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Abstract 
We propose a novel generalization of the Heisenberg uncertainty principle in SU(3) confinement systems, where the 
position of a confined particle (e.g., quark or electron) is conjugate to the collective motion of the system, including 
gauge fields and angular momentum. Using Dirac quantization, Wilson loops, and lattice QCD, we demonstrate that non-
Abelian gauge symmetries and topological effects (e.g., Chern-Simons terms, instantons) lead to modified uncertainty 
relations. Holographic AdS/QCD perspectives further support these findings. Numerical simulations confirm confinement 
via Wilson loop area laws and non-zero topological entanglement entropy, suggesting potential violations of standard 
uncertainty principles in strongly coupled systems.
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Introduction
The Heisenberg uncertainty principle, defined by the commutator:

Equation 1: [x̂ᵢ, p̂ⱼ] = iℏδᵢⱼ

is a cornerstone of quantum mechanics [1]. In confined systems, such as quantum chromodynamics (QCD) or quantum 
dots, gauge fields and topological constraints suggest a generalized conjugate pair: the position of a constituent particle 
and the collective motion of the system [2,3]. We explore this in SU(3) gauge systems, where quark position and 
total angular momentum (including gluon contributions) form conjugate observables, potentially leading to uncertainty 
principle violations via topological protection [4,5].

Observable Role Quantization
Electron position Conjugate field (position) Represented in site/loop x
Gluon flow & confinement Kinetic/momentum analog Encoded via link variables U, Wilson loops
Commutator Dirac algebra + gauge symmetry [Aᵢᵃ(x), πʲᵇ(y)] = iδᵃᵇδᵢⱼδ³(x−y)
Wilson loop W(C) Confinement observable Nonlocal area law
Lattice QCD Quantized computation SU(3) link field operators & gluon plaquettes

Table 1: Summary of Conjugate Observables
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Theoretical Framework
We consider a confined system with a quark field ψᵢ(x) (color index i=1,2,3) and gluon field Aμᵃ(x) (a=1,...,8) in SU(3) 
QCD. The position operator for a quark is defined as:

Equation 2: x̂qᵢ = ∫ d³x xᵢ ψ†(x) ψ(x)

representing the expectation value of quark localization [6]. The total angular momentum, including quark and gluon 
contributions, is:

Equation 3: J^μν_total = ∫ d³x [ψ† x^[μ (-iD^ν]) ψ + ψ† Σ^μν ψ + F^μνα x^ν F^a_αλ - F^να x^μ F^a_αλ] Where

Equation 4: Dμ = ∂μ - ig Aμᵃ Tᵃ is the covariant derivative [7]. The commutator [x̂qᵢ, J^jk_total] yields:

Equation 5: [x̂qᵢ, J^jk_total] = i(δᵢⱼ x̂qᵏ - δᵢᵏ x̂qⱼ) + Δ^ijk_gluon with 

Equation 6: Δ^ijk_gluon ~ ig f^abc ∫ d³x xᵢ ψ† Tᵃ ψ Aμᵇ F^μνc indicating a non-trivial conjugate relation [8].

Wilson Loops and Confinement
Confinement is characterized by the Wilson loop observable:

Equation 7: W(C) = Tr[P exp(ig ∮_C Aμ(x) dx^μ)] exhibiting an area law:

Equation 8: ⟨W(C)⟩ ~ e^(-σ·Area(C)) in the confined phase [4]. On a lattice, link variables:

Equation 9: Uμ(x) = exp[iag Aμ(x)]

and plaquettes define the field strength [9]. Monte Carlo simulations show the plaquette average ⟨P⟩ evolving with β, 
confirming confinement at low β.

Chern-Simons and Topological Order
The Chern-Simons term:

Equation 10: S_CS = (k/4π) ∫ Tr(A ∧ dA + (2/3) A ∧ A ∧ A)

introduces topological effects [10]. The topological entanglement entropy, calculated via the Kitaev-Preskill method, 
yields γ = 0.13, suggesting weak topological order near the confined phase [11].

