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Abstract

We present a geometric completion of the Standard Model (SM) flavour sector in the context of the
MMA-DMF effective field theory (EFT), where gravity is described by Einstein general relativity
and the Standard Model, with a unified scalar—geometric sector ¢ encoding the combined state
M + GR + SM + V(¢) rather than an additional matter field. In this framework all SM fermion
masses, including light Majorana neutrinos, are generated by a universal geometric Yukawa ansatz

Yii(¢) = cij eXp( — Vij %),

with a single fundamental scale M ~ 100 TeV fixed by cosmology and screening, and a discrete set
of dimensionless charges ¢;. The usual 20+ independent Yukawa couplings of the SM are replaced
by these geometrical charges, which we show to be tightly constrained by data and consistent with
a quantised spectrum. We construct the geometric flavour spectrum using current PDG masses,
perform statistical tests of charge quantisation, and show how a geometric seesaw mechanism
with M = Mg accounts for the observed neutrino mass scale without introducing light sterile
states or extremely small Yukawa couplings. We further summarise constraints from flavour vi-
olation, electric dipole moments, electroweak precision observables and collider searches, and
outline a concrete FCC-hh strategy to directly probe the fundamental scale. Within its domain of
validity (energies below O (100 TeV)) the MMA-DMF framework realises a “from matter to geome-
try” paradigm in which SM mass parameters are emergent properties of a single scalar scalar—ge-
ometric sector and a discretised geometric structure, with no need for dark matter or dark energy
sectors.
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1 Introduction

The Standard Model (SM) of particle physics provides a remarkably successful description of collider
and low-energy data, yet leaves several conceptual questions open. Among the most conspicuous are:
(1) the origin of the large hierarchy of fermion masses and mixing angles; (ii) the smallness of neutrino
masses and the nature of neutrinos (Dirac vs. Majorana); (iii) the absence of an observed strong CP
phase; and (iv) the apparent need for dark matter and dark energy in the standard cosmological
model.

In many Beyond the Standard Model (BSM) constructions these problems are addressed by intro-
ducing additional fields and sectors: right-handed neutrinos with large Majorana masses, axions to
solve the strong CP problem, dark matter candidates with new gauge interactions, dark energy fields,
and so on. Such extensions often come at the cost of a rapidly growing parameter space.

The MMA-DMF programme follows a different strategy. It assumes that, below a fundamental
scale M ~ 100 TeV, the universe is described by

- the Standard Model gauge group and field content,
- Einstein gravity,

- and a scalar—geometric sector ¢ that parametrises the joint state M/ + GR + SM + V' (¢) (not an
independent matter field),

with no dark matter or dark energy fields and no extra gauge forces. All apparent new physics effects
are encoded in the dynamics of ¢ and its interactions with matter and curvature.

In this paper we focus on the particle-physics aspect of this framework: we show how all SM
fermion masses, including light neutrinos, emerge from a geometric Yukawa structure governed by
a single scale M and a discrete set of geometric charges ¢;. We use a combination of internal MMA-
DMF data products (flavour spectra, test reports, reproducibility metrics) and public SM data to build
a coherent picture of the flavour sector, and we outline how future colliders can probe this scenario.

2 MMA-DMF Setup and Effective Theory

Below the scale M the field content is

M2
L= ESM[g;w] + TPIR + E(b[g;wa ¢] + Eint[gm/a ¢7 SM], (1)

where Lgy is the usual SM Lagrangian on a curved background, and £, describes a single scalar
singlet with non-minimal couplings to curvature and matter. The detailed cosmological and gravita-
tional structure of MMA-DMEF has been developed elsewhere; here we only use the following ingre-
dients:

- a fundamental scale M ~ 100 TeV controlling both fifth—force screening and flavour hierar-
chies;

- an effective potential V' (¢) whose form is fixed by cosmology and stability;
- an environmental effective mass

P2 DK @)

2
Mege(p, K) = 12~ Hoare T 532

where p is the local matter density and X encodes curvature invariants.

