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Abstract

The Anchored Causality Interpretation (ACI) proposes a physical mechanism for quantum
measurement by elevating Einstein’s kinematic result that massless particles experience zero
proper time (7 = 0) to an ontological principle: unanchored quantum fields exist atemporally.
This addresses four foundational problems: the measurement problem, the nature of time, the
quantum-classical boundary, and potentially the cosmological constant problem.

The core mechanism—Higgs-mediated temporal anchoring—is formulated within non-equilibrium
quantum field theory using Schwinger-Keldysh formalism, path integrals, second quantization,
and renormalization group analysis. Energy conservation is maintained through dissipative
dynamics derived from first principles. ACI’s central innovation is ontological wave-particle
duality: pre-anchoring entities exist as waves (not “particles in superposition”), post-anchoring
as particles. This is physical reality—waves undergo a phase transition into particles via Higgs-
mediated anchoring. Mathematical superposition is retained, but ontological superposition is
rejected, dissolving Schrodinger’s cat paradox without branching universes or instrumentalism.

ACI provides four distinctive contributions: (1) mechanism-based Born rule, (2) energy-
conserving collapse dynamics (solving CSL/GRW’s critical flaw), (3) rejection of ontological
superposition via physical transition, and (4) unique, falsifiable predictions. Primary predic-
tion: isotope-mass dependence of coherence times (7(12C)/7(13C) = 1.174, a 17.4% effect)—
testable with current technology by 2026-2027. Preliminary SMEFT analysis indicates viable
parameter space: required Ay ~ 10720 falls well below experimental bounds of A4 < 1076, The
cosmological constant treatment is speculative; ACI’s core mechanism stands independently.

License: CC BY 4.0
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1 Introduction

1.1 The Methodological Precedent: From Mathematical Formalism to Physical
Reality

Modern physics has witnessed transformative elevations of mathematical consequences into funda-
mental physical principles. ACI proposes a second such elevation, following Einstein’s own prece-
dent.

First Precedent: Planck to Einstein (1900-1905). In 1900, Max Planck introduced E = hv as a
mathematical device. Einstein’s revolutionary 1905 insight was to take Planck’s formula seriously
as a statement about physical reality: light itself exists in discrete quanta.

Second Precedent: Einstein to ACI (1905-present). Einstein’s special relativity established that
massless particles traveling along null geodesics experience zero proper time: 7 = 0. For over a cen-
tury, this has been treated as a kinematic result. ACI makes the analogous methodological move:
we propose taking 7 = 0 seriously as a fundamental statement about the ontological status of unan-
chored quantum fields. Just as Einstein asked “What if F = hr means light really is quantized?”,
ACI asks “What if 7 = 0 means quantum fields exist atemporally before measurement?”.

1.2 The Philosophical Context of Atemporality

The concept of a reality where past, present, and future coexist is a well-established philosophical
position known as eternalism, or the “block universe” theory of time. ACI provides a potential
physical realization: the “atemporal substrate” of unanchored fields represents the entire block, and
“anchoring” is the process by which localized observers experience a sequential, temporal unfolding
of events.

ACT’s postulate also connects conceptually to the “problem of time” in canonical quantum
gravity, where the Wheeler-DeWitt equation (Hypw WV = 0) lacks an explicit time parameter
[12,13]. ACI proposes that EWSB marks a transition after which a stable, classical time parameter
becomes a good effective description for matter fields within our semiclassical universe.

1.3 The Four Foundational Problems
Modern physics faces four deep conceptual challenges [14,15,17]:

1. The Measurement Problem: The quantum-to-classical transition lacks a physical mech-
anism.

2. The Nature of Time: Quantum mechanics and General Relativity treat time incompatibly.
3. The Quantum-Classical Boundary: Where and why does definite reality emerge?

4. The Cosmological Constant Problem: A 10'?? discrepancy between predicted vacuum
energy and observed dark energy.

1.4 ACTI’s Distinctive Solutions to Persistent Problems

1.4.1 From Axiomatic to Physical Born Rule

Why are quantum probabilities given by |[¥|?? ACI replaces the abstract Born rule postulate
with the Anchoring Propensity Postulate: the propensity for a quantum system to undergo



temporal anchoring at location x is:
P(x) oc m(x)?|¥(x)[? (1)

where m(z) is the effective mass at . Upon normalization, this yields the Born rule. This grounds
probability in Higgs coupling strength (a measurable SM parameter) rather than leaving it as a
pure axiom [20].

