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The Froggatt-Nielsen (FN) mechanism offers an elegant explanation for the observed masses and
mixings of Standard Model fermions. In this work, we systematically study FN models in the lepton
sector, identifying a broad range of charge assignments (“textures”) that naturally yield viable
masses and mixings for various neutrino mass generation mechanisms. Using these textures, we
consider higher-dimensional operators consistent with a FN origin and find that natural realizations
predict distinct patterns in lepton flavor- and number-violating observables. For Dirac and Majorana
neutrinos, FN-related correlations can lead to detectable rates of charged lepton flavor violation at
next-generation low-energy experiments. Majorana and type-I seesaw models predict measurable
rates of neutrinoless double beta decay. Determination of inverted neutrino mass ordering would
exclude the Dirac neutrino FN scenario. Only a small minority of purely leptonic FN models
predict detectable flavor violation at future muon colliders, though it is possible that a combined
analysis with the quark sector will reveal motivated signals. These findings highlight the power of
the FN mechanism to link neutrino mass generation to testable leptonic observables, offering new
pathways for the experimental exploration of lepton number and underscoring the importance of
next-generation low-energy probes.

I. INTRODUCTION

Standard Model (SM) fermions exhibit a broad range
of masses and mixing angles with distinct patterns.
While technically natural, this dramatic variation invites
an explanation beyond the SM. The Froggatt-Nielsen
(FN) mechanism [1] provides an elegant and economical
framework for explaining this structure through a spon-
taneously broken horizontal symmetry.

In these models, fermions carry additional FN charge
and Yukawa couplings are forbidden at tree level. At low
energies, the new symmetry is spontaneously broken and
heavy fields are integrated out, yielding effective Yukawa
couplings whose magnitude is exponentially sensitive to
the FN charges of the corresponding fermions. Thus,
order one differences in charge assignments generate large
hierarchies in masses and mixing parameters.

While this mechanism has been extensively studied in
the quark sector, its application to leptons introduces
new challenges [2–29]. Unlike quarks, whose masses and
mixings all arise from Dirac-like Yukawa couplings, the
underlying mechanism for generating neutrino masses is
currently unknown, leading to a greater variety of possi-
ble implementations. Furthermore, the Pontecorvo Maki
Nakagawa Sakata (PMNS) matrix does not exhibit any
hierarchies and there are large experimental uncertain-
ties on the parameters of this sector; indeed, the precise
values of neutrino masses are currently unknown.

∗ claudia.cornella@cern.ch
† dcurtin@physics.utoronto.ca
‡ krnjaicg@fnal.gov
§ m.mellors@mail.utoronto.ca

In this work we address these challenges systematically
for the first time through a two step procedure:

1. Identify realistic natural FN textures
We first scan over a wide range of FN charge as-
signments (“textures”) for the leptons, and iden-
tify hundreds of combinations that naturally yield
viable lepton masses and mixings. In our treat-
ment, all other parameters (e.g. the coefficients of
FN-preserving operators) are chosen to be generic
order-one numbers such that the hierarchies in the
lepton sector arise entirely from the charge assign-
ments and corresponding FN spurion insertions.

2. Predict CLFV and 0νββ for these textures
Although the SM does not predict observable levels
of charged lepton flavor violation (CFLV) or neu-
trinoless double beta decay (0νββ), such processes
can be greatly enhanced in the presence of higher-
dimensional operators that arise from integrating
out the FN sector. The relative importance of dif-
ferent observable processes is dictated by texture-
specific selection rules for each model. We therefore
calculate the predicted rates of lepton violating pro-
cesses for the identified realistic textures within the
Standard Model Effective Theory (SMEFT) frame-
work, which allows us to evaluate the experimental
prospects of the leptonic FN mechanism as a whole.

We find that Dirac and Majorana FN models predict
characteristic CLFV signatures distinct from anarchic
scenarios, with muon processes such as µ→ eγ, µ→ 3e,
and muon-to-electron conversion emerging as the most
sensitive probes, and correlations between measurements
revealing details of the flavor charges. Interestingly, type-
I seesaw FN models are beyond the foreseeable reach of
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CLFV probes, and purely leptonic FN models of any type
only rarely generate observable flavor-violating signals at
proposed muon colliders, though a future analysis that
includes a FN quark sector could reveal motivated sig-
nals. However, both Majorana and type-I seesaw models
do make distinct predictions for the rate of 0νββ decay.
Finally, a future measurement of

∑
mν that indicates

inverted ordering of the neutrino masses would strongly
disfavor Dirac FN models. Overall, our analysis reveals
how a variety of low-energy, high-energy, and cosmologi-
cal probes can provide a direct window into the dynamics
underlying lepton flavor.

This letter is organized as follows. Section II reviews
the FN mechanism and its implementation within differ-
ent neutrino mass generation mechanisms. Section III
outlines our numerical approach for identifying realistic
FN textures and their observables. Key results, includ-
ing top textures and specific experimental predictions,
are presented in Section IV, followed by conclusions in
Section V. Details on the numerical methods used and
supplemental discussion on models and phenomenology
are given in the Appendices.

II. FROGGATT-NIELSEN NEUTRINO MASSES

The FN mechanism introduces a U(1)FN symmetry
which is spontaneously broken at a UV scale Λ by the
vacuum expectation value (VEV) of a heavy scalar ϕ.

ϵ ≡ ϕ

Λ
≪ 1 (1)

is the spurion associated with the breaking of U(1)FN .
Without loss of generality, we take the FN charge of ϕ
(SM Higgs) to be Xϕ = 1 (XH = 0), and the VEV of ϕ
to be in the positive real direction. The SM Yukawa cou-
plings only arise through ϵ insertions after FN breaking.

In two-component fermion notation, the charged lep-
ton Yukawa couplings take the form

LY ⊃ −cℓijLiH†ējϵ
|XLi+Xēj |, (2)

where Li are the left-handed (LH) lepton doublets, ej
the right-handed (RH) charged lepton singlets, H is the
Higgs doublet, cℓ a coupling matrix with O(1) entries,
and i, j = 1, 2, 3 label the fermion generations. The re-
sulting Yukawa matrix is

(Yℓ)ij ≡ cℓijϵ
nℓij , nℓij ≡ |XLi +Xēj | , (3)

naturally generating hierarchies when ϵ ≪ 1. Diagonal-
izing the Yukawas yields the charged lepton masses

Yℓ = UℓŶℓW
†
ℓ =⇒ m̂ℓ =

v√
2
Ŷℓ (4)

after electroweak symmetry breaking (EWSB), where Ŷℓ
is diagonal, Uℓ and Wℓ are unitary, and v = 246 GeV.

To account for neutrino masses, we examine three gen-
eration mechanisms within the FN framework.
Dirac – Here the SM is supplemented with right-

handed (RH) neutrinos Ni, and neutrino masses only
arise from the Yukawa couplings

LD ⊃ cνijϵ
nνijHLiNj , nνij ≡ |XLi +XNj | , (5)

where cν is a symmetric matrix with order-one entries.
In analogy with charged leptons, the neutrino Yukawa
matrix can then be written as (Yν)ij ≡ cνijϵ

nνij and yields

Yν = Uν ŶνW
†
ν =⇒ m̂ν =

v√
2
Ŷν , (6)

where Ŷν is the diagonal Yukawa matrix, Uν and Wν are
unitary matrices, m̂ν is the diagonal mass matrix, and

the PMNS matrix can be written as V ≡ U †
ℓUν .

