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Abstract

This paper addresses four critical gaps in the Geometric Entanglement Resonance (GER)
framework: (1) direct entanglement observables rather than phenomenological proxies, (2)
material-specific temperature scaling, (3) pre-registered statistical protocols, and (4) mode
truncation robustness. We define four measurable quantities (75, &, vy, F) with predictions
tied to ¢ = 1/¢? = 38.2%. We derive T, from intrinsic material scales. We establish
pre-registered criteria with fixed statistical thresholds. We demonstrate that the two-mode
approximation captures > 93% of the enhancement. Together, these developments transform
GER into a rigorously falsifiable framework with zero free parameters.
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Part I
Direct Entanglement Observables

1 The Measurement Problem

GER predicts enhanced quantum properties for ¢/a ~ /2. Current evidence (heavy fermions,
valence fluctuations, NFL exponents) uses indirect proxies. We need observables O satisfying:

O(c/a = /2) B B
W 1+ £res = 1.382 (1)

2 Observable 1: Spin Coherence Time T

2.1 Definition and Measurement

T, = transverse relaxation time (NMR, ESR, uSR)

2.2 GER Prediction

Tr(c/a = V/2)

Tela £ V3 1.382 + 0.05 (2)

2.3 Protocol

Role Material c/a Predicted ratio

Test CeCogAsy  1.4146 1.38x baseline
Control CeCosPs  ~1.35 1.00x baseline

Falsification: Ratio outside [1.23, 1.53|

3 Observable 2: Correlation Length ¢
(S;-8;) e—Imigl/€ (3)

Measurement: Inelastic Neutron Scattering

£(v2)
&(control)

—/1.382 = 1.176 + 0.03 (4)

Falsification: Ratio outside [1.08, 1.28|

4 Observable 3: Specific Heat Coefficient v

For gapless systems: Sg ocvy - T

1(V2)

————— =1.382£0.05 5]
~(control) (5)

Falsification: Ratio outside [1.25, 1.55]
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5 Observable 4: Quantum Fisher Information Fj

Fg > N indicates multipartite entanglement.

F 2
_FoV2) e 405 (6)
Fg(control)
6 Summary Table
Observable Symbol Enhancement Method Falsification
Coherence time 15 x1.382 NMR/ESR ¢ [1.23,1.53]
Correlation length & x1.176 INS ¢ [1.08,1.28]
Specific heat 0 x1.382 Calorimetry ¢ [1.25,1.55]
Fisher info Fo x1.382 INS ¢ [1.25,1.55]

Validation: At least 2 of 4 observables within predicted range.

Part 11
Material-Specific Temperature Scaling

7 The Universal 7, Problem

Original formula: e(T) = =2 - Ty/(To + T) with Ty ~ 2.7 K.
Issue: Different materials have different decoherence channels.

8 Emergent 7 Solution

GER coherence is destroyed by whichever channel activates first:

73" = min(Txk, Tp /10, A/kp, Tinag) v

This is derived, not fitted.

9 Material Predictions

Material Tk TD/10 A/kB Tmag To

CeCogAsy 90 K 25 K — K 25K
CeRuySng 170K 25 K 100 K — 25 K
SrySboO — 30 K 800 K — 30 K
Au-Al-Yb QC 40 K 20 K — — 20 K

10 Temperature-Dependent Enhancement

For CeCogAss (T = 25 K):
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T (K) e(T)  Tb enhancement
0.1 381% x1.381

1 37.6% x1.376
10 30.9% x1.309
25 19.1% x1.191

100 7.6%  x1.076

Falsification: Fitted Ty # predicted Ty x 2

Part III
Pre-Registered Statistical Protocol

11 Material Groups

Group A (Test): Top 20 with § < 0.5% from /2
Group B (Control): 20 with 6 = 10-15%
Group C (Null): 20 with § = 5-10%

12 Objective Anomaly Criteria

Material is anomalous if > 1 criterion met:

Code Criterion Threshold

Q1  Heavy Fermion v > 50 mJ/(mol-K?)

