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In this talk we presented a minimal gauge extension of the Standard Model that simultaneously
addresses proton stability, neutrino masses, baryogenesis and a light pseudo-Nambu-Goldstone
boson (the majoron) as a dark-matter candidate. The extension is based on a single extra U(1)
gauge symmetry, two singlet scalars that break it, and three right-handed neutrinos required by
anomaly cancellation. We summarise the symmetry-breaking pattern that enforces exact proton
stability at low energies, describe the resulting neutrino mass textures and their implications
for neutrinoless double-beta decay, characterise the majoron and its cosmological production
channels, and outline the most relevant experimental and observational probes.
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Majoron Dark Matter from exact proton stability Xavier Ponce Díaz

1. Introduction

The non-observation of proton decay constitutes a stringent empirical constraint on extensions
of the Standard Model (SM). Yet, this absence of evidence could also indicate that the proton
is absolutely stable. A natural way to enforce exact proton stability is that a gauged symmetry
breaks into a discrete gauge group; such a remnant forbids low-dimension baryon-number vio-
lating operators. The model discussed here gauges a linear combination of baryon number and
non-universal lepton-flavour charges, which is spontaneously broken by two SM-singlet scalars.
The minimal additional field content, required by having a realistic neutrino mass spectrum and
anomaly cancellation, consists of two complex scalars and three right-handed neutrinos. One linear
combination of the scalar phases is eaten by the 𝑍 ′, while the orthogonal combination remains as a
pseudo-Nambu-Goldstone boson (the majoron). Quantum-gravity induced operators can generate
a small mass for the majoron, allowing it to be cosmologically long-lived and thus a dark matter
candidate.

Furthermore, we show that the models needed to explain this apparent stability of the proton can
automatically account for the empirical evidences of beyond the Standard Model physics: neutrino
masses, matter-antimatter asymmetry and dark matter.

This proceedings note summarises the construction and highlights its main phenomenological
consequences [1]: an exact low-energy selection rule for baryon number, constrained neutrino-mass
textures with predictive consequences for neutrinoless double-beta decay, viable leptogenesis, and
multiple majoron production mechanisms with distinct experimental signatures.

2. Proton stability mechanism

The model gauges a U(1)𝑋𝑝
symmetry that is a linear combination of 𝐵 and lepton-flavour

charges,
𝑋𝑝 = 3𝑚(𝐵 − 𝐿) − 𝑛

(
3𝐿𝑝 − 𝐿

)
, gcd(𝑚, 𝑛) = 1, (1)

where𝑚 and 𝑛 are coprime integers which interpolate the different possible gauge symmetries. After
Spontaneous Symmetry Breaking (SSB) by two scalar singlets1, 𝜙1 and 𝜙2, a discrete gauge sub-
group determined by the greatest common divisor of their charges Z𝑘 → 𝑘 = gcd( [𝜙1]𝑋𝑃

, [𝜙2]𝑋𝑃
)

emerges. The result of Ref. [2] shows that any (𝑚, 𝑛) =
(
3𝑎 + 1, 9𝑏 + 3

)
, that can be rewritten in

terms of (𝑎, 𝑏) ∈ Z2, satisfies that U(1)𝑋𝑝
→ Z9. It can also be proven that under this discrete

gauge group only quarks are charged with by one unit, while the rest of the fields are singlets.
Consequently any gauge-invariant operator composed only of SM quark fields must contain quark
fields in multiples of nine and therefore changes baryon number by multiples of three, that is

Δ𝐵 ≡ 0 (mod 3). (2)

Imposing this selection rule on the SMEFT forbids operators that mediate proton decay (Δ𝐵 = 1)
and neutron-antineutron oscillations (Δ𝐵 = 2). On the other hand, sphaleron processes (Δ𝐵 = 3),
necessary for a successful baryogenesis via leptogenesis, is still allowed. The residual discrete
symmetry is a gauge symmetry (i.e. it descends from the gauged 𝑈 (1)𝑋) rather than an accidental

1The two scalars are required to have a realistic neutrino masses and mixing.
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Figure 1: Predictions for 𝑚𝛽𝛽 as a function of the lightest neutrino mass for the different models: 𝑒-specific
IO (cyan–purple), 𝜇-specific NO (yellow–green), 𝜏-specific NO (red–blue), and the excluded 𝜏-specific IO
model (orange–purple).

global symmetry; this is important to ensure its protection against explicit breaking by quantum-
gravity effects at low operator dimension.