In this scenario, the FN sector preserves lepton num-
ber, and the smallness of neutrino masses is entirely due
to the FN mechanism and large flavor charges for RH
neutrinos.
Majorana – The Weinberg operator [30]

LW⊃−
cWij ϵ

nWij

ΛW
(LiH)(LjH), (7)

generates neutrino masses, where nWij ≡|XLi+XLj |, cW
is a symmetric matrix with O(1) elements, and ΛW is the
effective scale at which the operator is generated, which
generically differs from the FN scale Λ. After EWSB,
Majorana neutrino masses arise via

m̂ν = UTν

[
cW ϵn

W

(
v2

ΛW

)]
Uν , (8)

where Uν is a unitary matrix, m̂ν is the diagonalized mass

matrix, and V = U †
ℓUν is the PMNS matrix.

Seesaw – We consider a type-I seesaw scenario [31–
34] where flavor breaking and lepton violation are gov-
erned by the FN mechanism. In this case, neutrinos re-
ceive both Dirac and Majorana mass terms:

LSS ⊃ −cνijϵn
ν
ijHLiNj − cMij ϵ

nMij
M

2
NiNj , (9)

where cν and cM are matrices of order-one coefficients,
M is the Majorana mass scale of the RH neutrinos, and

nνij ≡ |XLi +XNj | , nMij ≡ |XNi +XNj | . (10)

In the seesaw limit, the Dirac contribution is small and
the diagonal neutrino mass matrix is

m̂ν ≈ v2

2M
UTν

(
cνϵn

ν
)(
cM ϵn

M
)−1(

cνϵn
ν
)T
Uν , (11)

where Uν is a unitary rotation matrix. It is natural
to identify the FN scale with the Majorana mass scale
(M = Λ). There could also be additional explicit lepton
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number violation in the FN sector, but we find that this
yields qualitatively similar results (see Appendix C 2).
Note that type-I seesaw models generate an effective
Weinberg operator through RH neutrino exchange, which
ultimately gives rise to active neutrino masses. However,
as the RH neutrino masses are also set by the FN mecha-
nism, the resulting effective ΛW carries strong flavor de-
pendence, distinguishing this scenario from the minimal
Majorana scenario introduced previously.

Note that most explicit models of neutrino mass gen-
eration can be accommodated within these scenarios.
Notably, a type-II seesaw variation [35–39] within our
framework yields a Weinberg operator whose suppression
scale ΛW can be written in terms of ϵ and additional FN
charges, but is otherwise identical (see Appendix C 3).

III. METHODS

Identifying Realistic Natural FN Textures – We
begin by identifying viable FN textures that adequately
reproduce the observed lepton masses and mixing param-
eters for a common value of ϵ in Eq. (1). To ensure that,
for a given texture, all hierarchical structure arises only
from ϵ, we demand that all other free parameters are
order-one numbers. In our analysis, these free parame-
ters are encoded in the coefficients

cℓij , cνij , cWij , cMij , (12)

from Eqs. (2), (5), (7), and (9), respectively. We scan
over a wide range of possible FN charge assignments
and determine the fraction of random order-one values
in Eq. (12) that reproduce all observed masses and mix-
ings within some tolerance.

Our scanning procedure avoids conducting direct fits
to the experimental observables. Instead, we seek to ex-
haustively identify charge assignments that resemble our
world over a majority of their natural parameter space,
realizing the intended spirit of a natural FN solution to
the flavor problem. Thus, our predictions are derived for
FN models which generate experimental predictions very
close to their observed values, though the fit is not exact.
However, we have confirmed that, for coefficients that ap-
proximately reproduce known results, introducing small
post-hoc tweaks readily accommodates all known observ-
ables exactly. Thus, our scanning strategy does not lose
any essential generality by seeking out approximate fits
to experimental data.

Specifically, we adopt and extend the Bayesian-
inspired method of Ref. [29] to the lepton sector – see
Appendix A for details. For each mass generation mecha-
nism, we consider all textures with charges |X| ≤ 7, and,
for Dirac RH neutrinos, |X| ≤ 9 as required to obtain
viable models. For each texture, we generate random co-
efficient matrices cij , with each log10 cij sampled from a
normal distribution centered on zero with standard devi-
ation σ = 0.3, and phases sampled uniformly over [0, 2π].

(Alternative choices of reasonable “O(1)” priors do not
meaningfully affect results.)
For each choice of coefficients, we compute observables

O =
{
mℓ , ∆m

2
ij , |Vij | ,

∑
mν

}
, (13)

corresponding to the charged lepton masses, neutrino
mass-squared differences, the absolute value of the PMNS
matrix elements and the sum of neutrino masses. The
fractional deviation of each FN prediction OFN is

δO ∼ OFN

Oexp
, (14)

where Oexp is the experimentally measured value. (For
the more rigorous definition of δO used in our scans,
see Appendix A1.) We maximize over all observables
in Eq. (13) to obtain the overall experimental deviation:

δmax ≡ max
O

(δO). (15)

Next, we adjust ϵ and, where applicable, ΛW or Λ, to
minimize δmax. For each texture, this process is repeated
many times for many choices of order-one coefficients
from Eq. (12). Textures that naturally resemble our
world will have δmax ∼ O(1) for a large fraction coef-
ficient choices. To compare textures, we define

Fx ≡ % of coeff. choices for which δmax ≤ x, (16)

allowing for textures to be ranked by Fx for different x.
In the Dirac case, leptonic masses and mixings depend

only on ϵ, so the procedure outlined above leaves Λ un-
constrained. For the Majorana (type-I seesaw) scenario,
neutrino masses and mixings explicitly depend on both ϵ
and ΛW (Λ), constraining both when minimizing δmax.

Predicting Lepton Violation in FN – Having iden-
tified the realistic and natural textures capable of re-
producing leptonic masses and mixings, we next explore
their implications for current and future experiments
with a focus on lepton flavor violation. To remain ag-
nostic about the UV completion of the FN mechanism,
we adopt the SMEFT framework with the minimal as-
sumption that ϵ is the only spurion of U(1)FN breaking.
Assuming O(1) coefficients in the UV theory, higher-
dimensional SMEFT operators are then suppressed only
by powers of Λ and insertions of ϵ.
The most relevant interactions for LFV processes are

the four-lepton, dipole, and semi-leptonic operators. The
four-lepton terms are

O4 =
cijkl
Λ2

(
ψ̄iψj

) (
ψ̄kψl

)
ϵnijkl , (17)

where cijkl are O(1) coefficients and we have defined

nijkl ≡ |Xψi −Xψj +Xψk −Xψl |. (18)

Note that we switched to four-component fermion nota-
tion to match SMEFT conventions, but we write nijkl
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Dirac Majorana Type-I Seesaw
L1 L2 L3 ē1 ē2 ē3 N1 N2 N3 ϵ NO

