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1 Introduction

What if the proton is absolutely stable? Within the Standard Model (SM), proton stability is
not a consequence of a fundamental symmetry but rather an accidental feature arising from
the gauge structure and particle content. While many extensions of the SM predict proton
decay through baryon number-violating interactions [2], decades of experimental searches
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have produced no evidence for such processes [3]. Upcoming experiments will continue to push
the experimental limits further [4–6]. Given a persistent null result, it is worth entertaining a
provocative possibility: could the proton be absolutely stable, protected by a deeper principle?

While academic in nature, this question presents a nontrivial challenge for model building,
as it is widely believed that global symmetries cannot survive in a theory consistently coupled
to quantum gravity: they must either be gauged or they will be explicitly broken [7–9]. Given
that the SM is understood as a low-energy effective field theory (SMEFT) emerging from
an unknown ultraviolet (UV) completion, one expects that higher-dimensional operators
violating baryon number are induced (at least) by quantum gravity effects. Such operators
would, in turn, lead to proton decay.

In this paper, we focus on an infrared (IR) mechanism that ensures exact proton stability,
independent of the details of the UV completion. A particularly elegant proposal introduced
in ref. [1] (see also [10–12] for a related approaches) extends the SM by a U(1)X gauge
symmetry, spontaneously broken above the electroweak (EW) scale. The key idea is that
when X is an appropriate anomaly-free linear combination of baryon number and lepton
flavor numbers,1 the breaking of U(1)X gives rise to a residual discrete Z9 gauge symmetry.
The resulting residual symmetry, which remains unbroken in the deep IR and assigns unit
charge to all quarks while leaving other SM fields neutral, forbids all proton decay operators
(∆B = 1) of any dimension. In this framework, baryon number violation is restricted to
occur only in multiples of three,

∆B = 0 (mod 3) , (1.1)

since the Z9-invariant B-violating operators involve (a multiple of) nine quark fields. This
allows processes such as sphaleron transitions, while forbidding both proton decay and
neutron-antineutron oscillations.

This mechanism links proton stability to the non-universality of lepton flavor, which is a
central requirement for the construction of this model. Remarkably, it accomplishes this with
a minimal set of ingredients, nearly at the level of a toy model. Aside from the SM fields
and two SM-singlet scalars needed to appropriately break the U(1)X symmetry, anomaly
cancellation necessitates only three right-handed neutrinos to complete the field content. In
this paper, we perform a detailed phenomenological study of the model. Despite simplicity
and minimality, we show that the model, in its original form, can simultaneously account
for established empirical evidence for physics beyond the SM: neutrino masses and mixings,
the presence of dark matter, and the matter-antimatter asymmetry of the universe. Each
of these phenomena finds a natural origin within this framework, converging on a common
region of parameter space characterized by high-scale U(1)X breaking.

The spontaneous breaking of the U(1)X gauge symmetry is achieved via two scalar fields
— the minimal set required to generate a realistic neutrino mass matrix, via the type-I seesaw
mechanism [16–21], consistent with the observed PMNS mixing matrix [22, 23]. An especially
attractive feature of this scalar content is the prediction of a (pseudo-)Nambu-Goldstone Boson

1The baryon number symmetry, U(1)B , is anomalous within the SM and cannot be consistently gauged
without introducing additional exotic chiral fermions [13–15].
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(pNGB). While one of the Goldstone bosons is eaten by the Z ′ gauge boson, the other remains
in the spectrum as a physical state: a majoron [24–27], which is identified as the dark matter.

This construction offers a conceptual advantage over traditional majoron dark matter
models that rely on global symmetries, which are expected to be violated by quantum gravity
as discussed above. Here, the lepton number arises as an accidental symmetry, protected
at the renormalizable level by the underlying gauge structure [28], and is broken explicitly
only by Planck-suppressed higher-dimensional operators. The U(1)X charges of the proton
stability mechanism naturally generate a sufficiently light majoron for it to be a viable
dark matter candidate.

The high-scale breaking of U(1)X proves advantageous for several interconnected reasons.
It enables the high-scale type-I seesaw mechanism, explaining the smallness of neutrino
masses relative to those of charged fermions; it supports minimal thermal leptogenesis [29],
consistent with the Davidson-Ibarra bound [30]; and it ensures the correct relic abundance
and viable phenomenology of the majoron as a dark matter candidate. Thus, the model
economically unifies the cosmic origins of visible and dark matter with the neutrino sector
within a common parameter space.

Despite its high-scale realization, the model makes concrete predictions that can be
tested in the future. One of the most striking predictions of lepton non-universality lies in the
neutrino textures, which can be tested through the neutrino program, including long-baseline
experiments [4, 31] and searches for neutrinoless double beta decay [32–35]. Additionally,
there are broader implications for cosmology and astroparticle physics, motivating searches
for X− and γ−ray lines, signals in neutrino telescopes, imprints in the CMB, and stochastic
gravitational wave backgrounds. And, of course, no proton decay.

The paper is organized as follows. Section 2 introduces the model and its field content.
Predictions for the neutrino sector are discussed in section 3, followed by thermal leptogenesis
in section 4. Majoron dark matter phenomenology is presented in section 5. Topological
defects are discussed in section 6. Section 7 summarizes the key constraints and prospects,
while conclusions are given in section 8. Technical details are relegated to the appendices.

2 A model for proton stability

Our starting point is the U(1)Xp group from ref. [1], which guarantees exact proton stability:

Xp = 3m(B − L) − n (3Lp − L) , gcd(m, n) = 1, (2.1)

where B is the baryon number, L the total lepton number, and Lp the lepton number of
a particular flavor p. An overview of the fields is found in table 1. Cancellation of chiral
anomalies is achieved by adding three right-handed neutrinos (RHNs), Ni, to the SM field
content. The lepton flavor p ∈ {e, µ, τ} is charged differently from the other two generations;
we will refer to Xp as the p-specific scenario. Each scenario gives distinct predictions for
the low-energy neutrino phenomenology.

Two new complex scalar singlets ϕa are responsible for breaking U(1)Xp at high scales.
While SM singlets, the fields carry charges

[ϕ1]Xp = 6m + n , and [ϕ2]Xp = 6m − 2n . (2.2)
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Fields U(1)Xp Z9 ⊆ Γ U(1)B−L

Quarks qi, ui, di m 1 1/3
Specific leptons ℓp, ep, Np −2n − 3m 0 −1

Common leptons (q ̸= p) ℓq, eq, Nq n − 3m 0 −1
Higgs H 0 0 0

New scalars ϕ1 6m + n 0 2
ϕ2 6m − 2n 0 2

Table 1. The field content of the proton-stability model. In addition to the SM fields plus three
RHNs, there is a U(1)Xp

gauge field with flavor non-universal couplings to SM leptons and a pair
of SM singlets ϕ1 and ϕ2 whose VEVs break U(1)Xp to discrete gauge symmetry Γ. By contrast,
U(1)B−L emerges as an accidental symmetry of the renormalizable Lagrangian, and its associated
Nambu-Goldstone boson serves as the dark matter.

Their vacuum expectation values (VEVs) break the gauge symmetry:

U(1)Xp

⟨ϕ⟩̸=0−−−→ Γ ∼=

ZB
9 , for n ∈ 2Z + 1

ZB
9 × Zf

2 , for n ∈ 2Z
, (2.3)

where the remnant group ZB
9 guarantees exact proton stability.2 This scenario is not

completely generic, but is realized if and only if (m, n) satisfies [1]

(m, n) =
(
3a + 1, 9b + 3

)
, for (a, b) ∈ Z2 (2.4)

subject to gcd
(
3a + 1, b − a

)
= 1 implying gcd(m, n) = 1.3 The symmetry-breaking pat-

tern (2.3) is a consequence of both ϕa scalars acquiring a VEV. As explained in the next
section, this is the minimal choice of scalar fields reproducing the observed neutrino oscillation
data for generic (m, n) satisfying (2.4).

While eq. (2.4) suggests large charge ratios, which might appear baroque, this feature is
in fact advantageous for generating a sufficiently light majoron via gravitational effects, in a
way that remains compatible with experimental constraints on dark matter (section 5).

The exact Z9 ⊆ Γ symmetry in the deep IR assigns unit charge to quarks while leaving all
other SM fields neutral (see table 1). This enforces a strict selection rule, ∆B ≡ 0 (mod 3),
since forming a Z9 singlet requires nine quark fields. As anticipated, proton decay and
neutron-antineutron oscillations are forbidden, while sphaleron processes remain allowed as
mandatory in leptogenesis scenarios. Triple nucleon decays (∆B = 3) arise from dimension-15
operators and are therefore highly suppressed [11].

When the ϕa fields develop their VEVs, they provide a mass to the gauge boson Z ′

associated with the U(1)Xp symmetry. The two radial modes ρ1,2 of the ϕa fields are, on
general grounds, also expected to get masses of a size similar to the VEVs. Of the two angular

2The Zf
2 remnant group that is sometimes embedded in U(1)Xp is nothing but fermion parity. It is generated

by the element eiπ ∈ U(1)Xp when n ≡ 0 (mod 2).
3We restrict our analysis to one half of the solutions identified in [1]; the other half is physically equivalent

and can be obtained by switching the sign of all charges.
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fields, one is eaten by the heavy Z ′, leaving a single pNGB, a, in the spectrum. The majoron a

is the dark matter of the model and obtains a small mass through higher-dimensional operators,
as discussed in section 5. The symmetry breaking also provides masses to the neutrinos.

3 Neutrino masses and mixings

The Higgs interactions in the quark sector remain unchanged from the SM, while those in
the lepton sector take the form

L ⊃ −Y ij
N ℓiH̃Nj − Y ij

e ℓiHej − 1
2N

c
iY

ij
ϕ,aϕaNj + H.c. (3.1)

The U(1)Xp gauge symmetry leads to distinct textures in the coupling matrices, determined
by the specific charge assignments.