3. Neutrino masses and neutrinoless double-beta decay

The renormalisable Yukawa sector contains the terms

L ⊃ −𝑌 𝑖 𝑗

𝑁
ℓ𝑖𝐻̃𝑁 𝑗 − 𝑌

𝑖 𝑗
𝑒 ℓ𝑖𝐻𝑒 𝑗 − 1

2𝑁
𝑐

𝑖 𝑌
𝑖 𝑗

𝜙,𝑎
𝜙𝑎𝑁 𝑗 + h.c. (3)

where after SSB the RH neutrinos obtain a Majorana mass-term 𝑀𝑁 = (𝑌𝜙,1𝑣1 +𝑌𝜙,2𝑣2)/
√

2. The
non-universal charges under U(1)𝑋𝑝

enforce texture zeros or relations among entries of 𝑌𝐷 and
𝑀𝑁 . At energies below the right-handed neutrino mass scale the light-neutrino mass matrix follows
from the type-I seesaw:

𝑚𝜈 = −1
2
𝑣2

EW𝑌 ∗
𝐷𝑀−1

𝑁 𝑌
†
𝐷
. (4)

For this type of models, the flavour structure implies the vanishing of the 𝑚𝜈 minor associated with
the singled-out charged-lepton flavour 𝑝. This relation

[𝑚𝜈] 𝑝𝑝 ≡ (𝑚𝜈)𝑖𝑖 (𝑚𝜈) 𝑗 𝑗 − (𝑚𝜈)2
𝑖 𝑗 = 0, for 𝑖 < 𝑗 and 𝑖, 𝑗 ≠ 𝑝 , (5)

can be written as a function of the measured mixing angles of the PMNS, neutrino masses and
Majorana phases. As an example, we can write this equation for the electron-specific case:

𝑒𝑖 (𝛼+𝛽+2𝛿CP )

𝑚1𝑚2𝑚3
[𝑚]11 =

1
𝑚3

𝑠2
13 +

𝑒𝑖 (𝛽+2𝛿CP )

𝑚2
𝑠2

12𝑐
2
13 +

𝑒𝑖 (𝛼+2𝛿CP )

𝑚1
𝑐2

12𝑐
2
13 . (6)

3



P
o
S
(
E
P
S
-
H
E
P
2
0
2
5
)
4
2
6

P
o
S
(
E
P
S
-
H
E
P
2
0
2
5
)
4
2
6

Majoron Dark Matter from exact proton stability Xavier Ponce Díaz

10−5 10−4 10−3 10−2 10−1 100 101 102

z = MN1/T

10−10

10−8

10−6

10−4

10−2

100

102

104

106

Γ
/H

m = −8, n = 3, gX = 0.02

MN = 1010 GeV MZ = 1010 GeV

MN = 1010 GeV MZ = 1014 GeV

MN = 1010 GeV MZ = 1013 GeV

MN = 109 GeV MZ = 1011 GeV

MN = 1011 GeV MZ = 109 GeV

10−4 10−3 10−2 10−1 100

m̃1 [eV]

108

109

1010

1011

1012

1013

1014

1015

1016

M
1

[G
eV

] e-specific IO

µ-specific NO

τ -specific NO

Leptogenesis

1011 1012 1013 1014 1015

M1 [GeV]

10−14

10−12

10−10

10−8

10−6

n
b
/n

γ

Figure 2: Left: thermalisation rates Γ over Hubble constant 𝐻 of RH neutrinos via 𝑍 ′ interactions. The
dashed lines indicates that above it the RH neutrinos are in thermal equilibrium. Succesful leptogenesis
requires that (Γ/𝐻)𝑇∼𝑀𝑁1

≲ 1. Right: parameter scan of the three different setups with their predicted
baryon-to-photon ratio as a a function of the lightest RH neutrino mass.