6 5 5 -3 -2 0 9 8 8 0.10 96
3 3 3 2 -1 -6 9 9 8 0.07 99
3 3 3 2 -5 -6 9 9 8 0.07 99
7 7 6 -4 -2 0 9 9 9 0.14 99
7 7 6 -4 -3 -1 9 7 7 0.11 99
3 3 3 2 0 -5 9 9 8 0.07 99
3 3 3 2 0 -1 9 9 8 0.07 99
6 5 5 -3 -2 0 9 7 7 0.08 97
7 3 3 2 0 -5 9 9 9 0.08 93
6 6 6 -4 -3 -1 9 6 5 0.07 99

L1 L2 L3 ē1 ē2 ē3 ϵ log Λ NO

2 0 -1 7 6 4 0.24 15 91
5 5 -2 7 -2 -3 0.08 12 3
4 4 3 5 2 0 0.23 11 96
7 6 5 7 3 0 0.39 11 97
6 6 5 5 1 -1 0.30 10 96
7 7 6 2 -1 -3 0.23 7.6 96
5 5 4 6 2 0 0.30 11 96
7 7 6 4 0 -2 0.30 9 96
5 5 -2 7 -2 -7 0.08 12 3
1 1 -1 -7 -5 -4 0.18 15 2

L1 L2 L3 ē1 ē2 ē3 N1 N2 N3 ϵ log Λ NO

6 1 -1 7 7 6 3 0 -4 0.36 14 93
6 1 -1 6 6 6 3 0 -4 0.34 14 93
6 1 -2 7 7 7 5 0 -4 0.37 14 93
7 2 -1 7 7 7 4 0 -5 0.40 14 95
6 2 -6 2 1 1 3 2 -4 0.16 12 90
4 1 -1 6 5 5 6 0 -3 0.27 14 93
4 1 -1 7 5 5 4 0 -3 0.29 14 93
7 2 -1 7 7 6 4 0 -5 0.39 14 95
6 1 -1 7 6 6 3 0 -4 0.35 14 93
5 1 -1 5 5 5 2 0 -3 0.27 14 79

TABLE I: Some of the most natural and realistic FN textures for Dirac, Majorana, and type-I seesaw neutrinos, reproducing
masses and mixings with a relative experimental deviation factor δmax < 5, 2, 1.35 for approximately 50%, 2-5 % and 0.03%
of random O(1) coefficient choices, respectively. Each texture is specified by the FN charges of the LH lepton doublets (XLi),
RH charged leptons (Xēi), and RH neutrinos (XNi). For ϵ and log10(Λ/GeV), we show texture-averages for coefficient choices
with δmax < 2. NO denotes the percentage of coefficient choices that predict normal ordered (NO) neutrino masses.

in terms of the FN charges of the corresponding 2-
component fermion fields. For dipole operators, we have

Od =
cij
Λ2

(L̄iσ
µνej)HFµνϵ

nij , nij ≡ |XLi +Xēj |, (19)

where Fµν is the field strength tensor of an electroweak
gauge boson. Rates for muon to electron conversion in
atomic nuclei are also sensitive to semi-leptonic four-
fermion operators of the form Eq. (17), with one of the
bilinears comprised of light quark fields (u, d, s). To be
agnostic to the flavor structure of the quark sector, we in-
clude only the flavor diagonal quark operators. Notably,
the structure of these operators is such that textures with
a non-zero Higgs charge can be mapped ontoXH = 0 tex-
tures without altering the phenomenology, as discussed
in Appendix C 1.

In our analysis, O(1) Wilson coefficients are generated
in the FN basis at a high scale Λ and subsequently ro-
tated into the mass basis using the values of ϵ and the U
and W matrices from Eqs. (4), (6), (8), (11), built using
the coefficients in Eq. (12) appropriate to each scenario.
We calculate low-energy observables, including two and
three-body CLFV decays of muons and taus, as well as
muon-to-electron conversion in nuclei, using the flavio
package [40]. Matching to the relevant energy scales is
performed with wilson [41] (running was found to be a
negligible effect). Based on experimental constraints, we
derive lower bounds on Λ. Finally, using these bounds,
we estimate the highest possible rates of eµ, eτ , and µτ
production at future e+e− and µ+µ− colliders. For com-
parison, we also compute the predictions for a fully an-
archic or null texture, where all charges are set to zero,
and the Wilson coefficients are assumed to be all O(1) at
a fixed scale. Further details on our methodology can be
found in Appendix A 3.

IV. RESULTS

The top-ranked textures for each mass generation
mechanism are presented in Table I – additional textures
are provided in the supplemental material of Appendix D.
For both the Dirac and Majorana cases, the hierarchical
structure of the charged lepton masses primarily stems
from the charges of the RH charged leptons, and this
fact has significant phenomenological implications. In
particular, the LH rotation matrices often feature large
off-diagonal terms, leading to relatively uniform contribu-
tions to various LFV processes across different textures,
ultimately making the FN mechanism more predictive.
CFLV – Dirac: In most Dirac FN models, the FN
scale is constrained to satisfy Λ >∼ 106 GeV by limits
on µ → eγ [42] or muon conversion in Gold [43] (see
Appendix B for details). Setting Λ to saturate its con-
straint within each individual model determines the high-
est possible rates for future CLFV signals. As shown in
Fig. 1, Dirac FN textures can then predict measurable
signals in LFV muon decays and µ-e conversion on atomic
nuclei. The latter will be probed in new experiments
with aluminum targets [44] (though gold targets would
provide the greatest discriminatory power between tex-
tures). Furthermore, stringent constraints in the muon
sector lead to suppressed LFV τ decays, with only a few
textures approaching detectability in τ -related channels.
Overall, the predicted signal rates for FN Dirac scenar-
ios typically exceed those of anarchic models by more
than an order of magnitude, particularly for muonic pro-
cesses, and offer a modest degree of discriminatory power
between different textures.
Majorana: Results depend on whether the Weinberg

operator scale ΛW coincides with the FN scale Λ. If
ΛW = Λ, the predictions for CLFV processes are fixed by
neutrino masses, see Fig. 2 (top). In this scenario, a non-
observation in future experiments would exclude specific
textures entirely. Unfortunately, most of the top Majo-
rana textures correspond to scales ΛW ∼ 108−1015 GeV,
far beyond the reach of current or planned experiments.
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FIG. 1: Average predicted CLFV decay rates for the 100
most realistic natural Dirac FN textures (gray lines),
relative to each observable’s current constraint. In each
model, the flavor scale was chosen to saturate current
experimental bounds at Λ ∼ 106 GeV, thus fixing the other
rates. Green shading indicates the reach of proposed future
low-energy CLFV experiments, and the flavor-anarchic null
texture is shown as a red line for comparison.

A handful of textures approach the observable region,
exclusively in LFV muon experiments. The assumption
ΛW = Λ can be relaxed, as in FN type-II seesaw models.
If we instead let Λ saturate the most constraining current
bounds, as in Fig. 1, it leads to the predictions shown in
Fig.2 (bottom). Majorana FN models then lead to simi-
lar, though slightly tighter, predictions in µ-e conversion
experiments relative to the Dirac case.