Populating the 3 × 3 Majorana mass matrix using scalar VEVs requires distinguishing
a 1-dimensional p block, a 2-dimensional q block, and a mixed block connecting them.4 A
single scalar VEV can populate only one of these blocks and, therefore, cannot generate
masses for all heavy neutrinos. Among the three possible combinations of two scalar fields,
populating the p block and the mixed block leaves one right-handed neutrino massless, while
populating the p and q blocks forbids mixing between the p and q flavors. Thus, only one
viable choice remains: populating the q block and the mixed block.5

We introduce permutation matrices Pp given by

Pe = 1, Pµ =

 1
1

1

 , Pτ =

 1
1

1

 , (3.2)

with which the coupling textures are

Yϕ,1 ∼ Pp

0 × ×
× 0 0
× 0 0

 , Pp , Yϕ,2 ∼ Pp

0 0 0
0 × ×
0 × ×

Pp , Ye,N ∼ Pp

× 0 0
0 × ×
0 × ×

Pp , (3.3)

where × indicates the entries not forbidden by the gauge symmetry, which are generically
populated. Observe that the gauge and mass eigenstates for the p-specific charged lepton
coincide in all cases; hence, the mass states are appropriate for labeling the scenarios. With the
high-scale spontaneous symmetry breaking, the new scalars develop VEVs ⟨ϕa⟩ = 1√

2va > 0
and the right-handed neutrinos receive a Majorana mass matrix

MN = va√
2

Yϕ,a . (3.4)

Both VEVs are necessary to reproduce the observed pattern of light-neutrino oscillations,
as discussed earlier.

4For (m, n) = (−2, 3), (1, 3), and (1, −6), a renormalisable Majorana mass term can be written for the p, q,
and mixed blocks, respectively. We do not pursue these isolated scenarios further.

5For (m, n) = (1, 12), the two scalars have opposite charges, rendering one of them redundant. In this
scenario, no majoron is present.
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Exploiting the flavor symmetry of the kinetic terms, we define a flavor basis of eq. (3.1).
The choice of basis and the corresponding parameter counting are detailed in appendix A.
Altogether, eq. (A.2) introduces nine real couplings and three complex phases in the neutrino
sector, which serve as input (UV) parameters for the numerical scan presented later.

The type-I seesaw mechanism [16–21] predicts the mass matrix of the light (active)
neutrinos to be

m∗
ν = −v2

EWYN M−1
N Y T

N = Um̂νUT . (3.5)

where vEW ≈ 174 GeV is the Higgs VEV. Here, m̂ν = diag(m1, m2, m3) denotes the light
neutrino mass eigenvalues, which can follow either a normal (m1 < m2 < m3) or inverted
ordering (m3 < m1 < m2). The matrix U is the PMNS mixing matrix, defined up to a U(1)3

phase redefinition of the form mij
ν → ei(θi+θj)mij

ν .
Interestingly, due to the lepton flavor non-universality (n ≠ 0), the neutrino mass matrix

mν is not completely free, and there are important predictions for future data. As shown
in appendix B, the texture of the individual factors in eq. (3.5) imply a tree-level condition
on the light-neutrino Majorana mass matrix, namely that the p’th minor of the neutrino
matrix must vanish:6

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

This condition can be cast as the closure of a triangle in the complex plane as detailed in
appendix B. The length of each side of the triangle is governed by a separate neutrino mass
(cf. eq. (B.11)). This has several important consequences:

1. Only three out of six scenarios can fit current data: τ - and µ-specific normal ordering
(NO) and e-specific inverted ordering (IO).

2. All scenarios predict a nonzero lower (and some, an upper) limit on the lightest neutrino
mass.

3. There exists a one to two map between the lightest neutrino mass and the Dirac phase,
and two possible solutions for the Majorana phases: (mν , δCP) → (α1,2, β1,2).

The last point can be visualized in figure 1, where we plot one of the two possible solutions for
the Majorana phases (α, β) as a function of the lightest neutrino mass and δCP for the three
valid models. The other solution for the Majorana phases is obtained by conjugating the
triangle associated with [mν ]pp in the complex plane (eq. (B.13)). The qualitative difference
between the three different scenarios can be understood by studying the expressions developed
in appendix, eqs. (B.8)–(B.10). For instance, one can see that the regions in which a solution
for [mν ]pp = 0 exists, depend on δCP in eq. (B.9) and eq. (B.10), but not for eq. (B.8) as
it is just a shift in the Majorana phases.

As a cross-check, these relations also emerge from a “top-down” approach: by scanning
over the UV parameters and fitting to low-energy neutrino oscillation data. Figure 9

6Radiative corrections generically invalidate this condition, but are expected to be small barring tuned
cancellations. See appendix B.3 for details.
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Figure 1. One of the two solutions for the Majorana phases as a function of the lightest neutrino mass
and Dirac phase δCP. Upper and lower rows are for α and β, respectively. The columns correspond
to the three models allowed by the current data: e-IO, µ-NO, and τ -NO. The remaining neutrino
parameters are fixed to their central values from ref. [36]. The future 2σ-sensitivity of DUNE on
δCP-NO is denoted in dashed purple lines, assuming δCP is the current central value preferred by the
global fits. See section 3 for details.

demonstrates how the same patterns are reproduced, giving numerical predictions consistent
with those obtained from eq. (B.11). In the numerical scan, both solutions for the Majorana
phases coexist in the same parameter space, confirming the two-fold ambiguity.

The future neutrino program is crucial to test this model. DUNE [31] and Hyper-
Kamiokande (HK) [4] are expected to measure the Dirac CP-violating phase and determine
the neutrino mass ordering [37], while the sum of neutrino masses will be constrained
indirectly through cosmological observations [38]. Once the Dirac phase δCP is fixed, the
size of the effective Majorana mass mββ for neutrinoless double-β decay depends solely on
the lightest neutrino mass mν . This prediction is illustrated in figure 2, where we plot
the two possible solutions for the Majorana phases across the three allowed models: e−IO
(cyan-purple), µ−NO (yellow-green), and τ−NO (red-blue) for the current best fit value of
δCP. The complementary colors represent the two conjugate solutions arising from the triangle
inequalities (see eq. B.13). The main conclusion from this plot is that the three models make
distinct predictions. An additional model, τ−IO (orange-purple), is also included; however,
this scenario is excluded not only by cosmological bounds on the sum of neutrino masses but
also by results from the KamLAND-Zen experiment [39]. Other bounds from CUORE [40]
and GERDA [41] are shown with dotted and dashed lines, respectively.
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Figure 2. Predictions for the 0νββ effective Majorana mass mββ as a function of the lightest neutrino
mass for different scenarios. The color bands represent the two possible solutions for the Majorana
phase, with δCP fixed to its current best-fit value in each scenario: e-specific IO (cyan-purple), µ-specific
NO (yellow-green), τ -specific NO (red-blue), and the excluded τ -specific IO model (orange-purple).
See section 3 for details.

Future experiments such as nEXO [32], LEGEND [33], and CUPID [34] are expected to
place stringent constraints, potentially ruling out the inverted ordering (IO) scenario (see
ref. [42]), provided that nuclear matrix elements are determined with sufficient precision.
While precise predictions for the Majorana phases require highly accurate measurements of
δCP, robust limits on the lightest neutrino mass can still be achieved with a δCP uncertainty
of about 20◦−30◦. Such precision appears attainable in upcoming experiments [4, 37].

4 Minimal thermal leptogenesis

The type-I seesaw naturally accounts for the smallness of neutrino masses relative to the
electroweak scale when the RHN masses are large, thereby motivating high-scale breaking of
the U(1)Xp gauge symmetry. Another compelling argument favoring a high-scale symmetry
breaking arises from cosmology: high-scale breaking readily accommodates the observed
baryon asymmetry of the universe via minimal thermal leptogenesis. In this context, the
Davidson-Ibarra bound requires the mass of the lightest right-handed neutrino to satisfy
MN1 ≳ 109 GeV [30].

The minimal thermal leptogenesis scenario assumes a hierarchical mass spectrum among
the RHNs: MN1 ≪ MN2,3 . Our U(1)Xp gauge model can dynamically generate this through
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Figure 3. Thermalization rate Γ/H of the process NN → SM SM via Z ′ interactions as a function
of z = MN1/T (left) and as a function of MN1 and MZ at z = 1 (right). The black lines mark where
Γ/H = 1. We have plotted a benchmark scenario with the gauge symmetry charges Xp determined by
(m, n) = (−8, 3) and a coupling gX = 0.02. See section 4 for details.

a mild hierarchy in the VEVs,7 v1/v2 ∼ 10−3–10−1. For comparable Yukawa couplings to ϕa,
this leads to a mass relation of the form MN1 ∼ MN2,3(v1/v2)2.8 For simplicity, we focus on
the mass spectrum where MN2,3 , MZ′ , and Mρ2 are all of the order v2 while Mρ1 ∼ v1 and
are collectively referred to as the heavy states. By contrast, the lightest RHN acquires a
suppressed mass, MN1 ∼ v2

1/v2. This mass hierarchy allows N1 to depart from equilibrium
with the thermal bath before decaying.

Successful leptogenesis requires a reheating temperature TRH ≳ MN1 to produce N1
efficiently. Thermal production of N1 can proceed through the ℓHN Yukawa interactions as
well as four-fermion interactions mediated by Z ′ exchange [44]. Figure 3 shows the thermal
rate Γ/H for NN → SM SM processes via Z ′, obtained by adapting equations from [45]. As
expected, these processes typically lead to a nearly thermal initial abundance for N1 even
for moderate TRH < v2. To satisfy one of the Sakharov conditions, this interaction must
decouple before MN1/T ≲ 1, ensuring that N1 departs from the thermal equilibrium before
decaying [46]. As illustrated in figure 3, the bound is easily satisfied for a mass hierarchy
MN1/MZ′ ≲ 10−2. When the reheating temperature TRH > v2, the heavy states (N2,3, Z ′,
and ρ1,2) are temporarily populated in the thermal bath. However, strong washout effects
prevent the heavier RHNs N2,3 from contributing significantly to the matter asymmetry.