1.4.2 Resolution of the Energy Conservation Problem

Objective collapse models (CSL, GRW) notoriously violate energy conservation, predicting spon-
taneous heating that contradicts experimental constraints [16]. ACI resolves this through rigorous
non-equilibrium QFT using the Schwinger-Keldysh formalism. The anchoring Lagrangian includes
a stochastic term (causes localization) and a dissipative term (removes energy), connected via the
fluctuation-dissipation theorem [7,8]. The energy injected by stochastic fluctuations is exactly
balanced by dissipation into the electroweak vacuum.

1.4.3 The Isotope Effect: A Decisive Empirical Test

Most interpretations are empirically equivalent. CSL/GRW predict collapse rates scaling with
particle number (N) or mass (m), yielding no significant isotope effect (~8%). ACI predicts scaling
with m?. For carbon isotopes:

reon(12C)  /13.003
Tcoh (130)

2
- 12.000) ~1.174 (2)

This 17.4% effect is a “smoking gun” test distinguishable from standard QM (0%) and CSL
(8%) 5]

1.4.4 Ontological Wave-Particle Duality

ACI dissolves the superposition paradox by asserting that wave-particle duality is ontologically
real. Before anchoring, the entity is a wave (extended, atemporal). After anchoring, the entity is
a particle (localized, temporal). Superposition is rejected as an ontological state; the wave is one
unified structure, not “multiple states at once”. This eliminates paradoxes like Schrodinger’s cat
without invoking branching universes.

Reinterpreting Uncertainty: This ontology naturally demystifies the Heisenberg Uncer-
tainty Principle. In ACI, the relation AzAp > h/2 is not a limit on what we can know about a
particle, but a description of what the wave is. A wave cannot be localized in both position and
momentum simultaneously due to properties of Fourier transforms. Since the pre-anchored entity
is ontologically a wave, it naturally exhibits this uncertainty. It is only after the Higgs-mediated
phase transition that the entity acquires the localized particle status where we (incorrectly) expect
definite simultaneous values.

Stern-Gerlach Phenomena: The confusion often arises from a category error: projecting
particle ontology onto wave states. Consider a Stern-Gerlach apparatus: Asking “Is the spin up
or down?” before the silver atom hits the screen presupposes it is a particle. But it is a wave with
a specific spinor structure. The magnetic field separates the wave components spatially, but the
entity remains a unified wave until the anchoring event (detection) at the screen.



1.5 Scope and Limitations

This work achieves a concrete physical mechanism for measurement and unique falsifiable predic-
tions. It leaves incomplete the full numerical SMEFT constraint analysis and the rigorous derivation
of the cosmological anchoring fraction.

2 The Anchoring Mechanism: Rigorous QFT Foundations

2.1 The Anchoring Lagrangian and SMEFT Integration

The physical core of ACI extends the Standard Model Lagrangian with a term describing quartic
fermion interaction mediated by the Higgs field:

A _
Eanchor = —ﬁ(¢¢)2|‘1’|2 (3)

After EWSB, this generates an effective dimension-six, four-fermion operator (1)t)2. This formu-
lation places ACI within the Standard Model Effective Field Theory (SMEFT) framework [2].

Mass Generation vs. Anchoring: It is crucial to distinguish standard mass generation from
temporal anchoring. In the Standard Model, fermions acquire mass my via continuous, coherent
coupling to the Higgs vacuum expectation value (VEV), (®). This is a “frictionless” interaction
that preserves quantum coherence. Anchoring, by contrast, arises from stochastic fluctuations in
the Higgs condensate (the “noise” term &, in Eq. 4). While the coherent VEV gives the particle its
inertia (mass), it is the rare, inelastic scattering against vacuum fluctuations that induces the phase
transition (anchoring). This explains why massive particles can maintain quantum superpositions
(interacting coherently with the VEV) until a critical threshold of stochastic interaction triggers
localization.

2.2 Dissipative Dynamics from Schwinger-Keldysh Formalism

We derive the stochastic-dissipative dynamics from first principles using the Closed-Time-Path
formalism. The total action S = Ssys+ Spath +Sint models the interaction with the Higgs condensate
(bath) [6]. Integrating out the bath yields an effective action with stochastic noise &, and dissipation
iy. The resulting Langevin equation is:

(iy" 0y — m)Yp = &y —imih (4)
The fluctuation-dissipation theorem ensures energy conservation: the energy injected by fluctua-
tions equals the energy dissipated into the bath.

