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Abstract 

The observed matter–antimatter asymmetry in the Universe cannot be fully explained within the 

Standard Model of particle physics, where CP violation arises from a single complex phase in the CKM 

and PMNS matrices. In this work, we reinterpret CP violation within the Unified Fractal Quantum Field 

Theory (UFQFT), where all particles emerge as resonance structures of the energy field (Φ) and charge 

field (Ψ) in a fractal spacetime of effective dimension D≈2.7. We propose that CP violation originates 

from phase asymmetries in Φ–Ψ resonances and dimensional deviations near the critical threshold 

Dc≈2.7. This geometric mechanism not only provides a stronger source of CP violation but also 

establishes a direct connection between baryogenesis, dark matter (neutral resonances), and dark energy 

(non-material oscillations). The framework yields testable predictions for meson decay channels, 

neutrino oscillations, and cosmological observables. 
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Introduction 

UFQFT’s proposal that CP violation may originate in geometric or resonance-level effects connects 

naturally to the classic theoretical and experimental literature on CP and baryogenesis: the original 

realization that a complex phase in the weak interaction can produce CP violation (Kobayashi and 

Maskawa 1973) and Sakharov’s seminal conditions for baryogenesis (Sakharov 1998) provide the 

conceptual backbone, while the experimental discovery of CP violation in neutral kaon decays (Cronin 

and Fitch 1964) demonstrates that nature breaks this symmetry. Modern reviews of baryogenesis 

summarize mechanisms by which CP asymmetries source the observed baryon asymmetry (Riotto and 

Trodden 1999), and wide surveys of dark-matter candidates outline how nonstandard composite or non-

particle objects can play the role of cosmological dark matter (Bertone, Hooper, and Silk 2005). The 

cosmological constant problem and the difficulty of explaining dark energy from quantum vacuum 

contributions remain central theoretical constraints (Weinberg 1989). Approaches that modify the notion 

of spacetime at short distances — including fractal or scale-dependent dimensions — provide a direct 

formal arena for UFQFT: concrete work on quantum field theory and gravity formulated on fractal 

measures (Calcagni 2010) and studies finding a running/spectral dimension in nonperturbative quantum 

gravity (Ambjørn, Jurkiewicz, and Loll 2005; Lauscher and Reuter 2005) show that dimensional flow 

is a robust phenomenon in several approaches. Alternate emergent or geometric accounts of dark 

phenomena (e.g., Verlinde’s emergent gravity) and non-particle dark-matter models such as Q-balls 

illustrate how dark sector phenomenology need not be limited to weakly interacting elementary particles 

(Verlinde 2016; Coleman 1985). Finally, contemporary experimental programs — from precision flavor 

experiments and neutrino CP searches (T2K and related results) to large-scale cosmological surveys — 

provide concrete datasets that any fractal-resonance CP scenario must confront (T2K Collaboration 

2018).  
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Of particular relevance to the profound question of CP violation is the framework proposed by 

Sogukpinar (2025a; 2025b; 2025g; 2025h), which posits that matter itself arises as geometric resonances 

within a unified fractal energy-charge field. This Unified Fractal Quantum Field Theory (UFQFT) offers 

a radically different perspective on the nature of particles and symmetries. Rather than being 

fundamental, discrete entities, particles are interpreted as stable, fractal patterns of oscillation—

resonances—within a primordial, dynamic medium (Sogukpinar, 2025a; 2025g). Within this framework, 

the very concepts of charge, spin, and mass are emergent properties of specific geometric and dynamic 

configurations of the underlying field (Sogukpinar, 2025s). This resonance-based approach to particle 

physics (Sogukpinar, 2025g; 2025h) and cosmology (Sogukpinar, 2025b; 2025m; 2025n) provides a 

novel potential avenue for understanding the origin of symmetry violations. The subtle differences 

between matter and antimatter, such as CP violation, could therefore be reinterpreted not as a failure of 

fundamental symmetry laws, but as a natural consequence of inherent asymmetries in the fractal 

structure and resonant interactions of this unified pre-geometric spacetime (Sogukpinar, 2025a; 2025e; 

2025f;2025u). 

This study explores CP violation within the Unified Fractal Quantum Field Theory (UFQFT), a 

framework where particles are modeled as resonances of the energy field (Φ) and charge field (Ψ) 

embedded in a fractal spacetime geometry. Unlike the Standard Model, UFQFT attributes CP asymmetry 

to shifts in fractal dimensionality (D→𝐷∗) and resonance phase differences, leading to non-equivalence 

between matter and antimatter states. The framework naturally links baryon asymmetry, dark matter, 

and dark energy: stable fractal resonances with D<2.70 account for dark matter, while residual Φ–Ψ 

imbalance produces an effective negative pressure (𝑤 ≈ −1) consistent with dark energy. The paper 

integrates theoretical derivations with phenomenological implications, suggesting that CP violation in 

UFQFT may provide a unified origin of matter dominance and cosmic acceleration, testable through 

meson decays, neutrino oscillations, and cosmological surveys. 

2. Theoretical Background 

2.1 CP Symmetry in the Standard Model 

Charge–parity (CP) symmetry plays a central role in the Standard Model (SM) of particle physics. In its 

simplest form, CP symmetry refers to the invariance of physical laws under the combined transformation 

of charge conjugation (C)—replacing each particle with its antiparticle—and parity (P)—reversing 

spatial coordinates.Within the SM, CP violation arises through complex phases in the mixing matrices 

of quarks and leptons. 

The quark sector is described by the Cabibbo–Kobayashi–Maskawa (CKM) matrix 𝑉CKM, which 

connects weak interaction eigenstates (d′,s′,b′) to mass eigenstates (d,s,b): 

[
𝑑′
𝑠′
𝑏′

]=𝑉CKM [
𝑑
𝑠
𝑏

],    𝑉CKM=[
𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏
𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏
𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏

].                                  (1) 

Similarly, the lepton sector involves the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix 𝑈PMNS, 

which governs neutrino oscillations: 

[

𝜈𝑒

𝜈𝜇

𝜈𝜏

]=𝑈PMNS [

𝜈1

𝜈2

𝜈3

]                                                           (2) 

Both matrices allow for complex phases that generate CP-violating effects in weak interactions. 



Experimental confirmation of CP violation first appeared in neutral kaon decays (Cronin and 

Fitch, 1964). Subsequent measurements in B mesons (BaBar, Belle) and D mesons provided further 

evidence of CP violation, establishing its role as a fundamental aspect of the SM. 

Despite its significance, CP violation within the SM is quantitatively insufficient to account for 

the observed baryon asymmetry of the Universe (BAU). Cosmological data suggest a baryon-to-photon 

ratio of 

𝜂𝐵 ≈ 6.1 × 10−10                                                        (3) 

yet the SM contributions through CKM- and PMNS-induced CP violation fall short by several orders of 

magnitude. This limitation motivates theoretical extensions beyond the SM framework. 

