ðB13Þ

and for the helicity flipping decay

jMM
νi→ν̄jþϕj2 ¼ 4g2ijmimj

�
m2

i þm2
j

mimj
− A

�
: ðB14Þ

The decay rate for Dirac neutrinos are again found by
dividing these expression by 4 and interpreting ν̄j as a
sterile state Nj.
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