In summary, our scenario naturally yields a thermal initial abundance of the lightest right-
handed neutrino N1, which departs from equilibrium around T ∼ MN1 . Subsequently, the
lepton asymmetry is generated through CP-violating decays of N1 occurring out of equilibrium
at late times. Lastly, sphaleron transitions, essential for transferring the asymmetry from

7The VEV hierarchy can be lifted in the seesaw formula (3.5), e.g., by letting a single coupling, namely
yN

1 , in eq. (A.2) be a factor of v1/v2 smaller than the remaining entries in YN (which are expected to be of a
similar size). This naturally leads to large PMNS mixing angles.

8The option of inverting the hierarchy v1 ≫ v2 is viable, however the lighter neutrino mass is proportional
to MN1 ∼ v2 + O(v2

2/v1).
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Figure 4. Numerical scan of the UV parameters for different scenarios, where all points reproduce
the low-energy neutrino data within 3σ. We show the relevant quantities for leptogenesis: the mass of
the lightest RHN versus m̃1 (left) and the baryon-to-photon ratio (right). The black line in the left
panel encloses the parameter region identified in ref. [43], where successful leptogenesis is possible. On
the right, the observed value of the baryon-to-photon ratio is also shown. See section 4 for details.

the lepton sector to quarks, are ∆B = 3 processes, consistent with the exact selection
rule in eq. (1.1).

After this general discussion, we now demonstrate that our model can achieve successful
leptogenesis. Figure 4 shows a numerical scan of the UV parameters for the three scenarios,
consistent with low-energy neutrino data from ref. [36], where all points are required to be
within 3σ of all the global fit parameters, except for δCP, which is left unconstrained. This
scan uses the basis defined in appendix A with the UV parameters of eq. (A.2). In addition,
we impose MN2 ≥ 10 × MN1 and ∑i mi ≤ 0.113(0.145) eV for the NO (IO) ordering [47].

In the left panel of figure 4, we also display in black the result from ref. [43], indicating
the region in the m̃1-M1 plane compatible with successful thermal leptogenesis. Here
m̃1 ≡ (Y †

N YN )11v2
EW/MN1 denotes the contribution to the neutrino masses mediated by

N1 [43]. All three models lie in the strong washout regime (see figure 8 of [43]), resulting from
the lower bound on the neutrino mass implied by the triangle equations (see appendix B.2).
In the right panel of figure 4, we show the predicted baryon-to-photon ratio for the scanned
points, using the results of ref. [43]. In this scan, for each of the models, O(100) points can
be found within 3σ of the measured baryon-to-photon ratio, nb/nγ = (6.04 ± 0.058) × 10−10,
demonstrating that our models successfully accounts for the observed matter-antimatter
asymmetry while remaining consistent with low-energy neutrino data. Note that this scan
is not exhaustive and more points may exist.
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5 Majoron dark matter

When the RHN masses are generated via spontaneous symmetry breaking (SSB) of a scalar
field, there are two distinct possibilities: if the broken symmetry is local, the angular mode of
the complex field is eaten by the gauge boson, leaving no light field at low energies. If instead
the symmetry is global, the massless angular mode becomes a physical Nambu-Goldstone
boson. The latter case corresponds to the original formulation of the majoron [24–26].9

In the model presented here, both mechanisms are realized. The U(1)Xp charges of the
two scalar fields are coprimes, resulting in a renormalizable potential with an accidental
global Abelian symmetry, which can be identified with U(1)B−L (cf. table 1). In this
scenario, a linear combination of the two angular fields is eaten by the gauge boson, while
the orthogonal component remains as a physical Nambu-Goldstone boson. However, we
expect the accidental symmetry to be broken by gravitational effects. This breaking can
generically be parametrized as10

Vgrav. = (4π)2 η

M
|s|+|t|−4
Pl

ϕ
[s]
1 ϕ

[t]
2 + H.c. , where ϕ

[s]
i =

ϕ
|s|
i for s ≥ 0,

(ϕ∗
i )|s| for s < 0,

(5.1)

with MPl = 2.435 × 1018 GeV and η expected to be an O(1) coupling constant. Without any
protection mechanism, the leading breaking would typically appear at dimension 5 (or even
at the renormalizable level), as in some early studies of the majoron [51, 52]. In our case, the
gauge symmetry forbids gravitationally induced operators up to a certain order. This type
of protection against gravitational corrections is well-known in axion models [53], and has
previously been employed for majorons in the context of gauge B − L symmetries [28].

5.1 Majoron properties

In models with two scalars, one linear combination of angular modes is eaten by the gauge
boson, while the orthogonal one remains massless. Following SSB, the mixing term ∂µaZ ′

µ

must vanish for the mass eigenstate. For details, we refer to appendix C, summarizing
here only the key results. In particular, the scale associated with the Nambu-Goldstone
boson a in eq. (C.6) is given by

fa = v1v2
vX

X1X2 ≡ 1
2vXs2φ , (5.2)

where the rotation angle φ determines the orthogonal matrix diagonalizing the angular
modes (C.2)–(C.4), and vX ≡

√
X 2

1 v2
1 + v2

2X 2
2 , with X1,2 denoting the charges of ϕ1 and

ϕ2 under the U(1)Xp symmetry.11

In the v2 ≫ v1 limit explored in this work, the two bosons are approximately diagonal:
a1 ≃ a corresponds to the physical majoron, while a2 ≃ φX is the Nambu-Goldstone boson
absorbed by the Z ′. Moreover, the majoron scale simplifies to fa ≃ X1v1, with the dependence
on the charges X1,2 dropping out of its couplings with neutrinos.

9See also ref. [27] for the original majoron in the Type-II seesaw mechanism.
10We estimate the couplings using naive dimensional analysis for strongly coupled theories, see [48] and

appendix A of [49], as well as references therein. As a word of caution, quantum gravity may provide
mechanisms that enhance the quality of global symmetries beyond naive expectations. See, for example, [50].

11This expression is analogous to that of the original Weinberg-Wilczek model [54, 55], where two SU(2)L

doublets are replaced by two singlets.
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b

-5 -4 -3 -2 -1 0 1 2 3 4 5
-5 15 17 19 23
-4 7 6 13 7 15 8 17 9 19 10
-3 11 9 11 13 15
-2 7 11 4 3 7 4 9 13 8
-1 11 5 7 13

a 0 7 11 4 5 7 5 13 8
1 11 7 5 7 13
2 13 6 11 5 9 4 5 13 8
3 17 13 11 13
4 11 21 10 19 9 17 8 15 7 8
5 25 23 21 19 17

Table 2. Values for |s| + |t|, which determine the dimension of the Vgrav. term in eq. (5.1), for various
U(1)Xp charge assignments specified by eq. (2.4); see also eq. (5.4) and section 5.1. The blue (green)
entries indicate that local (global) strings have NW = 1 and can dissipate domain walls, preventing
overclosure of the universe, as discussed in section 6. The gray entries without numbers do not ensure
exact proton stability, while the black entries are special cases discussed below eq. (3.1). Finally, the
brown entries with |s| + |t| ≤ 4 generate renormalizable breaking terms such that the majoron would
not be a pNGB.

Majoron mass. The gravitational term (5.1) gives the majoron a mass through the explicit
breaking of U(1)B−L while respecting the U(1)Xp gauge symmetry. The leading breaking
term minimizes |s| + |t| > 0. The constraint from U(1)Xp-invariance is

0 = 1
3 [ϕ[s]

1 ϕ
[t]
2 ]Xp = 2(3a + 1)(s + t) + (3b + 1)(s − 2t) , (5.3)

noting that 3a+1 and 3b+1 are coprime. The smallest non-zero solution to this homogeneous
linear Diophantine equation is12

(s, t) = kb(2b − 2a, b + 1 + 2a) = kb

9 (−X2, X1), with kb =

1 b ∈ 2Z
1
2 b ∈ 2Z + 1

. (5.4)

This gives the exponents for the leading Vgrav. term. Any other U(1)B−L-breaking term
will have an integer multiple of these field exponents (times U(1)B−L-preserving factors).
For values of a, b ∈ [−5, 5] the dimension of non-renormalizable operators ranges from
|s| + |t| ∈ [5, 25] with the full set of possible combinations shown in table 2.

The mass of the majoron can now be computed by writing the complex fields in the
polar form ϕi ∼ 1√

2vie
iai/vi and diagonalizing the components. This leads to a potential

for the majoron of the form

Vgrav = |η|(4πM2
Pl)2

(
v1√
2MPl

)|s| ( v2√
2MPl

)|t|
cos
(

αη − 9 st

kb

a

fa

)
, (5.5)

12The solution with opposite sign produces a term related by complex conjugation.
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where the would-be nambu-Goldstone boson φX drops out, and αη = arg η is a generic
complex phase which can be set to π by using the remaining shift symmetry of the majoron.
The mass term of the majoron is obtained by expanding the potential to second order
around the minimum:

m2
a = 8π2|η|M2

Pl
v

|s|−2
1 v

|t|
2

(
√

2MPl)|s|+|t|−2

(
s2 + v2

1
v2

2
t2
)

. (5.6)

Thus, for each model with (a, b) fixed, the mass can be obtained as a function of the VEVs
and eq. (5.4). As discussed later, a phenomenologically viable majoron must be sufficiently
light, which necessitates a large enough |s| + |t|.

Majoron couplings. In the traditional majoron model [24–26], the majoron couples to
right-handed neutrinos with interactions aligned to their mass matrix, yielding couplings
proportional to MN , that is, diagonal in the mass basis. However, in models where the
majoron arises from multiple fields or the scalar fields carry non-universal charges [56, 57],
this alignment is generally no longer true. In appendix C we derive the most minimal
expressions for the tree-level couplings to the light and heavy neutrinos. As a simplified,
order-of-magnitude approximation of the full expressions in eqs. (C.10) and (C.14), the
flavor-conserving majoron couplings scale as O(mν/v1) for light neutrinos, and as O(MN1/v1)
for heavy ones.