2.2 Unified Fractal Quantum Field Theory (UFQFT) 

The Unified Fractal Quantum Field Theory (UFQFT) provides an alternative framework that extends 

beyond the Standard Model by embedding fields within a fractal spacetime geometry. Instead of smooth 

four-dimensional spacetime, UFQFT postulates that spacetime itself exhibits a fractal dimension D, 

which governs the stability and resonance properties of elementary particles. In UFQFT, all particles are 

emergent resonances of two fundamental fields:Φ: the energy field, representing oscillatory energy 

modes, Ψ: the charge field, representing oscillatory charge distributions. The dynamics of a particle are 

defined by the coupled field equation: 

R(Φ,Ψ,D)=0,                                                           (4) 

where R encodes resonance conditions in a fractal spacetime of effective dimension D. UFQFT 

introduces the effective fractal dimension D as a stability measure. Particles exist as stable or metastable 

resonances depending on whether their resonance geometry satisfies 

D<2.70⇒Stable confinement,                                                (5) 

D≥2.70⇒Unstable or free state.                                             (6) 

For example, protons (𝐷𝑝 ≈ 2.66) are stable, while neutrons (𝐷𝑛 ≈ 2.67– 2.69) are metastable, 

consistent with experimental lifetimes.Prior UFQFT Interpretations of Dark Matter and Dark Energy: 

• Dark Matter: UFQFT interprets dark matter not as a new particle species, but as stable fractal 

resonances with D<2.70 that do not interact electromagnetically due to suppressed coupling in 

the Ψ field. 

• Dark Energy: In this framework, dark energy corresponds to a residual field imbalance between 

Φ and Ψ, manifested as a small but nonzero background resonance pressure: 

𝜌𝛬 ∼ ⟨𝛷2⟩ − ⟨𝛹2⟩,                                                                   (7) 

Where, 𝜌𝛬 is the effective vacuum energy density driving cosmic acceleration.This interpretation links 

cosmological phenomena directly to fractal spacetime dynamics, offering a unified picture of particle 

physics and cosmology. We work in a spatially homogeneous, isotropic cosmological background with 

scale factor a(t) and Hubble parameter 𝐻 ≡ 𝑎̇/𝑎 . UFQFT fields Φ (energy field) and Ψ (charge field) 

live in an effective fractal spacetime of dimension D (spatial + time counted in the effective dimension 

counting used below). For practical cosmology we treat the large-scale dynamics using coarse-grained, 

spatially averaged fields Φ(t) and Ψ(t) (zero-momentum/resonance modes).We adopt the following 

effective Lagrangian density (coarse-grained, phenomenological) appropriate to the long-wavelength 

resonance degrees of freedom: 



𝐿𝑒𝑓𝑓   =   
1

2 
𝑍𝛷(𝐷) 𝛷̇2   +   

1

2
 𝑍𝛹(𝐷) 𝛹̇2   −    𝑉𝑒𝑓𝑓(𝛷, 𝛹; 𝐷),                                            (8) 

Where,˙ denotes time derivative ∂/∂t, 𝑍𝛷,𝛹(D) are effective kinetic normalization factors (dimensionful 

or dimensionless depending on conventions) which depend on the fractal dimension D and encode how 

the fractal measure suppresses or enhances kinetic contributions, 𝑉eff(Φ,Ψ;D) is the coarse-grained 

effective potential (including self-resonance and interaction contributions and implicitly containing the 

background fractal measure effects). Key UFQFT assumption (phenomenological)is that fractal 

geometry modifies kinetic vs potential scaling so that for stable/resonant vacuum sectors the potential 

term dominates the long-time, large-scale coarse-grained energy (this is the mechanism that produces a 

nearly-constant vacuum contribution). We parametrize this as a suppression of kinetic coefficients when 

D is in the stability range: 

𝑍𝛷,𝛹(𝐷)    ≡   𝜁(𝐷) 𝑍0,          𝜁(𝐷) ≪ 1𝑓𝑜𝑟 𝑠𝑡𝑎𝑏𝑙𝑒 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒𝑠 (𝑒. 𝑔.  𝐷 ≲ 2.70)        (9) 

with 𝑍0 a reference normalization and ζ(D) a monotonically varying function of D (small for D near 

stable-resonance values). This is a compact way to encode how fractal geometry suppresses kinetic 

energy relative to potential/resonant energy. From (8) the coarse-grained stress–energy (for a spatially 

homogeneous mode) has energy density ρ and isotropic pressure p given by the usual field expressions 

(we omit spatial gradient terms as we work with zero-momentum/resonance modes): 

𝜌   =  
 1

2
 𝑍𝛷  𝛷̇2    +   

1

2
 𝑍𝛹  𝛹2̇   +   𝑉𝑒𝑓𝑓(𝛷, 𝛹; 𝐷)                              (10) 

𝑝   =  
 1

2
 𝑍𝛷  𝛷2̇   +  

 1

2
 𝑍𝛹  𝛹̇2   −   𝑉𝑒𝑓𝑓(𝛷, 𝛹; 𝐷)                              (11) 

Define the dimensionless equation-of-state parameter 

𝑤   ≡
  𝑝

𝜌̇
                                                                   (12) 

Using (10)–(11) we can write 

𝑤   =   
𝐾−𝑉

𝐾+𝑉
  with  𝐾 ≡

1

2
(𝑍𝛷𝛷̇2 + 𝑍𝛹𝛹̇2), 𝑉 ≡ 𝑉𝑒𝑓𝑓(𝛷, 𝛹; 𝐷)                                    (13) 

Thus 

w  =  −1  +  
2𝐾

K+V
                                                              (14) 

So achieving 𝑤 ≈ −1 requires 𝐾 ≪ 𝑉 (potential-dominated/resonance-dominated regime). The UFQFT 

mechanism supplies this by fractal suppression of 𝑍Φ,Ψ (eq. 9) and by the presence of a nonzero residual 

potential V generated by the Φ-Ψ imbalance. We adopt the phenomenological identification (motivated 

by UFQFT conceptual equation (7) in the earlier section) that the leading residual vacuum potential is 

proportional to the difference of the coarse-grained mean-squared field amplitudes: 

𝑉𝑒𝑓𝑓(𝛷, 𝛹; 𝐷)    ≃   𝛬0(𝐷) [ ⟨𝛷2⟩    −    ⟨𝛹2⟩ ]   +   𝑉1(𝛷, 𝛹; 𝐷),                                        (15) 

Where,  𝛬0(𝐷)  is an effective coupling with mass-dimension appropriate to produce energy density 

units (it contains factors from the fractal measure and coarse-graining), ⟨𝛷2⟩  , ⟨𝛹2⟩   denote coarse-

grained (or vacuum expectation) squared amplitudes of the resonance zero-modes,  𝑉1 collects higher-

order or field-dependent corrections (assumed subleading in the vacuum sector). Define the residual 

vacuum energy density (the UFQFT counterpart of ρΛ by 

𝜌𝑟𝑒𝑠(𝐷) ≡ 𝑉𝑒𝑓𝑓(𝛷̅, 𝛹̅; 𝐷) ≈ 𝛬0(𝐷) (⟨𝛷̅2⟩   −  ⟨𝛹̅2⟩),                                                   (16) 



where 𝛷̅, 𝛹̅ are the slowly varying coarse-grained means. This is the UFQFT realization of Eq. (7). 