Type-I Seesaw: These are the most challenging scenar-
ios to probe experimentally. All observables are governed
by the scale Λ, which is fixed by the scale of neutrino
masses and is too high to predict observable signals at
future experiments for our best textures, with a small
number of exceptions (see Figure 8 in the Appendix).
However, FN type-I seesaw scenarios can be probed more
effectively via 0νββ decay experiments.

Additional information can be gained from correlations
among lepton-violating observables, beyond their average
predictions. For example, Fig. 3 shows how BR(µ→ 3e)
and CR(µ→ e,Al) are correlated differently for two rep-
resentative FN Dirac textures. These textures were cho-
sen because they predict very similar average values for
both observables, but their widely diverging distributions
makes it possible for two measurements to discriminate
between these possibilities. Further correlation plots are
included in the auxiliary material, see Appendix D.

Neutrino Mass Ordering – Most realistic natural tex-
tures in all scenarios favor normal ordering (NO). In-
verted ordering (IO) is preferred by only a small fraction
of Majorana textures and a somewhat larger subset of
seesaw textures. Within the FN framework, an exper-
imental determination of IO (e.g. by DESI measuring∑
mν with a precision of 0.02 eV [45]) would therefore
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FIG. 2: Average predicted CLFV decay rates for the top
most 100 realistic Majorana FN textures (gray lines), as in
Fig. 1. The top panel assumes that the scale of the
Weinberg operator (ΛW ) coincides with the FN scale (Λ),
fixing the predictions for CLFV signals from the imposed
neutrino mass constraints. The bottom panel assumes
ΛW ̸= Λ, such as in FN type-II seesaw scenarios, where Λ is
instead chosen to saturate its most restrictive current
experimental bound of Λ ∼ 106 GeV. The predicted neutrino
scale for the null texture is set to 1014 GeV.

strongly disfavor Dirac neutrinos, while still allowing for
Majorana or type-I seesaw scenarios.
0νββ Decay – Predictions for 0νββ for 100 of the most
realistic natural textures in Majorana and type-I seesaw
models are shown in Figure 4. For both scenarios, tex-
tures with inverted ordering (IO) consistently feature val-
ues of mee = |∑imiV

2
ei| at the very lower edge of the

currently allowed range. We emphasize that this is not
imposed on our scan and constitutes a genuine prediction
of the FN mechanism – while all shown analyses impose
the cosmological bound on

∑
mν [46], there are no mean-

ingful changes if we instead impose the larger laboratory
bound [47]. This IO prediction lies well within the ca-
pabilities of next-generation 0νββ experiments. For tex-
tures yielding normal ordering (NO) there are significant
phenomenological differences between FN Majorana and
type-I seesaw. The latter remains unlikely to be detected
in upcoming laboratory searches – barring a few excep-
tional textures – while normal-ordered FN Majorana sce-
narios predict mee to lie well within or at most one order
of magnitude below the sensitivity of upcoming labora-
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FIG. 3: Comparison of the predicted branching ratio for
µ→ 3e and the conversion rate for µ-e conversion in Al for
the first and the fifth Dirac FN textures in Table I,
assuming the FN scale Λ saturates its current lower bound.
The conversion rate is normalized to the muon capture rate
in nuclei. Contours show areas containing 68% (solid) and
98% (dashed) of random coefficient choices with δmax < 2.
Thus, these textures might be distinguished despite similar
average predictions.

tory searches. This opens up the tantalizing prospect of
either detecting 0νββ or strongly disfavoring the entire
Majorana FN framework.

Future Muon Colliders – Finally, we also studied col-
lider prospects for the detection of FN-sourced lepton fla-
vor violating processes. However, across all the realistic
natural textures we found, only a small number of Dirac
FN textures produces more than one µµ → µτ event at
a future 10 TeV muon collider with 10 ab−1 of luminos-
ity [50] (see Appendix B). It may be interesting to note
that an admittedly highly speculative increase in lumi-
nosity or collider energy by one order of magnitude makes
many scenarios detectable. Extending our FN setup to
include the quark sector may also yield observable pre-
dictions for muon collider signals featuring both lepton-
and quark-flavor violation.

V. CONCLUSIONS AND OUTLOOK

In this work, we have systematically explored FN mod-
els in the leptonic sector, identifying realistic natural
textures for Dirac, Majorana and type-I seesaw neu-
trino mass generation mechanisms. Our study also sheds
light on related scenarios, including type-II seesaw cases
(see Appendix C 3). By extending the FN framework to
leptons, we demonstrated that Dirac and Majorana FN
models predict distinct correlations in detectable CLFV
rates, providing characteristic signatures that set them
apart from anarchic scenarios. Experimental signals are
most likely to appear in the muon sector, with µ → eγ,
µ→ 3e, and µ-e conversion on nuclei as the most promis-
ing channels for future probes. Our results also moti-
vate new conversion experiments in a variety of targets,
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Type-I Seesaw

IO

NO

FIG. 4: Effective Majorana mass mee versus the mass of
the lightest neutrino for the top 100 FN textures in the
Majorana (top) and type-I seesaw (bottom) scenarios. The
yellow- and blue-shaded regions indicate the allowed ranges
for IO and NO, respectively, based on the current measured
values for ∆m2

32 and ∆m2
21. The solid blue line indicates the

strongest exclusion from current 0νββ searches, from
KamLAND-Zen [46], while the dashed blue line marks the
reach of the future 0νββ experiments nEXO [48] and
CUPID [49]. The vertical red lines indicate the limits on
minmν in the IO and NO scenarios from current
cosmological limits on

∑
mν . Error bars show the 1σ spread

of predictions with δmax < 2.

most notably gold in addition to the already planned alu-
minum [44]. FN models with Majorana and type-I see-
saw neutrinos offer testable predictions for 0νββ decay
experiments, and a determination of inverted neutrino
mass ordering would disfavor Dirac FN models. Pro-
posed high-energy muon colliders fall just shy of probing
purely leptonic FN scenarios. Our conclusions are un-
affected by adopting either cosmological or laboratory
bounds on

∑
mν .

Our analysis constitutes the most model-exhaustive
study of the Froggatt-Nielsen mechanism in the lepton
sector to date, demonstrating both their universal
predictive power and their capacity to diagnose the
physics underlying lepton flavor. We anticipate that
detection prospects will be greatly enhanced by con-
sidering observables involving flavor violation in both
quarks and leptons, which motivates a joint analysis
of the FN mechanism in both the quark and lepton
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sectors simultaneously. Integrating FN models with
extended scalar sectors, such as multi-Higgs models,
may also yield novel phenomenological insights in our
model-exhaustive approach.

Note Added: While this paper was being finalized,
Ref. [51] appeared on the arXiv, which explores similar
topics.
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— APPENDIX —

Appendix A: Details of Numerical Analysis

1. Identifying Realistic Natural FN Textures

This section provides details on the method used to
identify natural realistic FN textures for leptons. Each
texture corresponds to a specific charge assignment, and
its naturalness is tested by sampling random O(1) coef-
ficents for the effective Yukawa couplings. The perfor-
mance of each texture is quantified by the fraction of
trials yielding masses and mixings consistent with data.