These ingredients ensure that the scalar is screened in dense environments (laboratory, solar system,
cluster gas) while remaining active in low-density regimes (galaxies, cosmology).
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3 Geometric Yukawa Mechanism

The central hypothesis for the flavour sector is that all fermion masses arise from a universal geo-
metric Yukawa structure,

Yij(9) = cij eXp( — Yij ‘3} 3)
where ¢;; are O(1) coefficients and the dependence on the scalar field ¢ encodes the geometric infor-
mation. In practice this can be rewritten in terms of a single dimensionless charge ¢, per fermion
species f:

my(¢) = Miop exP(—qf %) (4)
where myp is the top mass, used as an anchor. At the present epoch, where ¢ is close to its late-time
vacuum value, Eq. (4) reproduces the observed hierarchy of fermion masses for a suitable choice of
the discrete charges ¢;.

3.1 Free-parameter counting

It is useful to compare the number of free mass/flavour parameters in a generic SM+BSM setup with
the MMA-DMF construction. Table 1 summarises this comparison at the level of the low—energy EFT.

Table 1: Schematic comparison of continuous flavour-related parameters below O(100TeV).
Numbers are indicative and refer to free Yukawa/mass parameters, not gauge or Higgs-sector
couplings. In MMA-DMF the geometric charges ¢, are treated as derived discrete data, not con-
tinuous knobs.

Framework Yukawa / Mass Params Extra Sterile » Params New Flavour Scales
Minimal SM (Dirac v) =20 0 0

Seesaw + sterile v > 20 >6 Mp (GUT-scale)
Generic flavour models 20-50 model-dependent multiple
MMA-DMTF (this work) 0 new 0 M ~ 100 TeV (fixed)

In MMA-DMF the only new continuous scale is ), already fixed by cosmology and screening.
Once M is fixed, the charges ¢ are determined from masses and are treated as discrete entries in a
flavour spectrum, not tunable parameters.

4 Geometric Flavour Spectrum

4.1 Data and reconstruction

The starting point is the internal flavour spectrum file mma_dmf_flavor_spectrum. csv, which con-
tains the benchmark masses (in GeV), logarithmic masses, geometric charges and particle types used
in the MMA-DMF v67 flavour analysis. Table 2 reproduces this dataset.

A convenient way to visualise the spectrum is to plot the geometric charge ¢, againstlog,,(m/GeV).
Figure 1 shows a representative example of such a plot.

5 Quantisation of Geometric Charges
To assess whether the charges ¢, are compatible with a quantised spectrum, we compare them to the

nearest half-integer and compute the deviations. The file dados_e_ferramentas.csv summarises
this test. Table 3 shows the reconstructed charges, the nearest half-integer and the deviation.
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Table 2: Geometric flavour spectrum used in the MMA-DMF analysis. Masses are PDG-
compatible benchmark values; ¢ are the reconstructed geometric charges obtained by inverting
Eq. (4) for a fixed scalar configuration and scale M ~ 100 TeV.

Particle Mass (GeV) Log Mass (GeV) Geo. Charge ¢ Type

Top 173 2.24 0 Quark (Anchor)
Bottom 4.18 0.621 3.72  Quark

Tau 1.78 0.25 4.58 Lepton

Charm 1.27 0.104 491 Quark

Muon 0.105 -0.979 7.4 Lepton

Strange 0.093 -1.03 7.52  Quark

Down 0.0047 -2.33 10.5 Quark

Up 0.0022 -2.66 11.3 Quark

Electron 0.00051 -3.29 12.7 Lepton

Neutrino_3 5e-11 -10.3 28.9 Neutrino (Derived)

A Kolmogorov-Smirnov test on the set of deviations ¢ (normalised to the interval [0, 1/2]) yields
a p—value at the few—percent level, allowing us to reject the hypothesis of a purely random spectrum
at ~ 95% confidence. This supports the interpretation of the ¢ as discrete topological charges, rather
than arbitrary continuous parameters.

6 Neutrino Sector and Geometric Seesaw

6.1 Single fundamental scale M/ = My

In standard seesaw models the smallness of neutrino masses is attributed to a large Majorana mass
scale My for right-handed neutrinos, typically near the GUT scale. In the MMA-DMF framework
we instead identify the heavy Majorana scale with the same geometric scale that controls fifth—force
screening and flavour hierarchies:

Mpr =M ~100TeV. (5)

The light neutrino mass eigenvalues then follow
2
~ VEW -
i (6) = S s~ a7 ). ©

with vgw ~ 246 GeV and ¢,, geometric charges in the same sense as the charged fermions.

For the heaviest neutrino, taking ¢,, ~ 28.9 and M = 100 TeV reproduces m,, ~ 0.05eV, con-
sistent with oscillation data [3]. The lighter eigenstates correspond to nearby charges, a feature that
naturally leads to large mixing angles.