Using the parametrization (9), the kinetic energy is 

𝐾   =   
1

2
 𝜁(𝐷) 𝑍0(𝛷̇2 + 𝛹̇2)                                                        (17) 

For modes that are resonantly stabilized (long-lived) in the fractal geometry we assume time derivatives 

are slow compared with the Hubble scale, i.e. 

𝛷̇ ∼ 𝜖𝛷  𝐻 𝛷̅, 𝛹̇̇ ∼ 𝜖𝛹  𝐻 𝛹̅                                                           (18) 

with dimensionless slow parameters 𝜖Φ,Ψ≪1. Insert (18) into (17) and compare with (16). A convenient 

dimensionless measure of kinetic-to-potential ratio is 

𝐾

𝑉
   ≈   

𝜁(𝐷) 𝑍0 𝐻
2

2𝛬0(𝐷)
   

𝜖𝛷
2 𝛷̅2+𝜖𝛹

2 𝛹̅2

𝛷̅2−𝛹̅2                                                       (19) 

Define a single small parameter ε that encodes the right-hand side of (19): 

𝜀(𝐷, 𝑡)    ≡  
 𝜁(𝐷) 𝑍0 𝐻2

2 𝛬0(𝐷)
  

𝜖𝛷
2 𝛷̅2+𝜖𝛹

2 𝛹̅2

𝛷̅2−𝛹̅2                                                (20) 

Then 

𝑤   =    −1   +   
2𝜀

1+𝜀
   ≈    −1   +   2𝜀     (𝜀 ≪ 1)                                       (21) 

Thus a small ε yields www extremely close to −1. 

Why ε is naturally small in UFQFT. Three UFQFT ingredients suppress ε: 

1. Fractal kinetic suppression: ζ(D)≪1 for resonance-stable D, directly diminishing the numerator 

in (20). This is the fractal-geometry mechanism: the effective phase-space / measure available 

to kinetic excitations is reduced for stable resonances. 

2. Large effective coupling in potential: 𝛬0(D) can be moderately large (in energy units) because 

the resonance potential accumulates contributions from many fractal-scale degrees of freedom; 

this increases the denominator of (20). 

3. Slow-roll/resonance behavior: The resonance zero-modes are long-lived with 𝜖Φ,Ψ≪1, 

analogous to slow-roll parameters in inflationary scalar dynamics, suppressing the 𝛷̇2,𝛹̇2 

factors. 

Hence, it is natural in UFQFT for ε to be extremely small, producing w observationally indistinguishable 

from −1. To first order in ε, 

𝑤 ≈ −1 + 2𝜀,                                                    (22) 

so the departure from −1 (denote 𝛿𝑤 ≡ 𝑤 + 1) is 

𝛿𝑤 ≈ 2 𝜀(𝐷, 𝑡).                                                  (23) 

This formula allows mapping UFQFT parameters to observational constraints on w. For instance, if 

observations require ∣ 𝛿𝑤 ∣≲ 0.02|, then UFQFT parameters must satisfy ε≲0.01. Concretely this 

constrains combinations of ζ(D),𝛬0(D) and slow parameters 𝜖Φ,Ψ. A more microscopic derivation would 

begin from the UFQFT effective action written with an explicit fractal measure dμD(x) rather than 𝑑4x. 

Symbolically: 



𝑆eff    =    ∫ 𝑑𝜇𝐷(𝑥) [
1

2
(𝛻𝛷)2 +

1

2
(𝛻𝛹)2 − 𝑉(𝛷, 𝛹)],                               (24) 

and variation with respect to the background metric (or coarse-grained metric proxy) produces the 

stress–energy components. The fractal measure dμD modifies the relative scaling of kinetic vs potential 

integrals, leading to the ζ(D) and 𝛬0(D) parametric dependences used above. Carrying out this program 

explicitly requires a specific model for dμD (e.g. multiplicative measure with scale-dependent exponent) 

and is straightforward in principle — the leading-order cosmological consequence remains that an 

approximately constant residual potential yields 𝑤 ≈ −1.Summary of main result: 

• UFQFT produces a residual vacuum potential proportional to the coarse-grained imbalance 

 𝛷̅2   −  𝛹̅2 (eq. 16). 

• When kinetic/resonant time-derivative terms are suppressed by fractal geometry and slow-

resonance dynamics (encoded in ζ(D) and ϵ), the kinetic-to-potential ratio ε is small (eq. 20). 

• The equation-of-state is then 

 𝑤   =    −1   +   
2𝜀

1+𝜀
   ≈    −1   +   2𝜀                                                    (25) 

with ε≪1 in UFQFT’s stable resonance sectors, yielding the observed 𝑤 ≈ −1 to high precision. 

3. CP Transformation in UFQFT 

3.1 Resonance Representation of Particles 

In the Unified Fractal Quantum Field Theory (UFQFT), particles are not fundamental point-like objects 

but emergent resonance states arising from the coupled dynamics of the energy field Φ and the charge 

field Ψ within a fractal spacetime of effective dimension D.A generic resonance state P is defined by the 

resonance condition: 

𝑃 ≡ (𝛷, 𝛹, 𝐷  )𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 𝑅(𝛷, 𝛹; 𝐷) = 0,                                              (26) 

where R is the resonance operator, encoding the allowed oscillatory configurations of Φ and Ψ for a 

given effective fractal dimension D. As discussed in Section 2.2, the effective fractal dimension serves 

as a measure of particle stability: 

D<2.70⇒Stable confinement,                                                   (27) 

 D≥2.70⇒Unstable or unconfined state.                                    (28) 

Thus, stable elementary particles (e.g., the proton, D≈2.66) are identified with resonance states 

satisfying Eq. (27). 

The resonance energy associated with a particle is expressed as: 

𝐸𝑟𝑒𝑠(𝛷, 𝛹; 𝐷)    =   𝛼(𝐷) 𝛷2    +   𝛽(𝐷) 𝛹2,                                            (29) 

Where, α(D) and β(D) are fractal-dependent coupling coefficients,  𝛷2 represents the contribution of 

oscillatory energy modes, 𝛹2 represents the contribution of oscillatory charge modes. Equation (29) 

plays the role of an effective Hamiltonian for resonance states. 

3.2 CP Operation on Resonance States 

In UFQFT, the CP transformation acts directly on the resonance representation (Φ,Ψ,D). 



The transformation is defined as: 

𝛹     ⟶      −𝛹                                                       (30) 

𝐷     ⟶      𝐷∗                                                       (31) 

Where, Eq. (30) reflects the charge conjugation operation, reversing the sign of the charge field Ψ, Eq. 

(31) represents the parity reflection in fractal geometry, leading to a conjugated effective dimension 𝐷∗. 