Finally, the majoron also couples to SM particles via one- and two-loop radiative
corrections [58]. These couplings can be matched onto the generic ALP Lagrangian, where
we focus only on the phenomenologically relevant interactions, with the electron and the
photon, defined as:

L = a
(
igaeēγ5e + gaγγFF̃

)
, (5.7)

with

gae ≃ me

16π2v1
(Tr K − 2Kee) , (5.8)

gaγγ ≃ − αem
8π3v1

Tr K
∑

f

Nf
c Q2

f T f
3 h

(
m2

a

4m2
f

)
+

∑
ℓ=e,µ,τ

Kℓℓ h

(
m2

a

4m2
ℓ

) , (5.9)

where Qf is the electric charge of fermion f . The matrix K is defined as the product of
the Dirac Yukawas

K ≡ YN Y †
N , (5.10)

while the loop function h(x) is defined as

h(x) ≡ − 1
4x

[
log

(
1 − 2x + 2

√
x(x − 1)

)]2
− 1 ≃


x

3 for x → 0

−1 for x → ∞
. (5.11)

Although the combination v2Y †
N YN /v1 ∼ mν is related to the light neutrino masses, the

mismatch v1 ̸= MN precludes a straightforward analytical matching. Consequently, these
couplings will be computed numerically in the subsequent analysis. A note at the end of
section 7 of the paper has been added specifying this issue.
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5.2 Thermal production

The majoron interacts very weakly with the SM fields, with all its couplings suppressed
by neutrino masses and loop effects. However, if the reheating temperature is sufficiently
high to bring the RHNs into thermal equilibrium with the SM bath, the majoron can also
be thermalized. This thermalization can occur via interactions with the heavy RHNs or
through couplings to the radial modes of the complex scalar fields, provided the temperature
is high enough.

In such a scenario, the majoron decouples relativistically once the temperature drops below
the mass of the heavy mediators. The resulting relic abundance is given by its mass [51, 59]:

Ωfoh2 = ζ(3)gs(T0)maT 3
0

π2gs(Tdec)ρc
h2 = 0.12 ma

166.62 eV
106.75

gs(Tdec)
, (5.12)

where gs(T ) is the effective number of entropy degrees of freedom at temperature T , while
ρc and T0 are the critical energy density and temperature today, respectively.

Since particles with such low masses remain relativistic during structure formation,
they would erase small-scale structures. This effect imposes a lower bound on the majoron
mass of ma ≳ 5 keV, as inferred from analyses of the Lyman-α forest and other small-scale
structure observations [60–63].13 A consistent scenario requires the thermal contribution to
the dark matter relic abundance, Ωfoh2, to be subdominant, at most a few percent of the
total abundance, thereby placing an upper bound on ma (cf. figure 6). For ma ≲ 1 eV, the
thermal relic behaves like dark radiation and contributes to Neff . In conclusion, if majorons
thermalize in the early universe, the observed dark matter density must be explained by
a non-thermal production mechanism.

The minimal leptogenesis scenario assumes a mass hierarchy among the RHNs with
MN2,3 ≫ MN1 . A consistent thermal history may involve a reheating temperature sufficient
to populate only the lightest right-handed neutrino, N1, while neither restoring the symmetry
nor bringing the heavier states into equilibrium. Under these conditions, the majoron may
never reach thermal equilibrium with the SM plasma, and heavier majoron masses become
viable without violating structure formation constraints. This is illustrated in the left panel
of figure 5, where it is shown that for VEVs above ∼ 1011 GeV, the process N1N1 → aa

does not suffice to thermalize the majoron [65].
As discussed earlier, the lightest RHN tends to thermalize with the SM plasma, either

due to interactions with a Z ′ gauge boson (figure 3) or due to the strong washout regime
(figure 4). Even if its interactions are too weak to thermalize the majoron, they can still lead
to its production via the freeze-in mechanism [64, 66]. The corresponding yield Y ≡ na/s

(the ratio of majoron number density to entropy density) can be computed by solving the
Boltzmann equations and is shown in the right panel of figure 5, for an effective Yukawa
coupling of MN1/v1 ≃ v1/v2 = 0.1. The present-day dark matter abundance is given by:

ΩDM ≃ 2π2g∗(T0)T 3
0 ma

45ρc
Y (Tdec) . (5.13)

13This bound can vary depending on the specific production mechanism [56, 64].
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Figure 5. Γ/H of the t-channel N1 N1 → a a (left) and the freeze-in yield as a function of z = MN1/T

(right), where we assume that only the lightest RHN is in thermal equilibrium. In both figures, we
assume v1/v2 = 0.1.

This provides a consistent thermal production mechanism within the parameter space where
the majoron mass lies above the structure formation bound (ma ≳ 5 keV) and extends up to
ma ≲ 1 MeV, beyond which additional constraints kick in (cf. figures 7 and 8).

As a final remark, Majorons can also be produced via the decays of the heavier right-
handed neutrinos, N2,3 → N1a [56, 64]. In this model, the coupling responsible for off-diagonal
transitions is relatively large; however, for light majorons with ma ≲ 1 eV, the resulting
contribution is subleading. For heavier majorons, as discussed earlier, the N2,3 states must
not be in thermal equilibrium with the SM bath, and thus this production channel is inactive.

5.3 Non-thermal production

As discussed in the previous section, for sub-keV majorons, thermal production can not
account for the observed dark matter abundance, necessitating alternative non-thermal
production mechanisms. For light pNGBs, the misalignment mechanism, originally proposed
in the context of the QCD axion [67–69], offers a compelling way to generate a cold population
of majorons. This mechanism has since been generalized to arbitrary axion-like particles
(ALPs) [70, 71] and applied in the context of majorons as well [28, 59, 72–74].

The misalignment mechanism involves solving the equation of motion for a massive
angular field, θ ≡ a/fa, in an expanding universe:

θ̈ + 3Hθ̇ + m2
a(t)θ ≃ 0 , (5.14)

where the potential has been expanded to leading order. At early times, when the Hubble
parameter H dominates over the mass term, the field is overdamped and remains frozen
at an initial value θi. As the universe cools, the mass becomes comparable to the Hubble
rate, ma ≃ H(Tosc), and the field begins to oscillate coherently around the minimum of
its potential. These oscillations redshift as non-relativistic matter and contribute to the
present-day dark matter abundance.

Assuming the majoron mass does not receive significant thermal corrections, i.e., ma(t) =
ma, and that oscillations commence during radiation domination, the relic abundance from
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misalignment is approximately:

ΩDMh2 ≃ 0.12
(

θifa

1.9 × 1013 GeV

)2 ( ma

1µeV

)1/2 ( 90
g∗(Tosc)

)1/4
. (5.15)

The initial misalignment angle θi depends on the cosmological history. If the global symmetry
is broken before inflation and never restored afterward, inflation selects a homogeneous
patch of the universe, allowing θi to take any value in the interval [−π, π]. In this pre-
inflationary breaking scenario, the presence of isocurvature perturbations in the cosmic
microwave background [75–77] imposes stringent constraints on the inflationary scale, which
must be sufficiently low to evade current bounds.

Conversely, if the symmetry is broken after inflation, the universe is populated with
uncorrelated patches of different θ, leading to an “average” value θi =

√
⟨θ2⟩ ≃ π/

√
3. See

refs. [78, 79] for a detailed discussion in the context of axions. In this post-inflationary
scenario, topological defects, particularly cosmic strings and domain walls, form. Dark matter
production from topological defects serves as an efficient mechanism, yielding a contribution
comparable to that from coherent oscillations [59]. In addition, domain walls can come
to dominate the universe’s energy density [28, 53] and must decay to ensure a consistent
cosmological history, thereby imposing additional constraints. In the next section, we explore
the formation of topological defects in this class of models.

6 Topological defects

Topological defects may form during the stages of symmetry-breaking involving the ϕa

fields. The breaking of U(1)Xp will give rise to cosmic strings, in which the phases of the
scalars form a non-trivial vortex string through the universe (see, e.g, [80]). After that,
the slight bias introduced to the majoron vacuum by Vgrav. produces multiple degenerate
discrete vacua between which domain walls may form. The domain walls may come to
catastrophically dominate the energy density of the universe, which is known from axion
physics as the domain wall problem [79, 81]. If the topological defects form after inflation,
they may persist in the universe and dramatically change the cosmological history unless
the network dissipates efficiently. Our concrete scenario involving two scalar fields closely
resembles the models [28, 53].

6.1 Cosmic strings

The formation of cosmic strings depends on the exact symmetry-breaking history. The case
v2 ≫ v1 seems particularly promising for leptogenesis scenarios. Here we assume that the
hierarchy is large enough (and the dynamics right) that we can consider the phase transition
from the development of the ϕ2 VEV as isolated from the subsequent phase transition from
the development of the ϕ1 VEV. In this event, the symmetry breaking proceeds as

U(1)Xp −−→
⟨ϕ2⟩

Γ′ −−→
⟨ϕ1⟩

Γ (6.1)

where the intermediate stability group Γ′ ≃ ZX2 is determined by the charge of ϕ2. With
the ϕ2 phase transition, we expect the formation of local strings involving the Z ′

µ and
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ϕ2 fields. Following the arguments of appendix D, the long distance scalar field behaves
as ϕ̄2 = ρ2[g(θ)]v2, ρa(g) being the representation of a U(1)Xp element acting on ϕa, in
cylindrical coordinates (r, θ) with boundary condition

g(2π) ∈ Γ′ =⇒ g(2π) = e2πi w2/X2 . (6.2)

More precisely, we let w2 be the ϕ2 winding number of the string if and only if we can
smoothly deform g(θ) → ei θw2/X2 for w2 ̸= 0.