Here, 𝑚𝑖 corresponds to the neutrino masses, 𝑠𝑖 𝑗 ≡ sin 𝜃𝑖 𝑗 and 𝑐𝑖 𝑗 ≡ cos 𝜃𝑖 𝑗 to the PMNS mixing
angles and 𝛼1 and 𝛼2 to the Majorana phases. This expression corresponds to a triangle equation
in the complex plane, and it’s solution necessarily fixes the two Majorana phases as a function of
the unknown lightest neutrino mass and 𝛿CP, which is still not measured to enough precision, see
for instance the global fit of Ref. [3]. This expression allows us to determine that out of the six
possible models, corresponding to 𝑝 = 𝑒, 𝜇, 𝜏 Normal Ordering (NO) and Inverted Ordering (IO),
only three of them have a solution compatible with current experimental measurements. For these
models we can predict the parameter space for neutrinoless double-beta decay, using the current
central value of 𝛿CP, which is plotted in fig. 1. The plot shows two lines per model corresponding
to the two possible (conjugate) solutions of the triangle equations. The models which survive are:
for the IO the electron-specific, and for the NO the 𝜇− and 𝜏−specific models, drawn respectively
in yellow-green and red-blue. The future of the experimental neutrino program could be able to
determine to good precision the parameter space of these models and perhaps probe this low-energy
prediction.

4. Majoron: mass origin and couplings

The two complex scalar singlets 𝜙1 and 𝜙2 acquire vacuum expectation values 𝑣1 and 𝑣2,
breaking U(1)𝑋𝑝

. The charges of these scalars are coprimes, and hence, there exists an accidental
global symmetry in the scalar potential. Consequently, after SSB a linear combination of the
scalar phases is eaten by the 𝑍 ′, while the orthogonal combination is an approximate Nambu–
Goldstone boson 𝑎 (the majoron). Since this second U(1) is global, we expect quantum-gravity
induced operators that respect the gauge symmetry will break it, generating a small mass for 𝑎. The
symmetry-breaking term induced by gravity in this setup is given by Ref. [1, 4]
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Figure 3: Majoron dark matter parameter space where we show three different models given by the charges
(𝑚, 𝑛). The upper part of the parameter space is bounded by the perturbativity of the Dirac Yukawas, and
below by the Davidson-Ibarra bound considering a 𝑍 ′ boson. The purple line shows the predicted region
by misalignment, and to the right we plot the bounds required by not overshooting the cold and hot DM
abundances.

𝑉grav. = (4𝜋)2 𝜂

𝑀
|𝑠 |+|𝑡 |−4
Pl

𝜙
[𝑠]
1 𝜙

[𝑡 ]
2 + h.c. (7)

with integers 𝑠, 𝑡 determined by the gauge symmetry. The induced majoron mass scales parametri-
cally as

𝑚2
𝑎 = 8𝜋2 |𝜂 |𝑀2

Pl
𝑣
|𝑠 |−2
1 𝑣

|𝑡 |
2

(
√

2𝑀Pl) |𝑠 |+|𝑡 |−2

(
𝑠2 +

𝑣2
1

𝑣2
2
𝑡2

)
. (8)

For sufficiently large operator dimension the majoron is light and long lived on cosmological time
scales.