Here, 𝐷∗ need not equal D; rather, it encodes the fact that fractal dimensionality is not invariant under 

mirror reflection of the underlying spacetime structure. Applying the transformation (30–31) to Eq. (29), 

the CP-transformed resonance energy becomes: 

𝐸𝑟𝑒𝑠
𝐶𝑃 (𝛷, 𝛹; 𝐷)    =   𝛼(𝐷∗) 𝛷2    +   𝛽(𝐷∗) (−𝛹)2.                                        (32) 

Since (−𝛹)2=(𝛹)2, the charge-field contribution is invariant in sign, but the coupling coefficients now 

depend on the conjugated dimension 𝐷∗. The energy asymmetry between a state and its CP-reflected 

counterpart is therefore: 

𝛥𝐸𝐶𝑃    ≡    𝐸𝑟𝑒𝑠(𝛷, 𝛹; 𝐷)    −    𝐸𝑟𝑒𝑠
𝐶𝑃 (𝛷, 𝛹; 𝐷∗)                               (33) 

𝛥𝐸𝐶𝑃    =    [𝛼(𝐷) − 𝛼(𝐷∗)]𝛷2   +    [𝛽(𝐷) − 𝛽(𝐷∗)]𝛹2               (34) 

Equation (34) shows that in UFQFT, particles and antiparticles are not energetically equivalent if 

𝛼(𝐷) ≠ 𝛼(𝐷∗) 𝑜𝑟 𝛽(𝐷) ≠ 𝛽(𝐷∗)                                                (35) 

This arises because fractal geometry modifies coupling coefficients asymmetrically under parity 

reflection. 

• In a smooth four-dimensional spacetime (D=4, no fractality), one expects 𝐷∗=D, yielding 

Δ𝐸CP=0, and thus full CP symmetry. 

• In a fractal spacetime, however, reflection alters the effective dimension (𝐷∗≠D), producing 

intrinsic CP violation as a geometric effect. 

This provides a natural mechanism for generating CP asymmetry without requiring additional complex 

phases, as in the CKM or PMNS framework. We start from the UFQFT energy asymmetry between 

particle and its CP-reflected counterpart (Eq. 34): 

𝛥𝐸𝐶𝑃    =    [𝛼(𝐷) − 𝛼(𝐷 ∗)]𝛷2   +    [𝛽(𝐷) − 𝛽(𝐷∗)]𝛹2.                    (34 revisited) 

This intrinsic energy splitting, 𝛥𝐸𝐶𝑃, can bias particle vs. antiparticle populations in a hot plasma 

through statistical and dynamical effects. Below we present a minimal, semi-quantitative derivation that 

shows how a nonzero 𝛥𝐸𝐶𝑃 maps to a net baryon-to-entropy ratio 𝜂𝐵 ≡ (𝑛𝐵 − 𝑛𝐵̅)/𝑠. 

4.1 Basic thermal-bias mechanism and assumptions 

Assumptions (explicit) 

1. Early-universe plasma is approximately thermal (temperature T) while baryon-number violating 

processes (e.g. sphalerons or explicit baryon-number violating interactions) are active or have 

been active at some epoch 𝑇BG (the baryogenesis temperature). 

2. CP geometry introduces a small bias in energies and/or transition rates between processes 

producing baryons vs. antibaryons characterized by Δ𝐸CP≪T. 



3. This bias can be represented as an effective baryon chemical potential 𝜇B (or more generally as 

a set of chemical potentials for particle species), related to 𝛥𝐸𝐶𝑃 by an efficiency factor κ that 

encapsulates conversion efficiency from geometric energy splitting into an effective chemical 

potential (depends on microphysics and out-of-equilibrium dynamics). We therefore write 

𝜇B≃κ 
Δ𝐸CP

T
.                                                           (36) 

κ is dimensionless and κ≲1; κ may be small if CP bias weakly couples to baryon number or if washout 

processes are strong.Rationale: A static energy splitting changes Boltzmann weights for states and/or 

transition rates. To leading order in small Δ𝐸CP/T, 

𝛤/𝛤̅ ≃ 𝑒−𝛥𝐸𝐶𝑃/𝑇 ≃ 1 − Δ𝐸CP/𝑇 which produces an O(Δ𝐸CP/T) asymmetry. Mapping this asymmetry 

into a chemical potential is a standard thermodynamic device; κ parametrizes the dynamical mapping. 

4.2 Number density asymmetry for relativistic species 

Consider a relativistic fermionic species that carries baryon number (or contributes to the net baryon 

number through equilibrium relations). For small chemical potential ∣μ∣≪T|, the net number density 

(particle minus antiparticle) is (keeping leading order in μ/T): 

𝑛 − 𝑛̅    =  
 𝑔

6 
𝜇 𝑇2   +   𝑂(𝜇3),                                            (37) 

Where, g is the internal degrees of freedom (spin × color × flavor) for the species in question, T is the 

temperature of the plasma, we have used the standard relativistic Fermi-Dirac expansion (leading term 

linear in μ). (If the baryon-carrying degrees of freedom are non-relativistic at 𝑇BG, the expression and 

coefficients change; here we present the relativistic-case formula which is relevant for electroweak or 

higher-scale baryogenesis.) If several species contribute to baryon number, define an effective baryon-

carrying degeneracy 𝑔eff such that the net baryon number density generated is 

𝑛𝐵 − 𝑛𝐵̅    ≃   
𝑔𝑒𝑓𝑓

6
 𝜇𝐵  𝑇2                                                  (38) 

4.3 Entropy density and baryon-to-entropy ratio 

The entropy density in a thermal plasma with effective relativistic degrees of freedom g∗s is 

𝑠   =   
2𝜋2

45
 𝑔∗𝑠  𝑇3                                                           (39) 

Combining (38) and (39), the baryon-to-entropy ratio becomes 

𝜂𝐵    ≡   
𝑛𝐵−𝑛𝐵̅

𝑠
   ≃   

𝑔𝑒𝑓𝑓

6

 𝜇𝐵 𝑇2

2𝜋2

45
𝑔∗𝑠 𝑇3

    =  
 15 𝑔𝑒𝑓𝑓

4𝜋2 𝑔∗𝑠
 

 𝜇𝐵

𝑇
                                   (40) 

Insert the parametrization (36) for μB: 

𝜂𝐵    ≃   1
5 𝑔𝑒𝑓𝑓

4𝜋2 𝑔∗𝑠 
 𝜅  

𝛥𝐸𝐶𝑃

𝑇2                                                    (41) 

Equation (41) is the central, compact relation mapping the UFQFT geometric CP splitting 𝛥𝐸𝐶𝑃 at 

baryogenesis temperature T into the observed baryon asymmetry ηB. 

4.4 Interpretation and orders of magnitude 

• All factors in (41) are now defined: 

o 𝛥𝐸𝐶𝑃 : UFQFT geometric particle–antiparticle energy splitting (units of energy), 



o T: temperature at which the relevant baryon-number violating + CP-violating processes 

are active (baryogenesis epoch), 

o κ: dynamical efficiency of mapping geometric energy splitting into a baryon chemical 

potential (0<κ≤1), 

o 𝑔eff: effective baryon-carrying degeneracy (order unity to tens depending on which 

species participate), 

o g∗s: effective entropy degrees of freedom at T (e.g. ∼100 at the electroweak scale). 