So far, ϕ1 has been a spectator, but as the temperature continues to drop, we expect
a second phase transition with the formation of the ⟨ϕ1⟩ VEV. This has the effect of both
modifying the solution to the local strings already present after ϕ2 breaking and giving rise
to new global ϕ1 strings. Let us begin by introducing ϕ1 defects to the local strings. The
long distance solution ϕ̄1(θ) of ϕ1 should coincide with its vacuum value, i.e., |ϕ̄1| = v1. The
gauge field wrapped around the string now ends up dragging the phase of ϕ̄1 in such a way
that it may be impossible to eliminate its kinetic energy. We discriminate the solutions
by their topology, i.e., by the winding number w1 of the ϕ1 field around the local string:
ϕ̄1(θ) ∼ 1√

2v1eiθw1 . The kinetic energy of the long-range field is

Ekin ∼
∫

d2x |Diϕ̄1|2 =
∫

d2x |∂iϕ̄
′
1|2, ϕ̄′

1(θ) = ρ1[g−1(θ)]ϕ̄1(θ). (6.3)

The phase of the ϕ̄′
1 field is equivalent to (can be continuously transformed into)

ϕ̄′
1(θ) ∼ 1√

2v1eiθ(w1−w2X1/X2), (6.4)

and it is readily apparent that the minimal-energy configuration is the configuration such that

|w1X2 − w2X1| = min
w∈Z

|wX2 − w2X1|. (6.5)

The minimal configuration will try to match the phase shift from the gauge field configu-
ration as closely as possible; however, the resulting kinetic energy is non-zero — in fact,
logarithmically divergent — when g(2π) ∈ Γ′ \ Γ. With formula (5.4) for the scalar charges,
the minimization condition can alternatively be cast as

|sw1 + tw2| = min
w∈Z

|sw + tw2| (6.6)

in terms of the powers of the fields in the U(1)B−L-breaking potential term (5.1).
In addition to the modification of the local strings, global ϕ1 strings may also form.

Assuming that the Z ′
µ field is too heavy (from the v2 VEV) to be part of the string solution,

the ϕ1 field may produce string solutions only involving itself (w2 = 0). The configuration
will have

ϕ̄1(θ) = 1√
2v1eiθw1 , w1 ∈ Z, (6.7)

with a minimal string energy for winding number w1 = ±1.
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6.2 Domain walls

Eventually, as the temperature continues to decrease after the formation of the strings, the
explicit breaking of U(1)B−L from the term (5.1) becomes relevant: it breaks the phase
degeneracy of the vacuum solutions. The long-distance fields from the string solutions receive
an additional potential contribution to their energy density proportional to

Vgrav.(ϕ̄1, ϕ̄2) → Vgrav.(v1, v2) cos(sw1 θ + tw2 θ) . (6.8)

The potential term Vgrav. gives rise to the formation of NW =
∣∣sw1 + tw2

∣∣ degenerate minima
around strings with the corresponding winding numbers separated by the same number of
walls (the topology of the interpolating field ensures that there is a wall even when there is a
single, unique minimum: NW = 1). For the minimal strings we have [28, 53]

• global strings: NW = |s|,

• local strings: NW = minw∈Z |sw + t|.

Cosmic string-wall networks with NW > 1 will generally not decay and would dramatically
impact the cosmological history. By contrast, strings with NW = 1 can effectively cut up
string-wall networks as they collide with other walls and strings. They experience a force
towards the one wall attached to them, causing them to travel in that direction while
unzipping the wall [28, 53, 82].

It has been recently argued [83] that this solution to the domain wall problem may
not be realistic in cosmological settings. This is due to the inherently non-local nature of
string formation: strings generated in causally disconnected regions cannot communicate
to minimize their kinetic energy. Furthermore, the proposed solution relies primarily on
kinetic considerations, whereas a complete treatment must also account for the full dynamics
of the string network. A definitive assessment would ideally require detailed numerical
simulations of such models, though this remains technically challenging. Other possible ways
of destabilizing the domain wall network involving non-perturbative effects can be found
in ref. [84] and references therein.

6.3 Cosmological history

Depending on the details of inflation, there are various avenues to obtain a viable cosmological
history. This is primarily dictated by TRH and the inflation temperature TI = 1

2π HI, which is
related to the Hubble rate during inflation. If these are both lower than a symmetry-breaking
scale, the symmetry is never restored after or during inflation and must have been broken
pre-inflation [85, 86]. This leaves the following viable options:

1. max(TRH, TI) ≳ v2: both scalar field VEVs are formed after inflation, and θi may take
different values in patches of the universe that are initially out of causal contact. This
produces a network with both global and local strings, which can dissipate if either of
the strings has NW = 1. As shown in table 2, it is common for models to allow for
NW = 1 strings.
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2. v2 ≳ max(TRH, TI) ≳ v1: the ϕ2 VEV forms pre-inflation and the local strings are
inflated away. By contrast, the global strings, formed alongside the ϕ1 VEV, populate
the universe along with the domain walls. As shown in table 2, only a minority of the
model charges allow for global strings with NW = 1 to dissipate the network.

3. v1 ≳ max(TRH, TI) ≳ MN1 : all strings are inflated away and will be absent in our universe.
Inflation selects a single patch of the pre-inflation universe, leading to a homogeneous
value for θi inside the Horizon. As a consequence, the axion field will roll into the same
minimum everywhere per the misalignment mechanism, and no domain walls will form.
This scenario does not impose any constraints on the charges of the model; however,
quantum fluctuations of the fields during inflation generate isocurvature perturbation,
which are strongly bounded by CMB, see for instance [75, 87]. These constraints
translate into a bound on the scale of inflation HI ≲ 107 GeV(fa/1012 GeV) [79].

If the reheating temperature is any lower than MN1 , one would not obtain a sizable population
of RHNs as required in thermal leptogenesis.

An alternative solution to the domain wall problem, sometimes pursued in axion mod-
els [88], is to have a higher-order potential term introduce a bias to the degenerate vacua
around the strings, creating a pressure on the walls to collapse them. Without adding new
fields, the U(1)Xp symmetry generically limits higher-order U(1)B−L breaking terms in the
potential to be powers of the lowest order term Vgrav. (or its conjugate). None of these
terms can break the degeneracy, and the minimal model must thus rely on strings with
NW = 1 to remove the topological defects.

Topological defects discussed in this section can generate a stochastic gravitational wave
background, potentially detectable by present and future interferometers [89, 90]. A detailed
analysis of this signal is left for future work.

7 Summary: constraints and projections

After considering all relevant aspects of the cosmic phenomenology, two distinct scenarios
for the majoron emerge: a light and a heavy regime.

Light majoron regime. The light majoron scenario is recapped in figure 6, where three
representative models are shown in orange, brown, and yellow. The shaded bands indicate the
range of v2 values consistent with thermal leptogenesis. This corresponds to the requirement
that Z ′ interactions decouple before the temperature drops to T = MN1 , and that MN1

satisfies the lower bound Mmin
N1

≳ 4.9 × 108 GeV — the minimum mass required for successful
leptogenesis when the lightest RHN is in thermal equilibrium [43]. Imposing both conditions
leads to a lower bound on the symmetry-breaking scale, v1 ≳ 1010 GeV, shown in green.
In the majoron mass-region ma ≲ 5 keV, only the misalignment mechanism discussed in
section 5.3 can set the correct DM relic abundance of majorons. This is plotted in purple
in figure 6, where θi = π/

√
3. In the pre-inflationary scenario (scenario iii in section 6.3)

where symmetry was never restored after inflation, there is no prediction for θi, which takes
a single value throughout the universe. In that event, θi could be as large as π (or much
lower), giving a wide region that can accommodate majoron DM.
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Figure 6. Parameter space allowed by perturbativity (red) and leptogenesis constraints (green).
The dark-colored regions indicate where the relic abundance from relativistic freeze-out would exceed
observational limits. Black hole superradiance constraints are shown in blue. Three representative
models are highlighted in different parameter space regions, with their corresponding viable ranges.
The region where misalignment saturates the DM relic abundance for different θi values is plotted in
solid purple.

The gray region represents the parameter space where a significant thermal population
of majorons would arise, and hence a bound of the parameter space if TRH > v2. However, in
scenarios where the symmetry is never restored after inflation, the majoron does not thermalize,
and these thermal relic bounds become irrelevant, allowing for masses beyond these bounds.
Nevertheless, such a regime lies in a part of parameter space with poor detectability and
would not give rise to observable topological defects, as they would be inflated away.14

As an upper limit on the VEV, the red region corresponds to the breakdown of perturba-
tivity in the Dirac Yukawa couplings. Meanwhile, the blue area denotes constraints from black
hole superradiance [91–93], which place significant bounds on ultralight bosonic fields. In
particular, this mechanism excludes most of the parameter space around ma ∼ 10−12 eV [94].

Another test of this scenario comes from the measurement of relativistic degrees of
freedom Neff, which is modified from the SM value [95] if majorons thermalise in the early
universe and ma ≲ 1 eV. Future measurements of CMB [96] will be able to see hints of this
type of contribution at the 1σ level [79].

Heavy majoron regime. As discussed in section 5.2, a heavier majoron can exist in the
universe only if it was out of thermal equilibrium with the SM bath. In this scenario, a
population of majorons can be produced by a combination of freeze-in and misalignment,

14One may argue that requiring a reheating temperature high enough to enable thermal leptogenesis but
low enough to avoid majoron thermalization, i.e. v1 ≳ TRH ≳ MN1 , involves a degree of fine-tuning.
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Figure 7. Parameter space of a majoron produced by freeze-in via the t-channel N N → a a

and misalignment. The 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. In yellow, we denote the region where a major thermal component
of DM would be excluded by structure formation, and in green, the bound imposed by leptogenesis on
v1. Finally, several exclusion regions given by neutrino detectors are colored in blue.

as shown in figure 7. The different colored lines indicate different sizes of the effective
Yukawa MN1/v1 ≃ v1/v2, while the different line styles indicate the value of the initial
misalignment. One can see that it is easy to populate the full parameter space in ma − v1
by combining these two free parameters. While smaller values, such as θi < 10−3 (shown in
red in figure 7), are possible, they may be considered fine-tuned in the absence of a deeper
mechanism explaining their smallness [97, 98].