We allow for FN charges up to 7 for charged leptons, 7
for RH neutrinos in type-I seesaw, and 9 for RH neutrinos
in the Dirac case. These large charge values are necessary
to produce the observed neutrino masses for ϵ ∼ 0.1.

Parameter Exp. Value Ref.

me(1 TeV) 0.489535765+0.000000013
−0.000000012 MeV [55]

mµ(1 TeV) 103.3441945± 0.0000059 MeV [55]
mτ (1 TeV) 1756.81± 0.16 MeV [55]

∆m2
21 (7.53± 0.18)× 10−5 eV2 [46]

∆m2
32 (IO) (−2.536± 0.034)× 10−3 eV2 [46]

∆m2
32 (NO) (2.453± 0.033)× 10−3 eV2 [46]∑

mν (cosmo) ≤ 0.12 eV (95% CL) [46]∑
mν (KATRIN) ≤ 1.35 eV (90% CL) [47]
|V12| [0.513, 0.579] [56]
|V13| [0.143, 0.155] [56]
|V23| [0.637, 0.776] [56]
|V21| [0.234, 0.500] [56]
|V31| [0.271, 0.525] [56]
|V32| [0.477, 0.694] [56]

TABLE II: Measured parameters and their uncertainties.
Charged lepton masses are evaluated at a scale of 1 TeV and
PMNS elements are given in 3σ ranges. We conduct all
analyses twice, either imposing the cosmology or laboratory
bound on

∑
mν , and find no meaningful difference in our

conclusions.

Permutations of fields within a family do not repre-
sent physically distinct models. To remove these redun-
dancies, we impose the following convention for the FN
charges Xα, α ∈ {L, e,N}: |Xαi | ≥ |Xαj | for i < j when
allXα have the same sign, otherwise Xαi ≥ Xαj . We also
remove mirror charges, which are related by multiplying
all charges by −1 and reordering them.
Each texture generates masses and mixings, which are

compared to experimental values. Specifically, the ob-
servables we consider are the charged lepton masses, the
PMNS matrix elements |V11|, |V13|, |V23|, |V21|, |V31|, and
|V32|1, the neutrino mass squared differences, ∆m2

21 =
m2

2 − m2
1 and ∆m2

32 = m2
3 − m2

2, and the cosmological
bound on the sum of neutrino masses. To account for sce-
narios where this bound may be relaxed [52–54], we also
repeated our analyses using the laboratory bound [47].
The results show no significant differences. The mea-
sured values and uncertainties for these parameters are
listed in Table II. For each observable O, the fractional
deviation from the experimental value is defined as

δO =





exp
∣∣∣ln

(
OFN

Oexp
min

)∣∣∣ if OFN < Oexp
min,

1 if Oexp
min ≤ OFN ≤ Oexp

max,

exp
∣∣∣ln

(
OFN

Oexp
max

)∣∣∣ if OFN > Oexp
max.

(A1)

Here Oexp
min and Oexp

max are the experimental lower and up-
per bounds for the observable O, respectively. We then

1 Six PMNS elements are included because the uncertainties on
these parameters are large enough that fitting only three inde-
pendent elements, as would typically suffice for a unitary matrix,
can still produce mixing matrices that deviate significantly from
the measured values of the remaining elements.
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scan over many possible coefficient choices cαij in Eq. (12).
as explained in Section III. Textures can then be ranked
by Fx for different x.

2. Increasingly Focused Scan Sequence

For each mass mechanism, the numerical procedure de-
scribed above is performed in several stages. This is nec-
essary because the full parameter space is enormous: for
example, in the Dirac case there are over 100 million dis-
tinct charge assignments {XL, Xe, XN}.
Scanning all textures in full (i.e. with a large num-

ber of trials) is numerically prohibitive, so we imple-
ment preliminary scans to discard unpromising textures
early. A distinct numerical advantage of our approach is
that, generically, relatively large values of Fx for differ-
ent choices of x are highly correlated for natural realistic
textures. This correlation allows us to perform an ini-
tial scan with few trials per texture, applying a cutoff at
F5. Textures surpassing this initial threshold are then
subjected to more intensive scrutiny for many more tri-
als, focusing on Fx values for x very close to 1. This
strategy not only conserves computational resources but
also ensures that only the most promising textures are
examined in depth. We validate this method a posteri-
ori by confirming that it consistently identifies textures
capable of providing exact fits to the data, as detailed in
Appendix A 4.
Charged lepton prescan – The first stage targets
the charged lepton sector, where we start by examin-
ing 231,232 distinct charge assignments {XL, Xē}. This
number can be reduced to 110,590 unique charge differ-
ence matrices nℓij , as permutations and redundancies are
removed. Matrices containing a zero difference produce
an eigenvalue of the same order as the Higgs VEV, which
is too large for the tau mass. Removing these yields ∼66k
unique matrices, corresponding to ∼134k textures. We
perform a charged lepton-only scan by running 1000 co-
efficient trials per texture and computing Fx using only
the charged lepton masses as observables. Textures are
retained if they satisfy F5 > 0, meaning that at least a
small fraction of trials match the charged lepton data.
At this stage, ∼ 46k charge assignments {XL, Xē} pass
the F5 > 0 cut.
Secondary preselection – Next, we incorporate con-
straints from the neutrino sector and impose additional
cuts, which depend on the specific mass mechanism.

• Dirac – For the Dirac case, since neutrino masses
depend only on ϵ, the required charge differences
nν must produce the appropriate level of suppres-
sion, ϵn

ν ∼ mν . For each charged lepton texture
{XL, Xē}, we determine the allowed RH neutrino
charges by identifying the minimal viable value of
ϵ from the charged lepton prescan, denoted ϵmin,
that meets the criteria δmax < 5. We then use
ϵmin to compute the minimum charge difference nν

that satisfies a conservative bound on the total neu-
trino mass (e.g. mν

lim = 100
∑
mν). Any texture

with charge differences nν below this minimum is
discarded. This procedure drastically reduces the
number of candidate textures {XL, Xē, XN} to ∼
74k, corresponding to ∼ 35k unique charge differ-
ence matrices {nℓ, nν}.

• Majorana – In the Majorana scenario, there are
no RH neutrino charges, so the neutrino charge dif-
ferences nW are determined directly from the LH
charges XL. After the charged lepton prescan, the
top-performing textures are directly passed to the
full scan without further cuts. The number of can-
didate charge difference matrices {nℓ, nW } for the
Majorana case is ∼94k.

• Seesaw – For type-I seesaw, the mass and mix-
ing parameters depend on three charge difference
matrices: nℓ (charged lepton Dirac), nν (neutrino
Dirac), nN (RH Majorana). The dependence of the
neutrino masses on Λ prevents us from using cuts
on ϵmin as was done in the Dirac case. Due to the
enormous number of possibilities (over 64 million
charge assignments for maximum charge 7, after
the charged lepton prescan), a preliminary scan is
performed. Specifically, we run a very coarse scan
with 40 trials per texture, requiring F5 > 10%.
Only textures passing this criterion are subjected
to the full scan with 1000 trials. This procedure
retains ∼ 2.7 million textures for further analysis.
Despite the looser cuts, we expect this approach to
capture all relevant textures with F5 > 50%.