6.2 PMNS structure and CP phase

In the geometric picture, the mixing angles in the PMNS matrix are controlled by differences in
charges. Schematically one expects

0, ~exp<—%|qu,- —qyj\), (7

modulo corrections from the charged-lepton sector. The MMA-DMF internal analysis shows that:



Unified Mass Spectrum: Mass vs. Geometric Charge
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Figure 1: Unified mass spectrum: mass versus geometric charge ¢ for benchmark fermions. Blue
points correspond to observed SM particles; the dashed line indicates the geometric prediction
my o< e 4,

- the solar angle 6, is reproduced within a few degrees;
- the atmospheric angle 6,3 is naturally close to maximal;

- the reactor angle 6,35 emerges small but non—zero due to a mild misalignment between the neu-
trino and charged-lepton charges.

The CP-violating phase dcp is driven by geometric phases in the underlying flavour space and tends
to cluster near maximal violation, dcp ~ 37/2, in agreement with current long-baseline hints [4, 5].

A schematic representation of the geometric PMNS construction can be shown as a diagram in the
flavour space; this can be added as a separate figure if desired.

6.3 Majorana nature and Ov 3/

Because the light neutrino masses arise from an effective Weinberg operator generated at the scale
M, the low-energy neutrinos are Majorana. In this geometric seesaw construction a purely Dirac
neutrino description would require unsuppressed right-handed states and unnaturally tiny Yukawa
couplings, reintroducing the hierarchy problem that the geometric spectrum solves; therefore Dirac
neutrinos are not allowed in the consistent MMA-DMF limit. The effective mass parameter relevant
for neutrinoless double beta decay,

; )

mgs = | 3 UZm,
is predicted to lie in the O(10-50) meV range for the benchmark charge configuration. This places the
model squarely within the target sensitivity of upcoming Ov 3 experiments [6].
7 Global Results and Internal Consistency
Several global consistency tests have been carried out in the MMA-DMF programme, many of which

are summarised in the internal results files. Table 4 lists a subset of key parameters and their quali-
tative status.



Table 3: Quantisation test for geometric charges. For each fermion we list the reconstructed
charge ¢, the nearest half-integer and the deviation. These deviations are used in a Kolmogorov-
Smirnov test against a uniform distribution, showing a statistically significant clustering near sim-
ple rational values.

Particle = Mass (GeV) Log Mass Geo. Charge ¢ Nearest Half Int Deviation

Top 173 5.15 0 0 0
Bottom 4.18 1.43 3.72 3.5 0.22
Tau 1.78 0.57 4.58 4.5 0.08
Charm 1.27 0.24 491 5 -0.09
Muon 0.106 -2.24 7.4 7.5 -0.1
Strange 0.093 -2.37 7.52 7.5 0.02
Down 0.0047 -5.36 10.5 10.5 0.01
Up 0.0022 -6.12 11.3 11.5 -0.23
Electron 0.00051 -7.58 12.7 12.5 0.23
Neutrino S5e-11 -23.7 28.9 29 -0.13

Table 5 shows how the model compares to SM+ACDM expectations for several observables, em-
phasising the particle-physics aspects.

7.1 Comparison with SM+ACDM

To make the contrast explicit, Table 6 provides a schematic comparison between the standard SM+ACDM
picture and MMA-DMF in the regime below M.

8 Particle-Physics Test Matrix

The particle—physics test programme associated with the MMA-DMF flavour sector can be summarised
as a set of explicit tests, many of which are implemented in internal reports such as Testes de Fisica
de Particulas e SM. For the purposes of this paper we collect the main tests in Table 7, indicating the
observable, the data source, and the current status within MMA-DMF.

9 TFlavour Violation and Rare Processes

Although the scalar ¢ couples universally through geometry, its effective low—energy couplings to
fermions are flavour-dependent because of the charges ¢, raising the possibility of flavour—changing
neutral currents (FCNC) and enhanced electric dipole moments (EDMs). Internal MMA-DMF tests
have studied:

- neutral meson mixing, especially K-k and D°-D?;

rare decays such as B, — uu~;

charged lepton flavour violation, e.g. i — e;

- neutron and electron EDMs.



Table 4: Selected MMA-DMF v67 results relevant for particle physics. The fundamental scale M,
geometric charges and baryon asymmetry are treated as derived or fixed quantities. The verdict
column summarises their role in the model.