Once again, in figure 7, the lower value of v1 is set by the requirements that Z ′ interactions
decouple before T = MN1 . The band in brown corresponds to a particular model, whose width
is also determined by varying v2. Finally, the parameter space of this scenario is bounded for
large ma by neutrino telescopes [99, 100]. In particular, the current bounds (from left to right)
are set by Borexino [101], Kamland [102], and Super-Kamiokande [103–107] experiments.
In the future, these bounds will be improved by JUNO [108] and Hyper-Kamiokande [109],
shown in dashed gray and green lines, respectively. The yellow band to the left shows the
lower bound 5.3 keV imposed by structure formation [63]. However, the bound applies only if
the fraction of DM produced via freeze-in is larger than a few percent; that is, if the dominant
mechanism comes from misalignment, the bound is lifted.

The ma ∼ O(MeV) region is also widely explored for DM models with electron and
photon couplings. In our case, these are generated at one- and two-loop level [58] and typically
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Figure 8. Bounds on majoron models to electron (left) and photon (right) couplings. The photon
coupling is strongly bounded by satellite searches of X− and γ−ray telescopes. At the same time,
for electrons, the dominant bound arises from the CMB when the majoron can decay into a pair of
electrons. The model predictions come from the parameter scan, which is compatible with leptogenesis,
see figure 4, with charges (m, n) = (−11, 3). We aknowledge the use of ref. [120] for these figures.

depend on ∼ YN Y †
N /fa. This quantity is related to the neutrino masses in a non-trivial way.

Here, we use the points from the scan performed in figure 4, which are compatible with
leptogenesis. The points for the different types of textures are plotted in figure 8, using
the same color reference as in figure 4: we find no major differences between the different
textures. For masses below the eV, the photon coupling is heavily suppressed, and laboratory
searches using haloscopes do not impose any bound. Similarly, astrophysical bounds, such as
those coming from red giants on the gae coupling, are several orders of magnitude away from
the seesaw prediction. Finally, charged lepton flavor violating decay µ → ea is not sensitive
due to the loop suppression and the type-I seesaw relation [58].

For majorons with ma ≥ 2me, the CMB bounds decay into two electrons [110], as can
be seen in the excluded green region in figure 8 (left). Below this threshold, one searches
either in photons [111] or direct detection experiments like the XENON [112, 113]. However,
these bounds are many orders of magnitude away from testing the model. Instead, for masses
below the MeV, X−ray telescopes set very stringent bounds on decaying DM. As shown
on the right in figure 8, INTEGRAL [114] and NuStar [115–117] set the strongest limit on
the models in the region of interest for our model. In the future, THESEUS [118] (green
dashed line) and GammaTPC γ−ray telescopes [119] (purple dashed line) would improve
these bounds. All in all, although small differences exist for different models, we can impose
a rough bound on the majoron mass at ma ≲ 0.1 MeV.

8 Conclusions

In this work, we have explored the phenomenology of a class of models [1] in which the
proton is predicted to be exactly stable, independent of the details of the UV completion.
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This includes protection against quantum gravity effects, which are generally expected to
violate all global symmetries. The central feature of the model is a novel mechanism that
links baryon number to lepton flavor numbers, effectively embedding proton stability into
the structure of a gauged non-universal symmetry.

As detailed in section 2, the model is built on a gauged U(1)3m(B−L)−n(3Lp−L) symmetry
that is spontaneously broken to a discrete subgroup containing a Z9, under which only
quarks carry a unit charge while all other SM fields remain neutral. The gauge-invariant
operators that carry non-zero baryon number must involve a multiple of nine quark fields.
This leads to an exact selection rule: baryon number can be violated only in multiples of
three. As a result, proton decay is strictly forbidden, whereas processes with ∆B = 3, such
as sphaleron transitions, remain allowed. The minimal anomaly-free matter content requires
three right-handed neutrinos, and the structure needed to reproduce the observed neutrino
oscillations calls for two scalar fields, ϕ1 and ϕ2.

Despite its minimal field content, the model gives rise to a rich and compelling phe-
nomenology, the exploration of which has been the central aim of this work. In its original
form, the model naturally addresses several key observations beyond the SM: neutrino
masses and mixings via a high-scale seesaw mechanism (section 3), the baryon asymmetry
of the universe through minimal thermal leptogenesis (section 4), and a viable dark matter
candidate in the form of the majoron (section 5). Notably, all three phenomena rely on
the high-scale symmetry breaking, pointing to a coherent and unified picture. Despite its
high-scale dynamics, the model produces a range of relevant predictions that can be tested
by current and future experiments.

Lepton flavor non-universality, central to this proton stability mechanism, gives rise to
a specific neutrino mass texture, as detailed in section 3. The light-neutrino mass matrix
exhibits a substructure in which a minor of the matrix vanishes at the tree level. As a result,
the neutrino parameters describe a triangle (B.11) in the complex plane. Only three out of
six scenarios are compatible with current data: normal ordering with µ- or τ -specific charges,
and inverted ordering with e-specific charges. The triangle equation constrains the allowed
ranges of the lightest neutrino mass and the Dirac CP-violating phase, while determining the
Majorana phases in terms of these two parameters up to a two-fold ambiguity (see figure 1). As
illustrated in figure 2, a future measurement of the Dirac phase would yield a sharp prediction
for the neutrinoless double beta decay rate as a function of the lightest neutrino mass.

The high-scale symmetry breaking in the model naturally supports minimal thermal
leptogenesis (section 4), consistent with the Davidson-Ibarra bound. The matter-antimatter
asymmetry is generated via CP-violating out-of-equilibrium decays of the lightest right-handed
neutrino, with the resulting lepton asymmetry converted into a baryon asymmetry through
sphaleron processes, permitted by the selection rule in eq. (1.1). Unlike the lepton universal
case, where a hierarchical spectrum of right-handed neutrinos is typically unexplained, our
model can dynamically realize this condition. The structure of the right-handed neutrino
mass matrix, together with a mild hierarchy in the scalar VEVs (v2 ≫ v1), naturally leads to
a substantial mass separation, MN1 ≪ MN2,3 , Z ′, ρ1,2, under the assumption of comparable
dimensionless couplings. The hierarchy ensures that N1 decouples from the thermal bath
in time for out-of-equilibrium decays, thereby suppressing washout effects and enabling
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successful leptogenesis as required by the Sakharov conditions. We have identified viable
regions in parameter space where this mechanism accounts for the observed matter-antimatter
asymmetry (see figure 4).

Finally, the model naturally accounts for the presence of cold dark matter in the
form of a light pNGB — the majoron (section 5). To reproduce the observed neutrino
masses and mixings, two scalar fields are required to break the symmetry; one of the
resulting phases is absorbed as the longitudinal mode of the massive gauge boson, while the
other manifests as the majoron. Realistic dark matter phenomenology imposes additional
constraints, requiring a high enough symmetry-breaking scale and a light majoron to achieve
the correct relic abundance, ensure a cosmologically long lifetime, and remain consistent with
current observational limits, see figures 6 and 7. Notably, the charge assignments required by
the proton stability mechanism suppress gravitational symmetry-breaking effects by pushing
them to operators of sufficiently high dimension, which is crucial for keeping the majoron
light. We have systematically examined all relevant production mechanisms consistent with
cosmological observations and identified potential experimental signatures. In particular,
X- and γ-ray telescopes constrain the majoron mass to ma ≲ 100 keV, see figure 8. This is
especially compelling, as a significant relic abundance can be produced via freeze-in, with
structure formation setting a lower bound of ma ≳ 5 keV. These results strongly motivate
continued searches for decaying dark matter in this mass window.

The distinct symmetry-breaking pattern gives rise to topological defects, local and global
strings if the breaking occurs after inflation, followed by domain walls at later stages, as
discussed in section 6. In such a scenario, the requirement to avoid stable domain walls that
would overclose the universe imposes additional constraints on the allowed U(1)Xp charge
assignments, as summarized in table 2. However, the argument behind this solution to
the DW problem is currently under debate and should be carefully reanalyzed [83], as this
mechanism is also invoked in other classes of models, such as axions. In the case in which
the string-wall network dissipates, it may generate observable signatures in the stochastic
gravitational wave background. A detailed calculation of the spectrum is beyond the scope
of this work and is left for future study.

In conclusion, the proton’s apparent stability may offer a profound insight into the
underlying structure of microscopic physics. Remarkably, a simple model that guarantees
exact proton stability also accounts for key empirical signatures of physics beyond the SM
observed to date, including neutrino masses and the cosmic origins of dark and visible matter.
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A Flavor symmetries and parameter counting

The global flavor symmetry of the leptonic kinetic terms is

U(2)ℓq × U(2)eq × U(2)Nq × U(1)ℓp × U(1)ep × U(1)Np . (A.1)

This gives us the freedom to perform field redefinitions and define a suitable gauge basis
by eliminating redundant parameters. The chosen basis then defines the UV parameters
used in our numerical scan.

By the singular value decomposition theorem, the three U(2) factors (plus U(1)ep) can
be used to render PpYePp and PpYϕ2Pp diagonal with real, non-negative entries, in eq. (3.3).
There is a U(1)2 subgroup of U(2)ℓq × U(2)eq which is a symmetry of the PpYePp term and,
together with U(1)ℓp , it can be used to set the diagonal entries of PpYN Pp real. Finally,
U(1)Np is used to remove one of the phases from PpYϕ,1Pp.

To summarise, we define the flavor basis in eq. (3.3) to be

Ye ∼ Pp

ye
1 0 0
0 ye

2 0
0 0 ye

3

Pp ,

YN ∼ Pp

yN
1 0 0
0 yN

2 yN
23eδ2

0 yN
32eδ3 yN

3

Pp ,

Yϕ,1 ∼ Pp

 0 yϕ
12 yϕ

13eδ1

yϕ
12 0 0

yϕ
13eδ1 0 0

Pp ,

Yϕ,2 ∼ Pp

0 0 0
0 yϕ

2 0
0 0 yϕ

3

Pp . (A.2)

In total, the UV Lagrangian in eq. (3.1) relevant to the leptonic sector contains nine real
parameters (y’s) and three complex phases (δ’s).