• Observational target: 𝜂𝐵
𝑜𝑏𝑠 ≃ 6.1 × 10−10 (baryon-to-photon ≈ same order when converting 

properly to entropy units). Requiring (41) to match this value constrains combinations of 

𝛥𝐸𝐶𝑃,T,κ,  and the degenerate counts. Numerical illustrative example (electroweak-like 

scenario)Take representative values:T=100 GeV (electroweak-scale baryogenesis),𝑔eff=1, 

𝑔∗s=100,κ=10−2  (moderate inefficiency), then from (41) we have 

𝜂𝐵 ≃ 0.00380  𝜅  
𝛥𝐸𝐶𝑃

𝑇2 ⇒ 𝛥𝐸𝐶𝑃 ≃
𝜂𝐵

0.00380 𝜅
 𝑇2.           (42) 

Inserting 𝜂𝐵 = 6.1 × 10−10 gives 

𝛥𝐸𝐶𝑃 ≈ 0.16 𝐺𝑒𝑉(𝑓𝑜𝑟 𝑎𝑏𝑜𝑣𝑒 𝑐ℎ𝑜𝑖𝑐𝑒𝑠:  𝑇 = 100 𝐺𝑒𝑉,  𝜅 = 10−2).                 (43) 

Thus a geometric energy splitting of order 102 MeV (for these choices) could plausibly produce the 

observed BAU. If κ is larger (more efficient conversion) the required 𝛥𝐸𝐶𝑃 is proportionally smaller; if 

baryogenesis occurs at a different temperature the scaling is 𝛥𝐸𝐶𝑃∝𝑇−2 in our simplified mapping. 

4.5 Comments, caveats, and further model refinements 

1. Role of out-of-equilibrium dynamics and washout: Equation (41) assumes that the generated 

chemical potential is not destroyed by subsequent washout processes. In a complete model one 

must compute detailed rate equations (Boltzmann or density-matrix evolution) including 

baryon-number violating rates and sphaleron washout. These determine the effective κ and any 

time-integrated suppression factor. 

2. Where does κ come from? κ depends on microphysics: how 𝛥𝐸𝐶𝑃 enters reaction matrix 

elements, the rate at which CP-biased processes occur relative to Hubble expansion, and the 

coupling of the CP bias to baryon number carrying species. A full derivation would compute 

transition amplitudes in UFQFT and insert them into Boltzmann equations; here κ parametrizes 

that complicated mapping. 

3. Temperature dependence and multi-stage baryogenesis: If CP bias is active across a range 

of temperatures (or if different mechanisms act at different scales), integrate (41) over the 

relevant history with time-dependent 𝛥𝐸𝐶𝑃(t), κ(t), and T(t). 

4. Consistency with Sakharov conditions: UFQFT provides the CP violation ingredient 

intrinsically (geometric CP asymmetry). Provided baryon-number violating processes and 

departure from thermal equilibrium are present (or CPT-violating processes in some models), 

the three Sakharov conditions are satisfied. A credible scenario must explicitly exhibit baryon-

number violation (sphalerons or new interactions) and an epoch of departure from equilibrium 

(phase transitions, decoupling, etc.). 



5. Predictivity: The UFQFT advantage is that 𝛥𝐸𝐶𝑃 is calculable in terms of fractal parameters 

α(D)−α(𝐷∗) and β(D)−β(𝐷∗) (Eq. 34). If you can compute those from your fractal-resonance 

model you can predict ηB  (modulo κ which requires dynamical computation), and compare 

with observation to constrain D-asymmetry and other model parameters. 

5. Origin of CP Violation in UFQFT 

5.1 Phase Asymmetry in Φ–Ψ Resonances 

In the Unified Fractal Quantum Field Theory (UFQFT), every particle is described as a resonance state 

arising from the coupling of two fundamental fields: the energy field (Φ) and the charge field (Ψ). A 

convenient parametrization of these resonances involves the relative phase difference between the two 

fields, 

θ   =   arg (Φ)   −   arg (Ψ)                                         (42) 

If CP symmetry were exact, the resonance energy should satisfy 

𝐸(𝜃, 𝐷)    =   𝐸(−𝜃, 𝐷∗),                                          (43) 

where D is the effective fractal dimension of the spacetime configuration for the particle state, and 𝐷∗ 

corresponds to the CP-reflected geometry (antiparticle state). However, in the fractal framework of 

UFQFT, the geometric asymmetry between D and 𝐷∗ leads to 

𝐸(𝜃, 𝐷)    ≠   𝐸(−𝜃, 𝐷∗)                                                  (44) 

which directly induces CP violation at the resonance level. This phase asymmetry implies that the 

effective energy spectrum for particles and antiparticles differs slightly, producing a non-degenerate 

vacuum structure that favors matter over antimatter in the early universe. 

5.2 Fractal Dimensional Shifts as a Source of CP Breaking 

The fundamental source of CP violation in UFQFT can be traced to shifts in the fractal dimension of 

spacetime between particle and antiparticle states. Let 

ΔD  =  D−𝐷∗                                               (45) 

Since the stability criterion in UFQFT requires 

D<2.70⇒stable confinement,                                      (46) 

even a small deviation in ΔD can change the confinement dynamics of particle versus antiparticle 

states.The CP-odd energy splitting can thus be expressed as an expansion in ΔD: 

𝛥𝐸𝐶𝑃(𝜃, 𝐷)    ≈   𝛼(𝐷) 𝛥𝜃   +   𝛽(𝐷) 𝛥𝐷   +   𝑂(𝛥𝜃2, 𝛥𝐷2),                          (47) 

Where, Δθ= θ−(−θ)=2θ is the CP-reflected phase difference, α(D),β(D) are resonance-dependent 

response coefficients, ΔECP  quantifies the asymmetry in the energy of particle vs. antiparticle states. 

This framework shows that phase misalignment (Δθ) and geometric asymmetry (ΔD ) are both 

fundamental UFQFT sources of CP violation. 

5.3 Connection to Decay Width Asymmetries 



The energy asymmetry (ΔECP) between resonance states propagates into differences in decay widths of 

mesons and baryons. A generic parametrization can be written as 

ΔΓ   ≡   Γ(particle)   −   Γ(antiparticle)    ∼   f(Δθ, ΔD)                                    (48) 

where f is a nonlinear function determined by resonance dynamics. For small perturbations, this can be 

expanded as 

𝛥𝛤   ≈   𝛾1 𝛥𝜃   +    𝛾2 𝛥𝐷,                                              (49) 

with 𝛾1,2 being resonance-specific coefficients encoding the sensitivity of decay processes to phase and 

fractal shifts. 

This predicts that meson systems such as kaons (𝐾0– 𝐾̅0), B mesons, and D mesons—where CP 

violation is experimentally observed—are natural testing grounds for UFQFT-based CP violation. 

5.4 Implications for Baryogenesis 

In the early universe, the CP-violating terms derived above directly affect the Boltzmann evolution of 

baryon number density. Specifically, the nonzero Δ𝐸CP and ΔΓ bias particle–antiparticle annihilations 

such that 

𝑑𝑛𝐵

𝑑𝑡
  +   3𝐻𝑛𝐵    ∝   𝛥𝐸𝐶𝑃    −   𝛥𝛤,                                         (50) 

where H is the Hubble parameter during the relevant epoch. Thus, the resonance-level CP asymmetry 

encoded in UFQFT translates into a macroscopic matter–antimatter imbalance, seeding the baryon 

asymmetry of the Universe (BAU). 