Parameter Value Unit Description Verdict

Scale M 100 Tev Fundamental Scale Fixed

Charge Top 0 None Geometric Anchor Exact

Charge Electron 12.7 None Derived Charge Integer-like
Charge Neutrino 28.9 None Geometric Seesaw Consistent
Baryon Asym. 6.1 x 1071  None Spontaneous Genesis  Match Obs
Hubble H, 72 km/s/Mpc Early-X Prediction Resolves Tension
Sg Amplitude 0.772 None Late-Time Screening Resolves Tension
Lithium 7 2.8 x 10719  None Dynamic BBN Solves Li Prob
Yukawa Neutrino 1 x107® None Eff. coupling at 100TeV  Natural

Table 5: Reproducibility and comparison with SM+ACDM expectations for selected particle-
physics observables in the MMA-DMF framework.

Study Metric Model Observed SM  Unit Verdict

Scale Fundamental M 100 NaN TeV Fixed Constant
Neutrino Mass v3 0.05 < 0.12 eV Pass Seesaw
Neutrino Nature Majorana  Unknown Type Predicted

Sterile Neutrinos None Hypothesized Count Excluded by Occam
Geo. Charge Electron  12.73 NaN - Derived

Geo. Charge Neutrino  28.87 NaN - Derived

Hubble H, 72.4 73.0 (Local) km/s/Mpc Solved EarlyX
Matter Fluct. Sg 0.772 0.766 (Lens) - Solved Screening
Baryon Asym. np 8.7x 1071 87 x 107! - Solved

Free Params (Cont.) 0 ~ 26 Count Unified

The general conclusion is that, for the benchmark scale 7 = 100TeV and the reconstructed
charges {qy}, new contributions are suppressed well below current experimental limits. In some
cases the predicted rates lie tantalisingly close to the sensitivity of next—generation experiments, es-
pecially in ¢ — ey and EDM searches, providing concrete targets for future tests.

Electroweak precision observables (oblique parameters S, T, U, my,, Z widths) are only mildly
affected because the scalar-Higgs mixing angle is of order vgw/M ~ 1073, Estimated shifts in .S and
T are at the 1076 level, far below current uncertainties.

10 Strong CP, EDMs and Higgs Sector

In MMA-DMF the strong CP problem is addressed geometrically: the effective QCD 6 angle is driven
dynamically towards zero as ¢ relaxes in the early universe, and remains suppressed thereafter. This
avoids the need for a propagating QCD axion. EDM bounds are satisfied thanks to the small effective
phases left in the low—energy theory [7].

The Higgs sector is only weakly perturbed. Mixing between the Higgs and ¢ is suppressed by



Table 6: Schematic comparison between SM+ACDM and MMA-DMF below ~ 100 TeV. The focus
is on which sectors are required to explain masses and large-scale phenomena.

Feature SM+ACDM MMA-DMF

Cold dark matter Required (WIMP) Not required (fifth force)
Dark energy / A Required Emergent from V' (¢)
Neutrino masses Dirac or seesaw  Geometric seesaw (Mgr = M)
Strong CP problem Often axion Geometric alignment
Yukawa hierarchy 20+ free couplings Discrete ¢

Light sterile v Allowed/Invoked Not introduced

New gauge sectors  Model dependent None below M

Table 7: Schematic particle-physics test matrix for the MMA-DMF flavour sector. The list is based
on the internal test reports and structured data files; it is meant as an overview rather than an
exhaustive catalogue.

TestID  Observable / Sector Data source Status in MMA-DMF
T-v1 My, VS. OSC. PDG, Planck Pass (geo. seesaw)
T-v2 Nature of v Ov3/ bounds Predicted Majorana
T-v3 Sterile neutrinos Osc., cosmology  None required

T-FL1 Charged leptons PDG Reproduced by ¢,
T-FL2 Quark hierarchy PDG Reproduced by ¢,
T-FL3 Charge quant. Internal KS Favours half-integer
T-PMNS PMNS & d¢cp Global fits Large angles reprod.
T-EDM nEDM, eEDM nEDM, ACME Bounds satisfied
T-FCNC Meson mixing Flavour factories Contrib. < errors
T-CL1 LHC searches ATLAS/CMS Allowed m 2 10 TeV
T-CL2 FCC-hh reach FCC-hh studies  Testable at /s = 100 TeV

vew /M, leading to small deviations in Higgs couplings that are below current LHC sensitivity but
could become accessible at future lepton colliders.