After symmetry breaking the majoron couples to neutrinos with strengths proportional to the
neutrino masses divided by an effective decay constant 𝑓𝑎 ∼ O(𝑣1,2); schematically [5, 6],

L ∼ 𝑖
𝑎

𝑓𝑎

𝑚𝜈𝜈𝛾5𝜈 +
𝐺𝐹

16𝜋2𝑚𝜈𝑚 𝑓 𝑓 𝛾5 𝑓 +
𝛼em
12𝜋

∑︁
𝑓

𝑔𝑎 𝑓 𝑓 𝑁𝑐𝑄
2
𝑓

𝑚2
𝑎

𝑚2
𝑓

𝐹𝐹

 , (9)

valid for 𝑚𝑎 ≪ 𝑚 𝑓 . These couplings appear after integrating out the RH neutrinos, at tree-
level one-loop and two-loops respectively. The coupling 𝑔𝑎 𝑓 𝑓 is the fermion coupling to the
majoron, for the explicit expressions see Refs. [7, 8]. These couplings will lead to the most relevant
phenomenological decays

𝑎 → 𝜈𝜈, 𝑎 → 𝛾𝛾, 𝑎 → 𝑒𝑒 . (10)

5



P
o
S
(
E
P
S
-
H
E
P
2
0
2
5
)
4
2
6

P
o
S
(
E
P
S
-
H
E
P
2
0
2
5
)
4
2
6

Majoron Dark Matter from exact proton stability Xavier Ponce Díaz

Davidson-Ibarra Bound +Z ′R
el

.
fr

ee
ze

-o
u

t

S
tr

u
ct

u
re

F
or

m
at

io
n

10−5 10−3 10−1 101 103

ma [MeV]

109

1010

1011

1012

1013

1014

v 1
[G

eV
]

θi < 10−3

(m, n
) = (−17, −42)

X
-R

ay

ωCen

CMB a→ e−e+

C
M

B

XENON1T XENONnT

10−4 10−3 10−2 10−1 100 101 102

ma [MeV]

10−23

10−21

10−19

10−17

10−15

10−13

10−11

|g a
e
|

NuStar

10−4 10−3 10−2 10−1 100 101 102

ma [MeV]

10−22

10−20

10−18

10−16

10−14

10−12

|g a
γ
γ
|[G

eV
−

1
]

Stability

X
-R

ay
s

INTEGRAL

XMM-Newton

γ−Ray

CRB

X-Ray
CMB

EBL

Figure 4: Pre-inflationary majoron scenario, where in the left plot we show the DM production, combination
of misalignment and freeze in. Colored lines correspond to different values of 𝑣1/𝑣2 = 0.001, 0.01 ,
0.1. The solid, dashed, and dotted lines correspond to the values of the initial misalignment value of
𝜃𝑖 = 0.1, 0.01, 0.001 respectively. The plot to the right shows the constrained parameter space by gamma
and X-ray telescopes. The model’s parameter space is indicated by the dots, which correspond to a paramater
scan of the models where the red colour corresponds to the 𝑒−IO model, the green to the 𝜏−NO model and
the yellow to 𝜇−NO scenario

5. Cosmology and detection prospects

To have successful leptogenesis, we need the lightest Right-Handed (RH) neutrino to be out of
equilibrium at 𝑇 ∼ 𝑀𝑁1 . However, gauge interactions mediated by the 𝑍 ′ boson are very efficient
in keeping the RH neutrinos in equilibrium. As one can see from the left plot in Fig. 2 a hierarchy
between the lightest RH neutrino and the 𝑍 ′ of around two orders of magnitude is necessary for the
interaction rates to decouple Γ ≪ 𝐻 (𝑇 ∼ 𝑀𝑁1). In our model, the RH neutrino texture features a
seesaw-type of structure where a hierarchy between the vevs 𝑣2 ≫ 𝑣1 generates a suppressed mass
𝑀𝑁1 ∼ 𝑣2

1/𝑣2, allowing for a lepton asymmetry to be produced. In the right plot of Fig. 2, we show
that we are able to find enough points that satisfy the observed baryon-to-photon ratio. In this scan,
all points are within 3𝜎 of the current global fits, as well as satisfying that 𝑍 ′ interactions decouple
before 𝑇 ∼ 𝑀𝑁1 . In Ref. [1] we also find that the relations discovered in the neutrino mass matrix
are also responsible also of making this model live in the so-called ’strong-washout regime’. In
this regime, RH neutrinos are typically brought to equilibrium ,also in the standard leptogenesis
scenario, by the relatively large Dirac Yukawas.