6. CP Violation and the Dark Sector 

In this section we show how the same Φ–Ψ resonance formalism that produces geometric CP violation 

in UFQFT naturally gives rise to two phenomenological dark-sector phenomena: (i) neutral, particle-

like resonances that behave as dark matter, and (ii) macroscopic non-material resonances that behave as 

dark energy. We define coarse-grained field measures, state clear assumptions, write explicit relations 

for energy and pressure, and connect these to baryogenesis and observational constraints. 

6.1 Neutral Resonances and Dark Matter 

We begin by introducing the coarse-grained second moments of the fundamental fields for a given 

effective fractal dimension D: 

𝐴(𝐷)    ≡    ⟨𝛷2⟩𝐷, 𝐵(𝐷)    ≡    ⟨𝛹2⟩𝐷.                                  (51) 

Physically, A(D) measures the mean-squared energy-field amplitude at the scale set by D, and B(D) 

measures the mean-squared charge-field amplitude. In UFQFT the charge-field amplitude controls 

electromagnetic (and other gauge) couplings of a resonance. An effective, D-dependent electromagnetic 

coupling for a resonance can be parametrized as 

𝑒𝑒𝑓𝑓(𝐷)    ≡   𝑔𝛹  √𝐵(𝐷)                                                    (52) 

where  𝑔𝛹 is a model-dependent normalization (dimensionful factors suppressed for compactness). 

Neutral, electromagnetically invisible resonances satisfy 



𝑒𝑒𝑓𝑓(𝐷) ≪ 𝑒𝑙𝑎𝑏 ⟹ 𝐵(𝐷) ≪ 𝐵𝑣𝑖𝑠𝑖𝑏𝑙𝑒                                         (53) 

i.e. the charge-field amplitude is strongly suppressed for those resonance solutions. This suppression 

can arise naturally when the fractal measure (or boundary conditions on resonance modes) forces Ψ-

oscillations to be small: define a suppression factor 𝑆𝛹(𝐷) ≪ 1with 

𝐵(𝐷)    =   𝑆𝛹(𝐷) 𝐵0, 𝑆𝛹(𝐷) ≪ 1 for neutral resonances.                   (54) 

Neutral resonances with B strongly suppressed and with A non-zero are localized, long-lived, and couple 

primarily gravitationally. Their effective rest mass (coarse-grained) can be written schematically as 

𝑚𝑟𝑒𝑠(𝐷)    ≃   𝜇(𝐷) √𝐴(𝐷) + 𝐵(𝐷),                                 (55) 

where μ(D) is a fractal-dependent mass scale set by the resonance geometry and normalization 

conventions. An ensemble of such localized, non-relativistic resonances behaves as pressureless matter 

(dark matter) on cosmological scales: 

𝑤𝐷𝑀    ≡
  𝑝𝐷𝑀

𝜌𝐷𝑀
   ≈   0                                                (56)  

because the momentum dispersion of bound, non-relativistic resonances is negligible compared with 

their rest-energy density. Neutral resonances therefore satisfy the two observationally required 

properties for dark matter: (i) negligible electromagnetic couplings (small B), and (ii) effective equation 

of state w≈0.Finally, CP violation plays a role in producing matter-dominant neutral resonances because 

suppressed Ψ oscillations reduce the effective CP-sensitive channels for antiparticle production and 

decay: when Ψ is small the geometric CP asymmetry (which acts through Ψ-dependent terms) manifests 

primarily as a bias in formation/decay rates of particle resonances, favoring particle over antiparticle 

population in narrow windows of D. 

6.2 Non-Material Oscillations and Dark Energy 

For large-scale, homogeneous modes the coarse-grained stress–energy can be expressed (in naturalized 

units) in terms of A(D) and B(D). A convenient phenomenological identification, motivated by the 

different roles that Φ and Ψ play in the fractal resonance dynamics, is: 

𝜌(𝐷)    ≡   𝑁 [ 𝐴(𝐷) + 𝐵(𝐷) ]                                          (57) 

 𝑝(𝐷)    ≡    − 𝑁 [ 𝐴(𝐷) − 𝐵(𝐷) ]                                       (58) 

where N  is a positive normalization (units choice). The pressure is written with opposite sign for the A 

part because, in UFQFT, coarse-grained Φ-modes behave like tension (vacuum-like, negative pressure) 

while Ψ-modes behave like charge-oscillation pressure (positive contribution); the signs follow from 

the way fractal geometry weights potential vs kinetic components in the effective action (see Section 

2.2). From (57)–(58) we immediately obtain the effective equation-of-state parameter as a function of 

D: 

𝑤(𝐷)    ≡   
𝑝(𝐷)

𝜌(𝐷)
   =    − 

𝐴(𝐷)−𝐵(𝐷)

𝐴(𝐷)+𝐵(𝐷)
                                            (59) 

This is the same functional form we proposed; we have simply derived it from the phenomenological 

identifications (57)–(58). Useful limits: 

• If A(D)≫B(D) (Φ-dominated vacuum) then w(D)→−1 (cosmological-constant like). 

• If A(D)=B(D) then w(D)=0 (dust-like behavior). 



• If B(D)≫A(D) (Ψ-dominated) then w(D)→+1 (stiff/fluid-like behavior). 

A small departure from w=−1 when B≪A can be expanded in the small ratio r(D)≡B(D)/A(D)≪1: 

𝑤(𝐷)    =   
− 1−𝑟

1+𝑟
   =    −1   +  

 2𝑟

1+𝑟
   ≈    −1   +   2 𝐵

(𝐷)

𝐴(𝐷)
                                  (60) 

Thus observational bounds on δw≡w+1 translate directly into bounds on the smallness of the charge-

field amplitude compared with the energy-field amplitude on cosmological scales: 

𝛿𝑤 ≈ 2 𝐵
(𝐷)

𝐴(𝐷)
⇒

𝐵(𝐷)

𝐴(𝐷)
≲

𝛿𝑤

2
                                      (61) 

For example, if ∣δw∣≲0.02| then B/A≲0.01 at the scales relevant to dark energy. In UFQFT the global 

CP asymmetry is encoded in differences between the large-scale coarse-grained values 𝐴cosmo(D) and 

𝐵cosmo(D). The vacuum (dark-energy) density can be written in the form used earlier (Section 2.2): 

𝜌𝐷𝐸(𝐷)    ≈   𝛬0(𝐷) [ 𝐴(𝐷) − 𝐵(𝐷) ],                                         (62) 

with  𝛬0(D) an overall fractal coupling constant with dimensions of energy density per field-squared. 

Combined with (57)–(59), this identification shows that the same imbalance A−B that sources 𝜌𝐷𝐸 also 

determines the sign and closeness to w=−1. 

6.3 Unified Mechanism for Matter–Antimatter Asymmetry 

UFQFT provides a single geometric origin for three phenomena often treated separately: 

1. CP violation — arises from ΔD and phase misalignment Δθ of Φ–Ψ resonances (Sections 3–

5). The energy/phase splitting Δ𝐸CP biases particle vs antiparticle formation rates at early times 

(see Eq. (34) and the baryogenesis mapping, Eq. (41) of Section 4). 

2. Dark matter — emerges as an ensemble of neutral, localized resonances with suppressed Ψ 

(Eqs. (53)–(55)). These resonances are long-lived, weakly interacting (small 𝑒eff), and non-

relativistic, hence they behave as collisionless, pressureless matter (Eq. (56)). 