Final scans – After the secondary preselection, we per-
form two more scans for all mass mechanisms. First, for
each remaining texture, we do a fresh scan with 1000 co-
efficient choices and rank textures based on F2. Textures
with the same F2 are ranked by F5. Finally, for the top
1000 textures from this prescan we do a final scan with
105 random coefficient choices. Textures are ranked by
Fx with x ≈ 1.2−1.3 depending on the FN scenario. The
exact value of x is chosen to be as close to 1 as possible
while optimizing the statistical significance of the rank-
ing. The resulting top 10 textures are given in Table I.
Our phenomenological analysis focuses solely on ob-

servables related to lepton flavor or lepton number vi-
olation. Specifically we include LFV processes at low
and high energies and neutrinoless double β decay. The
complete list of observables, alongside their current and
projected experimental sensitivities, are summarized in
Table III.

3. Predicting Lepton Violation in FN

For the predictions, we employ the SMEFT frame-
work. We construct effective operators following the
power counting dictated by formal U(1)FN invariance, as
in Eqs. (17)-(19). We assume all Wilson coefficients to be
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Observable Current Ref. Future Ref.
BR(µ+ → e+γ) 4.2× 10−13 [42] 6× 10−14 [57]

BR(µ+ → e+e−e+) 1.0× 10−12 [58] 10−16 [59]
BR(τ → eγ) 3.3× 10−8 [60] 2× 10−9 [61]
BR(τ → µγ) 4.2× 10−8 [62] 10−9 [61]
BR(τ → eee) 2.7× 10−8 [63] 4× 10−10 [61]
BR(τ → µµµ) 2.1× 10−8 [63] 4× 10−10 [61]

BR(τ− → µ+e−µ−) 2.7× 10−8 [63] 4× 10−10 [61]
BR(τ− → e+µ−µ−) 1.7× 10−8 [63] 3× 10−10 [61]
BR(τ− → e+µ−e−) 1.8× 10−8 [63] 3× 10−10 [61]
BR(τ− → µ+e−e−) 1.5× 10−8 [63] 3× 10−10 [61]
CR(µ−Ti→ e−Ti) 6.1× 10−13 [64] - -
CR(µ−Pb→ e−Pb) 4.6× 10−11 [65] - -
CR(µ−Au→ e−Au) 7.0× 10−13 [43] - -
CR(µ−Al→ e−Al) - - 3× 10−17 [44]

mee 36 meV [46] 3 meV [48, 49]
µµ→ eµ - - - -
µµ→ µτ - - - -
µµ→ eτ - - - -

TABLE III: Current experimental limits and future
sensitivities for the observables considered in our analysis.
Current limits are given at 90% confidence level, except for
the bound on mee, which is marginalized over different
nuclear matrix element values with O(1) uncertainty.

QLL

(
L̄pγµLr

) (
L̄sγ

µLt

)
Q

(1)
LQ

(
L̄pγµLr

) (
Q̄sγ

µQt

)
Qee (ēpγµer) (ēsγ

µet) Q
(3)
LQ

(
L̄pγµτ

ILr

) (
Q̄sγ

µτ IQt

)
QLe

(
L̄pγµLr

)
(ēsγ

µet) QHe

(
H†i
←→
D µH

)
(ēpγµer)

Qed (ēpγµer)
(
d̄sγ

µdt
)

Q
(1)
HL

(
H†i
←→
D µH

) (
L̄pγµLr

)
Qeu (ēpγµer) (ūsγ

µut) Q
(3)
HL

(
H†i
←→
D I

µH
) (

L̄pτ
IγµLr

)
QLu

(
L̄pγµLr

)
(ūsγ

µut) QeW

(
L̄pσ

µνer
)
τ IHW I

µν

QLd

(
L̄pγµLr

) (
d̄sγ

µdt
)

QeB

(
L̄pσ

µνer
)
HBµν

QQe

(
Q̄pγµQr

)
(ēsγ

µet)

TABLE IV: Warsaw-basis SMEFT operators included in
our analysis [66]. SU(2)L indices are indicated by j, k = 1, 2
where necessary. Flavor indices are given by p, r, s, t=1, 2, 3.
For leptons we include all flavor combinations. For quarks
we only include flavor-diagonal combinations of the three
lightest quarks, as the corresponding Wilson coefficients are
enough to capture the leading contribution to µ− e
conversion in nuclei. All other operators are set to zero.

O(1) , and generate them randomly with the same priors
used for the effective Yukawa coefficients. For simplicity,
we consider only SMEFT operators that contribute at
tree-level to our observables (we checked explicitly with
wilson [41] that running effects do not affect our results
significantly). We collect these operators in Table IV.

To calculate low-energy LFV processes, such as muon
and tau decays and muon-to-electron conversion in nu-
clei, we use flavio [40]. For high-energy collider ob-
servables, we follow Ref. [67]. As for 0νββ, the effective
Majorana mass mee is given by mee =

∣∣∑
imiV

2
ei

∣∣.
To generate predictions for the top FN textures, we

retain all trials of our final scan that meet the goodness

of fit criterium δmax ≤ 2, storing the associated rotation
matrices, ϵ, and, where applicable, Λ(W ).

2 Trials are then
ranked by δmax, and for the top 500, we calculate the sup-
pression for the Wilson coefficients of the operators in
Table IV. Note that to remain as model-independent as
possible we have excluded operators where the two quark
fields have different chiralities, as these could be further
suppressed if, for instance, the quarks carried FN charges.
However, we explicitly verified that including these oper-
ators results in only a ∼ 5% correction. We only included
flavor diagonal quark operators for the same reason. Af-
ter rotating to the mass basis, we derive the predictions
for the observables in III. For each observable we find
the average and standard deviation and compare it to
data. This allows us to establish a lower bound on Λ for
Dirac and Majorana scenarios, and to check whether the
predictions for type-I seesaw models comply with current
bounds.

4. Natural Fits

This section details the method for adjusting the co-
efficients cαij (α = ℓ, ν,W,N) to reproduce exactly the
masses and mixing parameters in Table II. Our goal is to
demonstrate that with minimal adjustments to the initial
O(1) coefficients, the predictions for our top FN textures
can be brought into full agreement with data.
For each mass generation mechanism, we focus on the

top texture (see Table I). We use a simplex minimiza-
tion algorithm to refine the coefficients cαij to fit the
experimental values by minimizing the cost function in
Eq. (A1). We do this using as starting point 1000 coeffi-
cient sets from trials that yielded a promising δmax < 2.
To assess the extent of the adjustment needed, we in-

troduce the parameter:

η = log10
max |c|
min |c| (A2)

where c spans all the coefficients in the effective Yukawa
matrices cℓ, cν , cW , and cN . Histograms of η (Fig. 5)
indicate that typically only a modest range variation is
required, suggesting our selected textures reproduce ex-
perimental observations naturally, without extensive tun-
ing or significant adjustments of coefficients. The exami-
nation of individual coefficient distributions further con-
firms that they adhere closely to our O(1) assumption.
Overall, this check confirms our method of identifying
natural and realistic textures without doing explicit fits
to the experimental data.