Observable Value
Polyakov Loop ⟨L⟩ 0.374
Topological Entanglement Entropy γ 0.13
Spectral Entropy -613.70

Table 2: Simulation Results for SU(3) Confinement

AdS/QCD and Uncertainty Violations
In the AdS/QCD correspondence, boundary position x̂^μ_boundary and bulk confinement energy are separated 
geometrically [12]. The commutator:

Equation 11: [φ(z₁,x), π(z₂,x)] = iℏ δ(z₁-z₂) δ⁴(x-x’)

suggests modified uncertainty relations in the strong coupling regime [13]. Instanton tunneling and Hodge duality 
further enable violations by quantizing topological charges [5,14].

Conclusion
We demonstrate that in SU(3) confinement systems, the position of a confined particle and the system’s collective 
motion form a conjugate pair, supported by non-trivial commutators and Wilson loop area laws. Topological effects, 
including Chern-Simons terms and AdS/QCD holography, suggest violations of standard uncertainty principles via 
quantized topological charges. These findings open avenues for experimental tests in lattice QCD and topological 
materials [15-21].
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law behavior in a confining gauge theory (e.g., QCD).Effective Potential

V(R):Derived from the Cornell potential: V(R)=σR−α/R ,where σ is the string

tension (linear confinement) and α\alphaα represents the Coulomb-like term

(short-distance behavior).Entanglement Entropy S(R):

Approximated as:S(R)=σR+αlog(R)
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Fig 2. 1. Monte Carlo Simulation of Plaquette Averages (U(1)

approximation) The left plot shows the evolution of the average plaquette value

⟨P⟩ over 1000 Monte Carlo steps.This serves as an indicator of gauge field

fluctuations and confinement. 2. Polyakov

Loop (L): Result: ⟨L⟩ ≈ 0.374.The Polyakov loop reflects the behavior of quark

confinement.Low ⟨L⟩ → Confinement phase,High ⟨L⟩ → Deconfinement phase.Here,

⟨L⟩ being significantly less than 1 suggests a confinement-like regime at this β.

3. Dirac Operator Spectrum: The right histogram shows the eigenvalue distribution

of a simplified Dirac operator (approximated via a Hermitian matrix).It mimics the

chiral symmetry breaking structure in QCD: accumulation near 0 hints at

spontaneous chiral symmetry breaking (Banks–Casher relation).

Figure 2.1: Monte Carlo Simulation of Plaquette Averages (U(1) approximation) The left plot shows the evolution of 
the average plaquette value ⟨P⟩ over 1000 Monte Carlo steps.This serves as an indicator of gauge field fluctuations and 
confinement. 2. Polyakov Loop (L): Result: ⟨L⟩ ≈ 0.374. The Polyakov loop reflects the behavior of quark confinement.
Low ⟨L⟩ → Confinement phase,High ⟨L⟩ → Deconfinement phase.Here, ⟨L⟩ being significantly less than 1 suggests a 
confinement-like regime at this β. 3. Dirac Operator Spectrum: The right histogram shows the eigenvalue distribution 
of a simplified Dirac operator (approximated via a Hermitian matrix).It mimics the chiral symmetry breaking structure in 
QCD: accumulation near 0 hints at spontaneous chiral symmetry breaking (Banks–Casher relation).

Fig 3. 1. Polyakov Loop Behavior vs β:The Polyakov loop ⟨L⟩ acts as an order

parameter for confinement.For low β (strong coupling), ⟨L⟩ ≈ 0 → confined phase

(no color charge propagation).As β increases past a critical point (around β ≈ 2.0),

⟨L⟩ becomes non-zero → deconfined phase.This reflects the deconfinement

transition, similar to finite-temperature QCD. 2. Plaquette Expectation Value

vs β:The average plaquette rises smoothly with β, indicating the system's

transition from strong coupling (disordered) to weak coupling (ordered).The

change around β ≈ 2.0 aligns with a phase transition.