3. Dark energy — appears as a macroscopic, homogeneous resonance imbalance in which Φ-

modes dominate over Ψ-modes on cosmological scales (Eqs. (57)–(62)), giving w≈−1. 

These elements combine into a unified bookkeeping of the cosmic energy budget: 

𝜌𝑡𝑜𝑡    =   𝜌𝑟𝑎𝑑 + 𝜌𝑏 + 𝜌𝐷𝑀 + 𝜌𝐷𝐸                                                   (63) 

with the dark components expressed in UFQFT language as 

𝜌𝐷𝑀    ≃    𝑛𝑟𝑒𝑠  𝑚𝑟𝑒𝑠(𝐷𝑙𝑜𝑐), 𝜌𝐷𝐸    ≃   𝛬0(𝐷𝑐𝑜𝑠𝑚𝑜)[𝐴(𝐷𝑐𝑜𝑠𝑚𝑜) − 𝐵(𝐷𝑐𝑜𝑠𝑚𝑜)]             (64) 

where 𝐷𝑙𝑜𝑐 denotes the local fractal dimension(s) that admit stable, localized resonances and 𝐷𝑐𝑜𝑠𝑚𝑜 

denotes the large-scale effective fractal dimension that governs the homogeneous background. The 

early-universe CP asymmetry (quantified by ΔECP and Δθ) feeds both sectors: 

• it biases microscopic formation/destruction rates and thus the baryon excess (see Section 4), 

• it influences the spectrum of resonance solutions and hence the abundance of neutral resonances 

(dark matter) vs charged resonances (visible matter), and 

• a small global imbalance in A vs B leaves a residual vacuum energy (dark energy). 

Schematic mapping between microscopic parameters and cosmological observables: 



{𝛥𝐷,   𝛥𝜃,   𝐴(𝐷),   𝐵(𝐷),   𝜇(𝐷)} ⟶ {𝜂𝐵,   𝛺𝐷𝑀 ,   𝜌𝐷𝐸 ,   𝑤(𝐷)}.                     (65) 

This mapping is model-dependent but in principle predictive: once the functional forms 

A(D),B(D),μ(D),𝛬0(D) are derived from a chosen fractal measure dμD(x) and resonance boundary 

conditions, one can compute Δ𝐸CP , integrate the Boltzmann network to obtain 𝜂𝐵, count stable neutral 

resonances to obtain 𝛺DM, and evaluate w(D) to compare with cosmological constraints. 

7. Phenomenological and Cosmological Implications 

The Unified Fractal Quantum Field Theory (UFQFT) framework for CP violation provides a unifying 

description that bridges high-energy laboratory experiments and cosmological-scale observations. This 

section outlines how the formalism manifests in precision particle physics experiments, in neutrino 

phenomenology, and in astrophysical and cosmological signatures, as well as how forthcoming surveys 

may test its predictions. 

7.1 Meson Decay Experiments 

One of the most direct laboratory probes of CP violation is the study of meson oscillations and decays. 

In the UFQFT framework, CP-violating effects arise from fractal-dimensional asymmetries (ΔD) and 

phase misalignments (Δθ) in Φ–Ψ resonance states (see Eqs. (42)–(50)). These induce modifications in 

decay widths: 

𝛥𝛤𝑚𝑒𝑠𝑜𝑛    ≈    𝛾1 𝛥𝜃   +   𝛾2 𝛥𝐷,                                                       (66) 

with 𝛾1,2  depending on the resonance geometry of the meson system under study. 

• Kaons (𝑲𝟎– 𝑲̅𝟎): UFQFT predicts that the observed indirect CP violation (ε-parameter) is 

enhanced by fractal asymmetries, such that small differences in D shift the neutral kaon mass 

matrix eigenvalues. 

• B-mesons (𝑩𝒅
𝟎 , 𝑩𝒔

𝟎): Large CP phases in the Standard Model can be reinterpreted in UFQFT as 

effective Δθ terms, which could lead to slight deviations in mixing-induced CP asymmetries 

beyond CKM predictions. 

• D-mesons: Since Standard Model CP violation in D-meson decays is expected to be extremely 

small, any measurable CP asymmetry would provide a potential window into fractal-dimension-

induced CP violation. 

Precision experiments at Belle II, LHCb, and future flavor factories thus offer a means to test whether 

the UFQFT corrections are consistent with or extend beyond CKM/PMNS predictions. 

7.2 Neutrino Oscillations and CP Phase Shifts 

Neutrino oscillations provide another natural laboratory for CP-violating phases. In the PMNS 

framework, the Dirac CP phase δCP governs differences in oscillation probabilities for neutrinos and 

antineutrinos. In UFQFT, this phase originates from the resonance phase difference (Eq. 42): 

𝜃𝜈   =   𝑎𝑟𝑔 (𝛷𝜈)   −   𝑎𝑟𝑔 (𝛹𝜈),                                       (67) 

with the oscillation probability modification given schematically by 

𝑃𝜈𝛼→𝜈𝛽
  −    𝑃𝜈̅𝛼→𝜈̅𝛽

   ∝   𝑠𝑖𝑛 (𝛥𝑚2𝐿/4𝐸) 𝑠𝑖𝑛 (𝜃𝜈 + 𝛥𝜃).                                  (68) 

Thus, the UFQFT contribution can be viewed as an effective shift in the PMNS CP phase: 



𝛿𝐶𝑃
𝑒𝑓𝑓

   =    𝛿𝐶𝑃
𝑆𝑀   +   𝑓(𝐷, 𝛥𝐷, 𝛥𝜃),                                                        (69) 

where f is a small correction depending on fractal geometry. Experiments such as DUNE, Hyper-

Kamiokande, and JUNO will therefore provide critical tests by measuring whether δCP deviates from 

the Standard Model expectation in a manner correlated with fractal parameters. 

7.3 Cosmological Signatures 

The same CP-violating fractal resonance dynamics that govern meson decays and neutrino oscillations 

also imprint cosmological observables: 

• CMB anomalies: The non-equivalence between particle and antiparticle vacua (Eqs. 44–47) 

can lead to small isocurvature perturbations. These would manifest as power asymmetries or 

non-Gaussian signatures in the Cosmic Microwave Background (CMB). 

• Isocurvature perturbations: Neutral resonance populations (dark matter candidates) inherit 

CP-violating production asymmetries, potentially seeding cold dark matter isocurvature modes 

that are correlated with baryon density perturbations. 

• Equation-of-state evolution: The dark-energy equation of state (Eq. 59), 

𝑤(𝐷)    =    − 
𝐴(𝐷)−𝐵(𝐷)

𝐴(𝐷)+𝐵(𝐷)
                                                   (70) 

naturally predicts small deviations from −1. If the ratio B(D)/A(D) evolves with redshift due to slow 

fractal-dimension running, this leads to a dynamical w(z). Future surveys can test whether w(z) follows 

this trajectory rather than a simple constant-w model. 

7.4 Prospects for Testing with Next-Generation Experiments 

A synthesis of laboratory and cosmological tests offers a multi-front strategy for probing the UFQFT 

framework: 

• DESI and Euclid: By mapping large-scale structure and baryon acoustic oscillations, these 

surveys will constrain w(z) to percent-level precision. This directly tests Eq. (70) by bounding 

B(D)/A(D). 