2 We explicitly checked with the top few textures that performing
exact fits, as detailed in Appendix A 4, and using these exact
fits as input for the phenomenological study did not significantly
alter the results.
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FIG. 5: Histograms of the η parameter distribution for 1000 trials that yield exact fits to the measured leptonic masses and
mixings parameters. For each neutrino mass mechanism we show the result for the top-performing texture as per Table I: for
Dirac neutrinos (left), XL = {6, 5, 5}, Xe = {3, 2, 0}, XN = {−9,−8,−8}; for Majorana (middle), XL = {2, 0,−1},
Xe = {−7,−6,−4}; and for type-I seesaw (bottom), XL = {6, 1,−1}, Xe = {−7,−7,−6}, XN = {4, 0,−3}.

µ
µ
→
eµ

µ
µ
→
eτ

µ
µ
→
µ
τ

10−3

10−2

10−1

100

101

N
ev

en
ts

Λ = Λexp

Dirac

µ
µ
→
eµ

µ
µ
→
eτ

µ
µ
→
µ
τ

10−2

10−1

Λ = Λexp

Majorana

10−1

100

101

102

103

10 TeV 100 TeV

100

101

10 TeV 100 TeV

FIG. 6: Predicted muon collider event rates for CLFV
processes in Dirac FN and Majorana FN scenarios with
Λ = Λexp ̸= ΛW , using the same assumptions as in
Figures 1 and 2, for an integrated luminosity of 10 ab−1. In
this figure, the ranking of teach texture is indicated by color,
with red textures ranked higher than blue textures. The
corresponding results for the Majorana scenario with
Λ = ΛW or type-I seesaw are not shown, as the predicted
rates are many orders of magnitude smaller.

Appendix B: More on Phenomenology and
Supplemental Plots

This appendix completes the discussion in Section IV,
supplementing the results with additional figures.

Low-energy CLFV and bounds on Λ – For both the
Dirac and Majorana cases, the bounds on the FN scale
Λ are set by current low-energy CLFV bounds. Figure
7 illustrates that the strongest bounds are mostly set by
µ → eγ (and secondly by µ → 3e), with the strongest
bound on Λ being remarkably consistent across different
textures. The difference between the null and FN tex-
tures arises because within FN observables sensitive to
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FIG. 7: Bounds on the FN scale Λ from current constraints
on the processes shown on the horizontal axis, for the Dirac
(top) and Majorana (bottom) FN scenarios. For the latter
we also show the constraint from active neutrino masses if
Λ = ΛW .

left-right couplings are suppressed with respect to the
anarchic case.

Future muon colliders – Collider experiments pro-
vide a potential platform to test LFV processes predicted
by FN models, especially at high energies where muon
colliders [50] outshine e+e− colliders [68] due to their
higher accessible energies and the resulting enhancement
of cross-sections. Our analysis indicates that the Dirac
and Majorana scenarios (with Λ = Λexp), show the most
promising but still very modest potential for detectable
signals. Detailed results for these scenarios are illustrated
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FIG. 8: Phenomenology for the top 100 type-I seesaw
textures, as in Fig.1. The FN scale Λ is fixed by neutrino
masses.

in Fig. 6.
In Dirac FN models, certain textures exhibit an en-

hancement in the µτ final state. This enhancement is
mainly due to the equality of XµL and XτL charges,
which leads to significant contributions from unsup-
pressed LH four-fermion operators. As a result, µτ pro-
cesses are more likely to be detected compared to eτ pro-
cesses, which are generally suppressed by larger charge
differences that diminish mixing. As shown in Fig. 6, we
find O(1) and O(100) events for a c.o.m. energy of 10
and 100 TeV, respectively.

For Majorana neutrinos (with Λ = Λexp), the predic-
tions at colliders vary notably from those in the Dirac
case. Here, the eµ and µτ final states are expected to
have nearly similar magnitudes, reflecting the specific FN
charge differences among LH fields. This similarity sug-
gests that collider experiments could provide insights into
the LH charge assignments in FN models. Still, collider
prospects remain very limited, with only a few textures
giving O(1) events at an extremely hypothetical 100 TeV
machine.

Seesaw phenomenology – The phenomenology of
the top 100 FN type-I seesaw models, detailed in Figure
8, aligns broadly with that in the Dirac and Majorana
cases (displayed in Figures 1 and 2), with less variability
compared to the null texture. Unfortunately, none of the
identified textures have a low enough scale to be probed
by any currently planned CLFV experiment.

Active Neutrino Masses The predicted mass of the
lightest neutrino and the sum of neutrino masses is shown
in Fig. 9 for the top 100 textures of each mass mecha-
nism. It is interesting to note that many of these natural
realistic textures predict an ultralight active neutrino (see
e.g. [69, 70]).

Dirac FN only predicts NO neutrinos. While DESI is
projected to be able to measure the minimal NO scenario
at 3σ [45], the resolution will not be sufficient to dis-
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FIG. 9: Predictions for the lightest neutrino mass versus
the sum of neutrino masses for the 100 most realistic
textures in the Dirac (top), Majorana (middle) and type-I
seesaw (bottom) FN scenarios. The red (blue) line
represents the mass of the lightest neutrino as implied by
the values of ∆m2

21 and ∆m2
32 for a

∑
mν in the NO (IO)

case. The dashed line shows the current cosmological
constraint on the sum of neutrino masses. Error bars show
the 1σ spread of predictions over 500 trials with δmax < 2.
The large error bars on the Dirac scenario are due to the
high powers of ϵ required to reproduce neutrino masses,
making this scenario more sensitive to small variations in ϵ.

criminate between Dirac textures. However, a positive
determination of IO would strongly disfavor the Dirac
scenario.
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Appendix C: Generalizations

1. Non-Trivially Charged Higgs

One can also consider the case where the Higgs is non-
trivially charged under U(1)FN . For the Dirac case, the
Lagrangian is modified to:

L ⊃ −cℓijLiH†ējϵ
|XLi+Xēj−XH |

− cνijHLiNjϵ
|XLi+XNj+XH | + h.c. (C1)

It is straightforward to identify textures with XH = 0
that give equivalent Yukawas. Requiring all fields of the
same type to be shifted by the same amount (e.g. XLi →
XLi+c), there are three possible solutions, depending on
whether XL, Xe or XN is held fixed. Using X to denote
the original XH = 0 texture and X ′ to indicate the new
XH ̸= 0 texture, the three solutions are as follows:

X ′
Li = XLi , X ′

ej = Xēj −XH , X ′
Nj = XNj +XH ,

X ′
Li = XLi +XH , X ′

ej = Xēj − 2XH , X ′
Nj = XNj ,

X ′
Li = XLi −XH , X ′

ej = Xēj , X ′
Nj = XNj + 2XH .

(C2)
For a given XH = 0 texture from our analysis, we can

then easily find the corresponding XH ̸= 0 textures. In
the Majorana and type-I seesaw cases, the requirement
that the Weinberg operator or the Majorana RH neutrino
mass term remains invariant selects the second solution
in Eq. (C2).