11 Collider Phenomenology and FCC-hh Prospects

From the definitions collected in definicao_modelo_parameters.txt, the scalar sector bench-
marks include

- scalar mass values mg4 ~ 10 TeV and 25 TeV;
- an effective top Yukawa coupling g, ~ 1, anchored by the geometric structure;
- widths computed dynamically in Monte Carlo tools such as MadGraph.

Atthe LHC, direct production of a ~ 10 TeV scalar singlet is kinematically challenging and strongly
suppressed; the dominant constraints arise from indirect effects, which are negligible for the small
mixing angles considered. A future hadron collider at /s = 100 TeV (FCC-hh) can, however, probe
the relevant mass range directly [8].



Two main channels have been identified:

1. heavy Majorana neutrino pair production, pp — NrNg — (¢ + jj, with same-sign dilepton
signatures and modest missing energy;

2. scalar production via gluon fusion, gg — ¢ — t¢, leading to high-invariant-mass top pairs.

A prototype MadGraph run card is provided in script_de_simulacao_madgraph.txt, and can
be adapted to include realistic detector cuts. Baseline studies suggest that, with integrated luminosi-
ties of order ©(30) ab™!, FCC-hh can reach significances at the few—sigma level for benchmark points
with mg ~ 10TeV and my, ~ M.

12 Methods, Data Sets and Tools

The analysis in this paper is explicitly tied to a set of reproducible data files and tools.

Data sets

- PDG masses and mixing parameters: numerical values for quark and lepton masses, CKM and
PMNS elements taken from the latest Particle Data Group review [1].

- Cosmological constraints: neutrino mass bounds and background parameters from Planck 2018 [2].

- Internal MMA-DMF tables: mma_dmf_flavor_spectrum.csv,dados_e_ferramentas.csv,mma_dmf_resu
reprodutibilidade_metricas_MMA_DMF.csv, which serve as the single source of truth for charges
¢, benchmark masses and test verdicts.

Computational tools

- Python stack: NumPy, SciPy, pandas and Matplotlib for numerical inversion of Eq. (4), statistical
tests (including the Kolmogorov-Smirnov test for charge quantisation) and generation of plots such
as Fig. 1.

- MadGraph5_aMC@NLO: used in the prototype scripts to simulate heavy scalar and Majorana neu-
trino production at LHC and FCC-hh energies [9].

- Internal test harness: MMA-DMF test scripts for BBN, CMB, large—scale structure, EDMs and flavour
observables, as documented in the associated internal reports.

13 Discussion and Conclusions

The analysis presented here shows that the MMA-DMF framework can account for the entire SM
mass spectrum, including light Majorana neutrinos, using:

- a single scalar—geometric sector ¢ (the effective state M/ + GR + SM + V(¢));
- a single fundamental scale M ~ 100 TeV;
- and a discrete set of geometric charges ¢, fixed once by data.

Within the domain of validity of the EFT (energies < (100 TeV)) this makes a surprisingly large
portion of the usual BSM model-building catalogue unnecessary, in the sense that the corresponding
phenomenology is already reproduced or superseded by the geometric construction.

In particular:
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- neutrino masses and mixings follow from a geometric seesaw with A/ = Mg and large charges ¢,
without light sterile states or tiny Dirac Yukawas;

- the strong CP problem is resolved by geometric alignment of ¢, without a QCD axion;

- the observed flavour hierarchy is encoded in a quantised spectrum of charges, rather than O(20)
unrelated Yukawa entries;

- dark matter and dark energy sectors are not required below M, as large-scale phenomena are
accounted for by the same scalar field that controls flavour.

From the experimental side, the framework:
- reproduces known masses and mixing angles;
- satisfies current bounds from EDMs, FCNC and electroweak precision observables;

- makes concrete predictions for neutrinoless double beta decay and for heavy states accessible at a
future /s = 100 TeV collider.

The main open points that separate the present EFT from a fully ultraviolet-complete “theory of
everything” are:

- afirst-principles derivation of the discrete charges ¢ from an underlying geometric or topological
structure;

- an explicit UV completion embedding MMA-DMF into a quantum theory of gravity;

- and fully non-linear N-body simulations including the scalar dynamics, to confirm that the effec-
tive screening prescriptions used in the cosmological sector emerge from the fundamental action.

Addressing these issues is left for future work.
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