• CMB-S4: High-resolution CMB measurements will improve sensitivity to isocurvature 

perturbations, providing a test of CP-violating neutral-resonance production. 

• Laboratory flavor physics: Belle II, LHCb, and future colliders will probe deviations in meson 

CP violation (Eq. 66). 

• Neutrino experiments: DUNE and Hyper-K will constrain effective CP phases (Eq. 69), 

searching for systematic deviations from Standard Model expectations. 

Taken together, these experimental programs will either confirm the Standard Model picture of CP 

violation or reveal correlations across scales that point toward UFQFT as a unifying framework for CP 

violation, dark matter, and dark energy. 

8. Discussion 

8.1 Comparison with Standard Model Approaches 

In the Standard Model (SM), CP violation arises through complex phases in the Cabibbo–Kobayashi–

Maskawa (CKM) matrix for quarks and the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix for 



neutrinos. These phases, while sufficient to account for observed meson-sector CP violation, are 

generally regarded as too small to explain the observed baryon asymmetry of the Universe (BAU) by 

several orders of magnitude. In contrast, the Unified Fractal Quantum Field Theory (UFQFT) attributes 

CP violation not to external matrix elements but to intrinsic geometric asymmetries in the resonance 

structure of particles. This distinction allows CP violation to manifest more broadly—affecting both 

visible-sector matter and dark-sector resonances—without requiring fine-tuning of mixing parameters. 

Furthermore, in the SM, dark matter and dark energy remain external additions, requiring independent 

theoretical constructs (e.g., weakly interacting massive particles, axions, quintessence fields, or 

modifications of general relativity). UFQFT offers a unified mechanism: CP asymmetry in Φ–Ψ 

resonance fields produces baryogenesis, while neutral resonance stability explains dark matter, and 

large-scale resonance imbalance gives rise to an effective negative pressure identified with dark energy. 

This geometric embedding situates CP violation at the center of both microphysical and cosmological 

dynamics. 

8.2 Advantages of the UFQFT Geometric Framework 

The geometric resonance perspective introduces several advantages: 

1. Unified Treatment of Sectors – Matter–antimatter asymmetry, dark matter, and dark energy all 

emerge from the same fractal spacetime resonance structure, eliminating the need for ad hoc 

sectors. 

2. Natural Stability Criteria – Instead of introducing stabilizing symmetries by construction 

(e.g., R-parity in supersymmetry), UFQFT provides stability conditions via fractal dimensional 

thresholds (e.g., D<2.70 disallowing free quarks). Neutral resonances that cross stability 

thresholds naturally serve as dark matter candidates. 

3. Equation of State from First Principles – The effective dark energy equation of state, 

𝑤(𝐷) = −
⟨𝛷2⟩−⟨𝛹2⟩

⟨𝛷2⟩+⟨𝛹2⟩
                                                   (71) 

emerges directly from resonance asymmetry rather than being imposed phenomenologically. This 

provides a testable geometric interpretation of cosmic acceleration. 

4. Intrinsic CP Violation – Unlike in the SM, where CP violation must be inserted into mixing 

matrices, in UFQFT it is an inevitable property of Φ–Ψ resonance phase differences and fractal 

dimensional asymmetries. This makes CP violation both more fundamental and potentially 

stronger. 

8.3 Open Questions and Future Directions 

Despite its conceptual strengths, UFQFT faces several open challenges: 

• Quantitative Estimates of BAU – While the framework explains qualitatively how CP 

asymmetry can bias matter over antimatter, explicit calculations of the baryon-to-photon ratio 

𝜂𝐵 ≈ 6 × 10−10 must be derived from resonance dynamics. This requires integrating ΔECP 

contributions across thermal histories of the early universe. 

• Numerical Simulations of Resonance Networks – The theory relies on multi-scale fractal 

resonance structures, which are analytically intractable in full detail. Lattice-like simulations of 

Φ–Ψ field networks may provide quantitative predictions for meson decay asymmetries, 

neutrino oscillation phases, and dark-sector phenomenology. 



• Experimental Constraints – While UFQFT predicts testable CP violation signatures (in meson 

systems, neutrino oscillations, and cosmological observables), specific parameterizations 

linking fractal dimensions to measurable decay rates or oscillation probabilities must be 

developed. Upcoming experiments such as Belle II, DUNE, and CMB-S4 will provide decisive 

constraints. 

• Connection to Quantum Gravity – As UFQFT embeds resonance states in a fractal spacetime, 

it naturally intersects with quantum gravity research. The precise mapping between UFQFT 

fractal dimensionality and other frameworks (e.g., holographic duality, loop quantum gravity, 

causal dynamical triangulations) remains an open avenue for unification. 

Finally, UFQFT reframes CP violation not as an incidental feature of mixing matrices but as a 

fundamental property of spacetime geometry and resonance dynamics. This perspective provides a 

unified explanation for baryogenesis, dark matter stability, and dark energy acceleration. At the same 

time, it opens the door to new quantitative challenges requiring detailed simulations and experimental 

verification. If validated, the geometric resonance framework would represent a profound shift in our 

understanding of symmetry, stability, and cosmology. 

9.Conclusion  

In this work, CP violation has been reinterpreted within the framework of Unified Fractal Quantum Field 

Theory (UFQFT) as a natural manifestation of resonance asymmetry in the coupled energy (Φ) and 

charge (Ψ) fields embedded in a fractal spacetime of effective dimension 𝐷 ≈ 2.7. Unlike the Standard 

Model, where CP violation arises from a single complex phase in mixing matrices and remains too weak 

to account for the observed matter–antimatter imbalance, UFQFT attributes CP asymmetry to phase 

mismatches and dimensional shifts in resonance structures. This geometric mechanism not only 

strengthens the origin of CP violation but also establishes direct links to dark matter, interpreted as 

neutral resonances, and dark energy, modeled as non-material oscillations. In this unified picture, 

baryogenesis and cosmic acceleration emerge from the same underlying resonance framework, 

providing a coherent explanation that bridges microphysical particle asymmetries with large-scale 

cosmological dynamics. 

Looking ahead, several directions stand out as essential for the further development of this approach. 

On the phenomenological side, explicit derivations of decay width asymmetries (ΔΓ) in meson systems 

and resonance-phase parameters need to be mapped onto measurable CP-violating observables. In the 

neutrino sector, UFQFT predicts modifications to oscillation probabilities due to fractal phase 

asymmetries, offering potential signatures for upcoming long-baseline experiments such as DUNE and 

Hyper-Kamiokande. At the cosmological scale, the proposed correlation between the evolution of fractal 

dimensionality and the dark energy equation of state parameter w(z) suggests that baryon asymmetry 

and cosmic acceleration may share a common geometric origin, testable by DESI, Euclid, and CMB-

S4. High-energy collider data and astrophysical probes, including studies of neutron star interiors and 

exotic compact objects, may provide additional constraints on resonance-based CP violation. Together, 

these avenues outline a pathway toward embedding CP violation, dark matter, and dark energy into a 

single resonance-driven paradigm that extends beyond the Standard Model and ΛCDM, offering a fertile 

ground for both theoretical exploration and observational tests. 
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