B Neutrino mass matrix

In this appendix, we explore the conditions on the low-energy neutrino data imposed by the
structure of the Yukawa matrices and right-handed mass matrix, which is a consequence
of the lepton-flavored U(1)Xp symmetry.

B.1 Majorana mass matrix

With SSB the right-handed neutrinos receive a Majorana mass matrix MN . The left-handed
neutrinos obtain masses after decoupling of the right-handed neutrinos as per the type-I
seesaw mechanism:

mν = −v2
EW(YN M−1

N Y ⊺
N )∗, (B.1)
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where
MN = Pp

(
0 µ⊺

µ M

)
Pp, YN = Pp

(
y1 0
0 Y

)
Pp. (B.2)

The inverse of the MN is explicitly given as

M−1
N = 1

µ⊺M−1µ
Pp

(
−1 µ⊺M−1

M−1µ (µ⊺M−1µ)A

)
Pp. (B.3)

One may now observe that the lower right 2 × 2 block,

A ≡ M−1 − M−1µµ⊺M−1

µ⊺M−1µ
, (B.4)

is rank 1, which follows from the observation Aµ = 0.15 This observation extends to the
light neutrino mass matrix m∗

ν , whose lower right 2 × 2 block, v2
EWY AY ⊺, is also rank-1:

(Y −1)⊺µ is a null vector.

B.2 Constraints on neutrino masses and mixing parameters

The neutrino Majorana mass matrix is given by (for simplicity, we define m ≡ mν of eq. (3.5)
in this section)

mν = U∗m̂νU †, U = UPMNS diag
(
eiα/2, eiβ/2, 1

)
, (B.5)

with α, β being the Majorana phases (an overall unphysical phase has been factored out).
We denote the matrix minors

[m]aa ≡ miimjj − m2
ij , for i < j and i, j ̸= a

=
∑
k<ℓ

mkmℓ

(
U∗

ikU∗
jℓ − U∗

iℓU
∗
jk

)2
, (B.6)

where mi are the diagonal entries of the diagonal matrix m̂ν . We have shown that the lower
2 × 2 block (before applying the scenario-specific permutation matrices Pp) of the neutrino
mass matrix has rank one. A direct consequence is that the corresponding minor vanishes

[m]pp = 0, (B.7)

where when indexing with p we use p = 1, 2, 3 for the e-,µ-,τ -specific scenarios.
Each of the three minor conditions imposed by the p-specific scenarios can be cast in

terms of the neutrino mixing angles, the Dirac phase, the two Majorana phases, and the
three neutrino masses. We have
ei(α+β+2δCP)

m1m2m3
[m]11 = 1

m3
s2

13 + ei(β+2δCP)

m2
s2

12c2
13 + ei(α+2δCP)

m1
c2

12c2
13 (B.8)

ei(α+β)

m1m2m3
[m]22 = 1

m3
c2

13s2
23+ eiβ

m2

(
c12c23 − s23s12s13eiδCP

)2+ eiα

m1

(
s12c23 + c12s23s13eiδCP

)2
(B.9)

ei(α+β)

m1m2m3
[m]33 = 1

m3
c2

13c2
23+ eiβ

m2

(
c12s23 + c23s12s13eiδCP

)2+ eiα

m1

(
s12s23 − c12c23s13eiδCP

)2
(B.10)

15In fact, no explicit formula for M−1
N is required to arrive at this conclusion. It is sufficient to consider the

first column of the trivial identity M−1
N MN = 1.
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where cij = cos θij and sij = sin θij . θij are the mixing angles and δCP the phase of the
PMNS matrix. Generally, we observe that

[m]pp ∝ fp,3
m3

+ eiβ fp,2
m2

+ eiα fp,1
m1

,

fp,3 ∈ R

fp,1(2) ∈ C
(B.11)

and fp,i(θ12, θ23, θ13, δCP) are functions of the PMNS parameters. The requirement [m]pp = 0
is equivalent to the three terms in (B.11) describing a triangle in the complex plane. The
independent Majorana phases α, β ensure that the triangle exists if and only if the side
lengths, |fp,k|/mk, satisfy all the triangle equalities:

|fp,k|
mk

≤ |fp,ℓ|
mℓ

+ |fp,m|
mm

, for ℓ ̸= m. (B.12)

For a valid set of side lengths, there are two solutions for the Majorana phases related by

α −→ −α − 2 arg fp,1,

β −→ −β − 2 arg fp,2.
(B.13)

This can be seen from the observation that if a triangle is a solution, then so is the conjugate
triangle.

In the NO neutrino fit, it is particularly instructive to consider the inequality (B.12)
with (k, ℓ, m) = (1, 2, 3), which is then equivalent to

|fp,1| ≤ |fp,2|√
1 + ∆m2

21
m2

1

+ |fp,3|√
1 + ∆m2

31
m2

1

(B.14)

where the r.h.s. approaches |fp,2| + |fp,3| from below as m1 → ∞. On the other hand, the
r.h.s. vanishes as m1 → 0. Hence, there will always be a finite m1 > 0 below which no
solution exists. This is a sharp prediction from the theory.

In the electron-specific scenario the neutrino oscillation data constrains the coeffi-
cients (B.8) to |fp,3| + |fp,2| < |fp,1|. This implies that there is no solution consistent
with current experimental data, and the scenario is ruled out. For the tau-specific scenario,
the size of the coefficients |fp,k| satisfy the triangle equality, and solutions are guaranteed
in the degeneracy limit for the neutrino masses.

One of the two explicit solutions for the Majorana phases is plotted in figure 1, where only
three models have solutions consistent with current neutrino data. Depending on the value
of δCP, there exists a limit on the lightest neutrino mass. Moreover, the three models can be
distinguished clearly by measuring δCP and the lightest neutrino mass. The determination
of the θ23 octant could have played an important role, as it determines whether an upper
bound on the mass exists (as seen in τ -specific models) or not (as in the µ-specific model).
However, this possibility is strongly ruled out by cosmological constraints.

The same solutions can be obtained by scanning over the UV parameters and fitting
to low-energy neutrino oscillation data, as shown in figure 9. Here, the two Majorana
phase solutions overlap in the same parameter space. This demonstrates that the Majorana
phases can be predicted simply by solving the minor equations (B.7), without relying on
UV parameters and using only low-energy data.

– 27 –



J
C
A
P
1
1
(
2
0
2
5
)
0
4
3

−150

−100

−50

0

50

100

150

δ C
P

[◦
]

ν−fit excluded (3σ)

Σmν cosmology
Excluded →

e-specific IO

ν−fit excluded (3σ)

Σmν cosmology
Excluded →

µ-specific NO

ν−fit excluded (3σ)

Σmν cosmology
Excluded →

τ -specific NO

10−3 10−2 10−1 100

m3 [eV]

−150

−100

−50

0

50

100

150

δ C
P

[◦
]

ν−fit excluded (3σ)

Σmν cosmology
Excluded →

10−3 10−2 10−1 100

m1 [eV]

ν−fit excluded (3σ)

Σmν cosmology
Excluded →

10−3 10−2 10−1 100

m1 [eV]

ν−fit excluded (3σ)

Σmν cosmology
Excluded →

−150

−100

−50

0

50

100

150

α
[◦

]

−150

−100

−50

0

50

100

150

β
[◦

]

Figure 9. Same as in figure 1 but performing a scan of the UV parameter which reproduces the
low-energy neutrino data. Here, both solutions to the triangle equations are simultaneously seen.

B.3 Higher order corrections to the Majorana mass matrix

Radiative corrections to the tree-level seesaw formula for the neutrino mass matrix are
expected to break the rank-1 condition for the submatrix. An exact determination would
require computing both matching and running corrections in a spontaneously broken gauge
theory, which is beyond the scope of this project. We can, nevertheless, estimate the impact
from EW corrections, in the scenario MN1 ≪ MN2 , MN3 (v1 ≪ v2).

First, we go to a block-diagonal not-quite-mass basis for the heavy neutrinos:

MN → M ′
N = V ⊺MN V and YN → Y ′

N = YN V ∗, (B.15)

where

M ′
N =

(
−µ⊺M−1µ

M + M−1 ∗µ∗µ⊺ + µµ†M−1 ∗

)
(B.16)

V =
(

1 − 1
2µ⊺M−1M−1 ∗µ∗ µ⊺M−1

−M−1 ∗µ∗ 1 − 1
2M−1 ∗µ∗µ⊺M−1

)
(B.17)

neglecting terms of O(µ/M)3. For this subsection, we leave out the permutation matrices
Pp, effectively focusing on the e-specific scenario, to keep things simple. In particular, we
can parametrize M ′

N = diag(MN1 , M23), where M23 is the mass matrix of the two heavy
neutrino mass eigenstates, with singular values MN2 ∼ MN3 .
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Upon integrating out the two heavy neutrinos, the tree-level contribution to the Weinberg
operator is

Cνν(µ =
√

MN2MN3) = Y ′
N

(
0

M−1
23

)
Y ′⊺

N . (B.18)

EW interactions introduce a running of the Weinberg operator given by Ċνν = γ(λ, g2, g1)Cνν .
Accounting for this down to the scale M1, where the last heavy neutrino is integrated out,
giving a second contribution to the Weinberg operator, we find that

Cνν(MN1) = Y ′
N

(
M−1

N1

(1 − γ t)M−1
23

)
Y ′⊺

N . (B.19)

in the leading log approximation, where t = log
(√

MN2MN3/MN1

)
. In principle, there is

also a running of Y ′
N ; however, as long as the renormalization of Y ′

N does not involve the
N1 leg of the vertex (expected to be a reasonable assumption), this running is also part of
γ. We simply take γ to be the effective running of Cνν subtracting off the running of the
Yukawas. Returning to the gauge basis, we have

Cνν(MN1) = YN M−1
eff Y ⊺

N . (B.20)

The inverse effective mass matrix is

M−1
eff = M−1

N − γ t V ∗ diag
(
0, M−1

23
)
V † . (B.21)