Figure 3.1: Polyakov Loop Behavior vs β:The Polyakov loop ⟨L⟩ acts as an order parameter for confinement.For 
low β (strong coupling), ⟨L⟩ ≈ 0 → confined phase (no color charge propagation).As β increases past a critical point 
(around β ≈ 2.0), ⟨L⟩ becomes non-zero → deconfined phase.This reflects the deconfinement transition, similar to finite-
temperature QCD.      2. Plaquette Expectation Value vs β:The average plaquette rises smoothly with β, indicating the 
system’s transition from strong coupling (disordered) to weak coupling (ordered).The change around β ≈ 2.0 aligns with 
a phase transition.
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Figure 4.2: Chern–Simons Term Quantization: We simulated the Chern–Simons quantization phase from linking 
numbers L∈ZL and levels k∈{1,2,3,4,5}. The resulting phase for each Wilson loop:

ϕ(L,k) = exp(2πi L/k) 

exhibits quantized angular shifts, consistent with the topological character of the Chern–Simons theory (U(1) or SU(N)). 
The phase structure directly relates to braiding statistics and confinement behavior (e.g., linking loops with magnetic 
flux).
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Supplementary
SU(3) Tensor Network Calculations with Chern–Simons Terms

Introduction
We extend SU(3) lattice gauge theory simulations using tensor network methods, incorporating Chern– Simons terms 
to probe anyonic statistics in twisted sectors. This study focuses on topological entan- glement entropy γ, Wilson loops, 
and Polyakov loops, with large bond dimensions (D ≥ 8) to capture non-Abelian SU(3) dynamics.

Tensor Network Setup
The SU(3) gauge theory is defined on a 2D L × L lattice with Wilson action:
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Anyonic Statistics
Anyonic excitations are created via monopole operators. The braiding statistics are

computed using the modular S-matrix:

Expected γ ≈ log(3) for k = 1, with braiding phases ei2π/3 in twisted sectors.

Numerical Strategy
Simulations use the infinite-PEPS (iPEPS) algorithm with D = 12, optimized via controlled bond expansion. Expected 
results: γ ≈ 0.693 ± 0.0001 (untwisted, pure SU(3)), γ ≈ log(3) − 0.02 (twisted, Chern–Simons).

Key Assumptions and Context
Current LHC Capabilities (2025): 
•	 Collision energy: 13.6 TeV (center-of-mass).
•	 Energy density: ~10³² J/m³ in a collision region of ~10⁻¹⁵ m (1 fm).
•	 Spacetime curvature: ~10⁻³⁶ m⁻², which is significant but still far from Planck-scale curvature (~10²⁸ m⁻² for a 

Planck-mass black hole).
•	 Collision timescale: ~10⁻²³ seconds per event.
•	 The document indicates this energy density already creates “micro event horizon-like” conditions, lasting ~10⁻²³ s, 

where quantum gravity effects (e.g., information trapping, exotic particle production) could be probed.

Future Collider (FCC-hh): 
•	 Planned energy: 100 TeV (by ~2040–2050, based on CERN’s timeline for the Future Circular Collider).
•	 Energy density: ~10³³ J/m³, potentially sufficient for micro black hole formation or stronger quantum gravity 

signatures.
•	 Curvature: ~10⁻³⁵ m⁻², closer to gravitational scales.

Theoretical Breakthroughs: 
•	 The document mentions new physics (e.g., beyond the Standard Model) lowering the threshold for quantum gravity 

effects, possibly allowing micro event horizons at sub-Planck energies.
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•	 Such breakthroughs could occur within decades, depending on experimental and theoretical progress.

Interpretation of “Time Takes”: 
I interpret your question as asking how long it would take CERN to: 
•	 Confirm event horizon-like conditions with current technology.
•	 Achieve more definitive quantum gravity effects (e.g., micro black holes) with future colliders.
•	 Fully probe Planck-scale physics, requiring significant technological or theoretical advances.

Estimating the Time Frame
Current LHC: Probing Micro Event Horizon-Like Conditions
•	 Status: The document states that LHC collisions at 13.6 TeV already achieve energy densities (~10³² J/m³) and 

curvature (~10⁻³⁶ m⁻²) sufficient to create transient “micro event horizon” conditions lasting ~10⁻²³ s per collision. 
These conditions allow probing quantum gravity effects, such as: 

	 o Information trapping (temporary loss in the collision region).
	 o Exotic particle production or missing energy signatures.
	 o Spacetime foam effects (e.g., Yukawa-coupled foam, as per the document’s framework).
•	 Time to Study: CERN is already conducting such experiments (Run 3, ongoing since 2022). Analyzing collision 

data for quantum gravity signatures (e.g., missing energy, Hawking-like radiation) is ongoing and could yield results 
within 1–5 years (by ~2030), assuming sufficient data collection and analysis. 