The purely leptonic observables for theXH = 0 texture
and the equivalent XH ̸= 0 textures remain the same.
This can be seen by observing that most fermion bilinears
are unaffected:

(ψ̄iψj)ϵ
|X′
ψj

−X′
ψi

|
= (ψ̄iψj)ϵ

|(Xψj+c)−(Xψi+c)|,

= (ψ̄iψj)ϵ
|Xψj−Xψi |.

(C3)

Here, Dirac structures are omitted for clarity. As long
as ψi, ψj are of the same type (e.g. L̄L or ēe), the shift
cancels in the exponent, and the bilinear remains invari-
ant. Thus, all four-fermion operators in Table IV are
unchanged. Similarly, the operators QeW and QeB share
the same form as the Yukawa couplings, and are therefore
invariant by definition. The remaining operators contain
bilinears of the form H†H, which are U(1)FN -neutral by
construction. As all SMEFT operators we consider re-
main the same, the predictions for CLFV are unchanged.

2. Other Sources of Lepton Number Violation

In the type-I seesaw case, we have assumed no ad-
ditional sources of lepton number violation beyond the
Majorana mass of the RH neutrino. If this assumption
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FIG. 10: Phenomenology for the top 100 type-I seesaw
textures if the FN sector is lepton number violating (with
for Λ

✁L
= Λ = M), as in Fig. 1. The FN scale Λ is fixed by

neutrino masses. The axes are fixed to be the same as in
Fig. 8 for ease of comparison.

is relaxed, the Lagrangian in Eq. (9) is modified by an
additional contribution to the Weinberg operator:

L ⊃ LSS −
cWij ϵ

nWij

Λ
✁L

(LiH)(LjH) , (C4)

where Λ
✁L

indicates the scale of the additional lepton
number violation.
The resulting neutrino masses can be derived simi-

larly to those in the type-I seesaw discussed in the main

text. We define the Weinberg mass as m2
W,ij = v2cWij ϵ

nWij

and note that the Weinberg operator does not contribute
to the mixing between sterile and active eigenstates un-
til O

(
(vΛ−1)3

)
[71]. The resulting neutrino masses are

modified from Eq. (11) to:

mν ≈ m2
W

Λ
✁L

−mDM
−1
N mT

D , (C5)

where mD = vY ν/
√
2 and MN =McM ϵn

M

.
We performed our analysis in the case where Λ

✁L
=

Λ = M , and found slightly different top textures. How-
ever, the overall conclusions remain unchanged: the scale
of flavor violation for these models exceeds projected ex-
perimental sensitivities. The CLFV phenomenology for
the top 100 textures is shown in Fig. 10.

3. Type II Seesaw and other Majorana UV
Completions

The Majorana case can arise from a variety of UV com-
pletions. For illustration, we consider the example of a
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FN-augmented type-II seesaw mechanism. The type-II
seesaw [35–39] has the form [72]

LSS2 ⊃ −y
2
∆LL− µ∆∆H

†H† −M2
∆Tr[∆

†∆], (C6)

where ∆ is an electroweak scalar triplet with hyper-
charge 1, and generation indices are omitted. The quanti-
tiesM∆ and µ∆ are dimensionful, and y is dimensionless.
When M∆ is large, integrating out ∆ yields a Weinberg
operator with the prefactor:

cW2
ΛW

=
2yµ∆

M2
∆

. (C7)

Assuming that ∆ is charged under U(1)FN , the La-
grangian becomes

LSS2 ⊃ −yij
2
ϵ|XLi+XLj+X∆|LiLj∆

− cµΛϵ
|X∆|∆H†H† + h.c.

− (cMΛ)2Tr[∆†∆]. (C8)

where we have taken the mass scales µ∆ andM∆ to be set
by the flavon scale Λ, and y, cµ, cM are O(1) prefactors.
This implies the Weinberg coefficient

cW2
ΛW

≈ 2
(
yijϵ

|XLi+XLj+X∆|) (cµΛϵ|X∆|)

(cMΛ)2

≈ c̃ijϵ
nW+2X∆

Λ
,

(C9)

where c̃ ∼ O(1) . In the second equality we have assumed
all relevant charges to be positive, so that the absolute
value can be dropped. As a result, the apparent scale
of the Weinberg operator differs from the true FN scale
by ΛW = ϵ−2X∆Λ. Consequently, a given effective Wein-
berg scale can correspond to a much lower physical scale.
However, if charges are such that the absolute values in
the exponents cannot be dropped, different generations
may have distinct FN suppression. This scenario cannot
be mapped onto our generic Majorana textures and lies
beyond the scope of this work.

For the type-I seesaw, the same analysis yields:

cW2
ΛW

=
1

Λ

[
cνijϵ

|XLi+XNj | (C10)

(
cMjmϵ

|XNj+XNm |
)−1

cνmnϵ
|XLn+XNRm |

]
.

As in type-II seesaw, certain textures can be directly
matched to a Majorana texture with a common scale.

However, for some textures the effective scales are hier-
archical and cannot be mapped onto the Majorana case
as implemented in our method. Additionally, in some
cases, a midscale UV completion of the Weinberg op-
erator may generate additional contributions less sup-
pressed than the FN-generated ones. In such cases, the
phenomenological predictions would be somewhat differ-
ent, depending on which operators are generated. These
scenarios would require an ad-hoc study.

Appendix D: Auxiliary Material

In the auxiliary material we include several additional
documents for reference.
The files

• dirac tex pheno cosmo.csv

• seesaw tex pheno cosmo.csv

• majorana tex pheno cosmo.csv

provide phenomenological predictions for each neutrino
mass generation model. Each file contains the charge as-
signments for the top 100 textures, along with the best
values of ϵ and Λ, when relevant, averaged over trials
with δmax < 2. NO indicates the fraction of trials that
yield normal-ordered neutrinos. Λexp is the scale implied
by the most constraining observable. By default charge
assignments are sorted by Fx, where x is the lowest value
for which at least 25 coefficient choices satisfy the crite-
rion δmax < x. F2 and F5 are also provided. All dimen-
sionful quantities are given in GeV. Collider observables
are the estimated number of events at an extremely hypo-
thetical 100 TeV muon collider with 10−1 ab integrated
luminosity. Branching fractions and conversion rates are
calculated assuming that the scale is set by Λexp for the
most constraining observable (usually µ → eγ) for the
Dirac and Majorana cases, and by the scale implied by
neutrino masses for the type-I seesaw case. All results
are given assuming the cosmological bound on neutrino
masses.
Correlation plots for the top 100 textures of each neu-

trino mass model are included in the files:

• dirac correlations cosmo.pdf

• majorana correlations cosmo.pdf

These plots show the values of observables for the top 500
trials (smallest δmax) for each texture, smoothed using a
Gaussian kernel estimation to determine approximate 1σ
(solid line) and 2σ (dashed line) predictions. Shaded re-
gions indicate parameter space that may be probed in
future experiments and solid horizontal/vertical lines in-
dicate current constraints. The constraint on the muon
conversion rate in aluminum is estimated based on cur-
rent constraints in gold. Collider observables are as
above. The scale is set as above.
Correlation plots for the seesaw model are not in-

cluded, as nearly all textures fall outside experimental
observation.
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