Successful leptogenesis requires then reheating temperatures𝑇RH > 𝑀𝑁1 , with two qualitatively
different scenarios: when i) 𝑇RH > ⟨𝜙1,2⟩, post-inflationary breaking and ii) ⟨𝜙1,2⟩ > 𝑇RH > 𝑀𝑁1 ,
pre-inflationary breaking of the global symmetry. In the first scenario, the symmetry is broken after
inflation and a cold DM population is generated via the misalignment mechanism [9–11] and the
possible decay of topological defects. In this scenario, the majoron is in thermal equilibrium, so the
requirement of not overshooting a hot DM component of the universe, determines that the majoron
needs to be lighter than 𝑚𝑎 ≲ 1 eV. This scenario is depicted in Fig. 3, where three models predicted
in this parameter space are plotted with different (𝑚, 𝑛) charges. The width of this bands as well
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as the lower green bound are obtained by requiring successful leptogenesis and the upper limit
by perturbativity of the neutrino Yukawas. This scenario could be probed by testing a relativistic
degree of freedom in CMB, by measuring 𝑁eff to the percent level.

The second scenario, happens when the symmetry is never restored after inflation. Here,
topological defects are washed-out and the misalignment contribution is dependent on the initial
misalignment angle 𝜃𝑖 , which in this case may be regarded as a free parameter. In this scenario,
majorons do not always reach equilibrium but a population can be produced via freeze-in. This is
shown in Fig. 4 where on the left-plot we see the curves where DM abundance is saturated, with
the different types of lines denoting the values of 𝜃𝑖 , and the colour corresponding to the values of
𝑣1/𝑣2. To the right, the parameter space is bounded by neutrino telescopes [12, 13] and to the left
structure formation bounds constrain warm dark matter production. On the right-hand side plot of
Fig. 4 we show the current most important constraints, coming from gamma- and 𝑋-ray satellites
which set a bound on the majoron mass of 𝑚𝑎 ≲ 0.1 eV. Future prospects [14, 15] also show that
this promising part of parameter space could be further tested in the future.

6. Conclusions

In this talk we presented a model that allows to explain all the empirical evidences of beyond the
Standard Model physics, namely, neutrino masses, matter-antimatter asymmetry and dark matter.
The explanation to these problems comes naturally by just requiring exact proton stability at low
energies, in generalised 𝐵 − 𝐿 models [2].

Neutrino masses and leptogenesis are explained by a particular high-scale seesaw, while dark
matter is explained by the emergence of a pseudo-Nambu-Goldstone boson, the majoron. The
non-universality required by the gauge symmetry introduces correlations among the entries of the
neutrino mass matrices. This leads to a prediction of neutrinoless double-beta decay and a particular
spectrum of RH neutrinos, where 𝑍 ′ ∼ 𝑀𝑁2,3 ≫ 𝑀𝑁1 . This natural hierarchy allows the lightest
RH neutrinos to decay out of equilibrium.

The Goldston-Boson, responsible of explaining the DM abundance of the universe, arises from
an accidental symmetry which is protected from gravity-induced breakings by the gauge symmetry
to certain order, allowing its gravity-induced mass to be compatible with the relic abundance
predicted by its cold and thermal production mechanism. This majoron could be detected in
different ways, depending on the mass of this particle. If very light, the majoron could contribute
to the relativistic degrees of freedom in the universe, and be observed in a future CMB precision
measurement of 𝑁eff . If heavier, the majoron can decay to SM particles, which we could observe
in terrestrial experiments such as neutrino telescopes or in gamma- and 𝑋−ray satellite detection,
which could be further improved in the future.
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