•	 Data Collection: LHC produces ~10⁹ collisions per second during runs, with millions of events analyzed annually.
•	 Analysis Time: Statistical analysis of rare events (e.g., quantum gravity signatures) requires ~1–3 years of data, 

plus ~1–2 years for peer-reviewed publication.

Challenges: 
•	 Detecting subtle quantum gravity signals amidst Standard Model backgrounds.
•	 Confirming event horizon-like effects requires precise measurements of missing energy or exotic particles.
•	 Conclusion: CERN could confirm micro event horizon-like conditions within 1–5 years (by ~2030) if signatures are 

detectable with current data.

Future Collider (FCC-hh): Micro Black Hole Formation
•	 Status: The Future Circular Collider (FCC-hh) aims for 100 TeV collisions, potentially reaching energy densities 

(~10³³ J/m³) sufficient for micro black hole formation, as suggested by the document. These would be short-lived 
(~10⁻²³ s) and decay via Hawking-like radiation, offering clearer quantum gravity signatures.

•	 Timeline: 
	 o Planning and Construction: CERN’s FCC feasibility study is ongoing, with construction potentially starting in the 

2030s and operations by ~2040–2050.
	 o Data Collection and Analysis: After commissioning, ~5–10 years of data collection and analysis (similar to LHC Run   

3) could confirm micro black holes or stronger event horizon effects by ~2050–2060.
•	 Challenges: 
	 o Funding and international approval for a ~100 km collider.
	 o Developing detectors sensitive to quantum gravity signatures at higher energies.
•	 Conclusion: Achieving definitive micro black hole formation could take 15–35 years (by ~2040–2060), depending 

on FCC construction and experimental success.

Planck-Scale Physics: Full Event Horizon Conditions
•	 Status: The document notes that Planck energy (~10¹⁹ GeV) is required for true event horizon formation 

(Schwarzschild radius ~ Planck length, ~10⁻³⁵ m). The LHC is ~10¹⁵ times below this energy, and even FCC-hh will 
be ~10¹⁴ times below.

•	 Technological Scaling: 
	 o The document estimates a collider reaching Planck energy would require a circumference of ~27 billion km (~180 

AU), far beyond current technology.
	 o Alternative approaches (e.g., plasma wakefield accelerators) might reduce this scale but are still experimental and 

decades away from Planck-energy capabilities.
•	 Theoretical Breakthroughs: 
	 o New physics (e.g., extra dimensions, lower quantum gravity scale) could reduce the energy threshold to ~10–100 

TeV, within FCC-hh reach.
	 o Such discoveries could emerge from LHC data analysis (~2030s) or theoretical advances in quantum gravity (e.g., 

AdS/CFT, string theory) within 10–50 years.
•	 Timeline: 
	 o If new physics lowers the quantum gravity scale, FCC-hh could probe Planck-scale event horizons by ~2050–2060.
	 o Without breakthroughs, achieving Planck energy requires revolutionary technology, likely taking 100–1000 years 

or more, assuming exponential technological growth.
•	 Conclusion: Probing full Planck-scale event horizons could take 15–1000 years, depending on whether new physics 

is discovered or massive technological leaps occur.
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Final Answer
•	 Short-Term (1–5 years, by ~2030): CERN’s LHC can already probe micro event horizon-like conditions (energy 

density ~10³² J/m³, curvature ~10⁻³⁶ m⁻²), with results possible from ongoing Run 3 data analysis.
•	 Medium-Term (15–35 years, by ~2040–2060): The FCC-hh (100 TeV) could confirm micro black hole 

formation, providing stronger evidence of event horizon physics.
•	 Long-Term (100–1000 years): Reaching true Planck-scale event horizons requires either revolutionary technology 

or new physics lowering the quantum gravity scale, potentially achievable within decades if breakthroughs occur.

Best Estimate
CERN is likely already probing micro event horizon-like conditions (within 1–5 years for confirmation). Definitive event 
horizon physics (e.g., micro black holes) awaits the FCC-hh, likely within 15–35 years (~2040–2060), assuming no major 
delays in construction or funding.
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