The effective modification of the mass matrix 2 × 2 block (B.4) is

Aeff = A − γ t M−1 (B.22)

at leading order in µ/M . The deviation lifts the rank of A:16

det Aeff ≃ − γ t
(

tr A tr M−1 − tr[AM−1]
)

= − γ t

(
tr2 M−1 − tr M−2 +

µ⊺M−1(M−1 − tr M−1)M−1µ

µ⊺M−1µ

)
= −γ t det M−1

(B.23)

to leading log. Everything in this derivation generalizes with permutation matrices to the
generic p-specific scenarios. In summary, a good approximation for the pp-minor of the
light neutrino mass matrix is

[m∗
ν ]pp = det

(
−v2

EWY AeffY ⊺) ≃ −γ t det
(
v2

EWY M−1Y ⊺) (B.24)

when including EW corrections.
A reasonable approximation for the EW contribution to γ is to use the contribution to

the anomalous dimension of Cνν that come from vertex correction to the counterterm [121]:
16We liberally use that for 2 × 2 matrices it holds that 1 det X = X tr X − X2 and, thus, also det X =

1
2 tr2 X − 1

2 tr X2.
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γ = 1
16π2 (2λ+ 1

2g2
1 − 3

2g2
2). All contributions from wave-function renormalization is reproduced

in the running of (Y ′
N )i1 and are expected to become an overall (irrelevant) multiplication

factor in (B.20).17 It has proven difficult to obtain a strict upper bound on | det Y | even
knowing how it enters the tree-level neutrino mass formula. As a best guess, we observe
that Y M−1Y ⊺ is part of the contribution to the 2 × 2 block of m∗

ν . In the absence of large
cancellations, its singular values are expected not to exceed the largest singular values in mν .
A rough numerical estimate for the pp minor from radiative corrections is therefore

|[mν ]pp|
?
≲ 0.01 ·

m2m3 (NO)
m1m2 (IO)

. (B.25)

We have numerically verified that even using the upper bound does not qualitatively change
our predictions for the lightest neutrino mass and Majorana phases.

C Interactions of the majoron

Here we derive some of the basic properties of the majoron starting from the unbroken
theory (3.1).

C.1 Angular eigenstates

The VEVs of the scalar fields ϕi break the U(1)Xp symmetry with its associated current

Jµ =
∑

i

−iXiϕ
∗
i

↔
∂ µϕi + . . . ⊃ 1√

2
∑

i

Xiviai, (C.1)

obtained by parameterizing ϕi ∼ 1√
2vi exp(iai/vi) with ai the angular component of each

scalar field and vi its VEV. The breaking of the gauge symmetry causes one linear combination
φX of the radial component to be identified as the longitudinal component of the massive
gauge boson Z ′

µ, whereas the orthogonal component a is our pNGB majoron. We write(
a

φX

)
=
(

cφ −sφ

sφ cφ

)(
a1
a2

)
, (C.2)

with the mixing angle φ. The majoron a has no kinetic mixing with the gauge field,
meaning that

0 = ⟨0| Jµ |a⟩ = ipµ√
2
(
cφv1X1 − sφv1X1

)
. (C.3)

It follows that the mixing angle satisfy(
sφ

cφ

)
= 1

vX

(
X1v1
X2v2

)
, vX =

√
X 2

1 v2
1 + X 2

2 v2
2 , (C.4)

where vX is the decay constant of φX . Furthermore, we let

fa ≡ s2φ

2 vX = X1X2
v1v2
vX

(C.5)

17This simplified analysis ignores vertex corrections to the running of Y ′
N involving the right-handed neutrino,

not to mention the running of M1.
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be the effective decay constant of the majoron such that

ϕ1 ⊃ v1√
2

exp
[
iX1c2

φ

a

fa

]
, ϕ2 ⊃ v2√

2
exp

[
−iX2s2

φ

a

fa

]
. (C.6)

In the limit X2v2 ≫ v1X1, the mixing between the angular modes is suppressed, and we obtain

vX ≃ X2v2, fa ≃ X1v1. (C.7)

C.2 Majoron interactions with heavy neutrinos

The Yukawa interactions between the ϕi fields and the right-handed Neutrinos are given
by (3.1). Expanding the interactions up to linear order in the majoron, we find that

L ⊃ −1
2N

c
[
MN + i

a√
2

(Yϕ,1cφ − Yϕ,2sφ)
]
N + H.c. (C.8)

where the mass of the RHNs is defined as usual: MN = (Yϕ,1v1 + Yϕ,2v2)/
√

2. Gauge
invariance of the Yϕ,i interactions ultimately constrain the charge matrix XN of the U(1)Xp

group acting on the right-handed neutrinos to satisfy18

{XN , MN } = − vX√
2

(Yϕ,1sφ + Yϕ,2cφ) . (C.9)

Thus, we can cast (C.8) as

L ⊃ −1
2N

c

[
MN − i

a

fa

( 1
X2

− 1
X1

)−1
×
(
MN +

[(
c2

φ

X2
+

s2
φ

X1

)
{XN , MN }

])]
N + H.c.

(C.10)

In our model, the charges are not universal, which means that the anti-commutator is
not trivial. To be explicit about it, the charge matrix for the right-handed neutrinos is

XN = (n − 3m)1 − 3n ξp = −1
2X21 + (X2 − X1)ξp , (C.11)

where
ξp ≡ Pp diag(1, 0, 0)Pp. (C.12)

The interactions between the majoron and the right-handed neutrinos is then given by

LaNN = − i

2
a

fa
N

c

[
X2s2

φMN −
(
X1c2

φ + X2s2
φ

)
{ξp, MN }

]
N + H.c. (C.13)

The first term is proportional to the mass matrix of the right-handed neutrinos and is,
therefore, diagonal in the mass eigenbasis; however, the second term is expected to dominate
when, as in our baseline scenario, cφ ≫ sφ.

18This relation is somewhat analogous to the non-universal DFSZ axion models, see ref. [122].
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C.3 Majoron interactions with light neutrinos

Integrating out the heavy neutrinos from the theory gives rise to the Weinberg operator
and an operator with an extra majoron field:

L ⊃ 1
2

(
Cij − i

a

fa
Dij

)
ℓ̄c

iH̃
cH†ℓj + H.c. , (C.14)

where

C∗ = YN M−1
N Y ⊺

N , (C.15)

D∗ = −X2s2
φC∗ +

(
X1c2

φ + X2s2
φ

)
YN

{
ξp, M−1

N

}
Y ⊺

N . (C.16)

We can express this in a simpler way by utilizing gauge invariance of the YN coupling. As
the Higgs field is uncharged, this manifests as the requirement 0 = −XℓYN + YN XN . All
lepton species are charged the same, so XN = Xℓ, and with ξp being the non-trivial part
of the lepton charge matrix, we find that

[
ξp, YN

]
= 0. It follows that the coupling matrix

for the majoron to light neutrinos is given by

v2
EWD∗ = −X2s2

φm∗
ν +

(
X1c2

φ + X2s2
φ

){
ξp, m∗

ν

}
. (C.17)

The first term is again proportional to the neutrino mass matrix and conserves neutrino
flavor. All non-diagonal couplings in the mass basis come from the second term.

D The formation of local strings

In this appendix, we recap the topological vacuum solutions related to the breaking of a
gauge symmetry, which may clarify the discussion in section 6. As a topical example,e we
use our model, but consider the scenario where both ϕa fields develop VEVS v1 ∼ v2, such
that the transition from the broken to unbroken phases changes the symmetry

U(1)X −→ Γ (D.1)

in a single step. Since both scalars are charged under the U(1)Xp gauge symmetry, any string
formed during the phase transition will be local, meaning that the gauge field will end up
curling around the string to minimize the energy of the classical field solution [80].

A string (or vortex line) is a non-trivial static field configuration that cannot continuously
be deformed into a vacuum solution. To illustrate the prototypical string solution to the field
equations, we work in cylindrical coordinates (r, θ). When we are far removed from the core
of the string, the solution should reduce to the (static) ground state, implying that

ϕa(r, θ) −−−→
r→∞

ϕ̄a(θ),
∣∣ϕ̄a(θ)

∣∣ = 1√
2va. (D.2)

While the gauge field need not vanish at long distances, it should reduce to a pure gauge
configuration (minimizing energy):

Xi(r, θ) −−−→
r→∞

ig−1(θ)∂ig(θ), (D.3)

where Xi denotes the spatial components of the gauge field.
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The string energy contribution from the kinetic energy of the scalar fields, Ekin =∫
d2x|Diϕa|2, is minimized with the requirement that

Diϕa −−−→
r→∞

0, (D.4)

which is possible for local strings because of the presence of a non-trivial gauge field. At
infinity, we now observe that

0 = ρa[g−1(θ)]Diϕ̄a(θ) = ∂i

(
ρa[g−1(θ)]ϕ̄a(θ)

)
, (D.5)

where ρa[g] is the representation of g ∈ U(1)Xp acting on ϕa, i.e., ρa[eiα] = eiXaα. With the
combination above being constant, it follows that

ϕ̄a(θ) = 1√
2vaρa[g(θ)], (D.6)

and, thus, also the long distance behavior of ϕa is governed by the gauge transformation g(θ).
Finally, a consistent field solution must respect the periodicity of the cylindrical co-

ordinates:
ϕ̄a(2π) = ϕ̄a(0) =⇒ ρa[g(2π)] = 1 =⇒ g(2π) ∈ Γ, (D.7)

taking g(0) = 1 for simplicity. A generating element of the stability group Γ is e2πi/|Γ|,
and so we may parameterize

g(2π) = e2πi w/|Γ|, w ∈ Z. (D.8)

What will make our solution a string solution is when g possesses a non-trivial topology,
that is, when we may smoothly deform g(θ) → ei θw/|Γ| for w ̸= 0. In this case, the winding
numbers for the two scalar fields are(

w1
w2

)
= w

|Γ|

(
X1
X2

)
= w

(
t

−s

)
, (D.9)

applying (5.4) to rewrite the charges in terms of the field powers in the gravitational
potential (5.1). The winding numbers for the fields determine how many full turns their
phases make through a closed circuit around the string.
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