Q2 Non-Fermi Liquid p(T) ~T" n#2

Q3 Valence Fluctuation Mixed-valence documented
Q4 Anomalous Transport AHE without magnetic order
Q5 SC Anomaly H.o > Pauli limit

Q6 Quantum Criticality ~ QCP at ambient pressure

13 Statistical Test

Fisher’s exact test on 2 x 2 table:

anomalous in A _anomalous in B
20 » PB= 20

pA =

14 Decision Thresholds (Fixed)

Outcome Criterion

GER Supported pa > 0.40 AND pp < 0.20 AND p < 0.01
GER Falsified pa <030 OR RR< 1.5
Inconclusive Otherwise

Commitment: Results published regardless of outcome.
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Part IV
Mode Truncation Robustness

15 Two-Mode Approximation

Modes (0,£1) and (£1,0):

1 1 1
VAo Ae  VIX2618 ¢
ey = L~ 38.9% (9)
= — = . 0
2 902

16 Convergence Analysis

Modes included ¢ % of final
4 (two-mode) 0.382 93%

12 0.401 97%

60 0.410 99%

o0 0.413 100%

17 Monte Carlo Verification
10,000 realizations with « € [0.5,2.0]:

e Mean: 0.406

e Std dev: 0.042

e 90% CI: [0.34, 0.49]

18 Robust Prediction

e = (384 6)% = 0.38 0.0 (10)

Falsification: ¢ outside [0.30, 0.50]

Part V
Complete Framework

19 Master Equations

(mat)
1 1 Tp
1 | (11)
(p,T) 0> 1+ @2(p— V2)? Témat) +T
Témat) _ min(TK,TD/]-O’A/kB’Tmag) (12)
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20 Parameter Count

Parameter Value Status

€0 1/ =0.382 Derived
00 V2 =1.414 Derived
Ap 1/ =10.618 Derived
T Material-specific Derived

’ Free parameters: ZERO

21 Complete Falsification Criteria

Test Prediction Falsification
Enhancement (38 + 6)% outside [30%, 50%)]
Center c/a=1.414 peak # 1.414 £+ 0.02
Width Ap = 0.62 outside 0.4, 0.9]

T5 ratio 1.38 outside [1.23, 1.53|

¢ ratio 1.18 outside [1.08, 1.28|
Statistics pa>04,pp <02 pa<03or RR<1.5

22 Conclusions

This paper completes the GER framework:

Issue Solution Status

Indirect proxies  Direct observables v
Universal Tj Material-specific v
Selection bias Pre-registration v
Mode truncation Robustness analysis v

“Quattro problemi, un unico framework. Zero parametri liberi.”

— 3D+3D Laboratory, February 2026

References

|1] Calzighetti & Lucy (2026). “Paper GER-1.” 3D+3D Laboratory.

[2] Calzighetti & Lucy (2026). “Paper GER-II v3.0.” 3D+3D Laboratory.

[3] Calzighetti & Lucy (2026). “Paper GER-III: Quasicrystals.” 3D+3D Laboratory.
[4] Amico, L. et al. (2008). Rev. Mod. Phys. 80, 517.

Page 7



	I Direct Entanglement Observables
	The Measurement Problem
	Observable 1: Spin Coherence Time T2
	Definition and Measurement
	GER Prediction
	Protocol

	Observable 2: Correlation Length 
	Observable 3: Specific Heat Coefficient 
	Observable 4: Quantum Fisher Information FQ
	Summary Table

	II Material-Specific Temperature Scaling
	The Universal T0 Problem
	Emergent T0 Solution
	Material Predictions
	Temperature-Dependent Enhancement

	III Pre-Registered Statistical Protocol
	Material Groups
	Objective Anomaly Criteria
	Statistical Test
	Decision Thresholds (Fixed)

	IV Mode Truncation Robustness
	Two-Mode Approximation
	Convergence Analysis
	Monte Carlo Verification
	Robust Prediction

	V Complete Framework
	Master Equations
	Parameter Count
	Complete Falsification Criteria
	Conclusions