2.3 A Physical Axiom for the Born Rule

In the Schwinger-Keldysh formalism, the anchoring rate is calculated from the imaginary part of
the self-energy:
La(z) = —2ImXF () oc m?|W(x)[? (5)

This justifies the Anchoring Propensity Postulate: the wave’s structure (|¥|?) determines where it
is most likely to localize into a particle.



2.4 Path Integral Formulation

ACI interprets the path integral ontologically. Pre-anchoring, the field exists as the sum over
all possible histories. Anchoring selects a single history. The modified path integral includes an
anchoring weight P,chor[¢] which exponentially suppresses trajectories that do not localize. In the
classical limit, this forces the path integral to collapse to the single classical trajectory.

2.5 Second Quantization and Fock Space Structure

In Fock space, the pre-anchoring state is a superposition |¥) = > ¢,|n). This is the wave structure,
not “multiple particle numbers.” Anchoring acts as a non-unitary superoperator that projects this
superposition onto a definite particle state.

2.6 Renormalization Group Analysis

The viability of ACI depends on the coupling A 4. The running of A4 is governed by the -function,
receiving contributions from self-interactions, Higgs exchange, and gauge interactions.

SMEFT Constraints: For macroscopic wavefunction collapse on observable timescales (mi-
croseconds for m ~ 1079 kg), we estimate a required Ay ~ 1072°. Experimental constraints on
dimension-six four-fermion operators from LEP and LHC generally require A > TeV scales, imply-
ing Aa < 1076 [3].

Analysis: This reveals that the experimental constraint is significantly weaker than the ACI re-
quirement. There are approximately 14 orders of magnitude of viable parameter space between the
upper bound set by precision electroweak data (10~%) and the lower bound required for macroscopic
collapse (1029).

Naturalness: While Ay ~ 1072 appears small, it is phenomenologically necessary for the
existence of a macroscopic classical world that emerges from a quantum substrate. If A4 were of
order unity (O(1)), quantum superpositions would collapse instantly at the atomic scale, preventing
the formation of chemical bonds. The smallness of A4 allows for a “Goldilocks zone” where quantum
coherence persists for microscopic systems (allowing chemistry) while macroscopic systems are
rapidly anchored into classical reality.

3 Cosmological and Gravitational Implications (Speculative Ex-
tension)

3.1 A Proposed Ontological Resolution to the Cosmological Constant

ACI proposes that only anchored energy gravitates. The unanchored substrate (vacuum energy
Puac) does not interact with the spacetime manifold until it undergoes the phase transition. Ob-
served dark energy pp is the tiny anchored fraction of the total vacuum potential: pa = fonchorPovac
[22].

3.2 Modified Equivalence Principle

If the cosmological proposal is correct, ACI predicts differential gravitational coupling. Gravity cou-
ples with full strength to anchored energy (particles) but with a suppression factor e to unanchored
states (waves):

Gunanchored = €Yanchored (6)



where € is predicted to be small (~ 107 to 1076). This implies that a macroscopic object in
quantum superposition generates a weaker gravitational field than its localized counterpart.

4 Experimental Predictions and Falsification Criteria

4.1 The Primary Prediction: Isotope Mass Dependence

ACI predicts that the anchoring rate I'4 is proportional to m?.
Physical Mechanism: Since the anchoring mechanism is mediated by the Higgs field, the
cross-section for the anchoring interaction is proportional to the square of the Yukawa coupling

(y?) Because mass is directly proportional to the Yukawa coupling (m o< ysv), the anchoring

rate I'4 scales naturally with m?2. This m? dependence is a direct signature of a Higgs-mediated

process, distinguishing it fundamentally from gravitational collapse models (scaling with m) or
counting arguments (scaling with ).
This implies quantum coherence time 7., o< 1/ m?. For Carbon-12 vs Carbon-13:

Teon (2C) <13.003

~ \12.000

2
~ 1.174
Tcoh(13c) > ! (7)

This 17.4% effect is distinguishable from CSL/GRW models (which predict ~8% or less) and
standard QM (0%). Observation of this effect would falsify standard QM and CSL models while
supporting ACI. Absence of the effect would falsify ACI.

4.2 Ancillary Predictions

¢ Environmental Mass Density Scaling: Anchoring rate increases with local mass density
(Pmass). Experiments near dense materials should show a 5-10% reduction in coherence time.

e Differential Gravitational Coupling: Measurement of ¢ < 1 for large spatial superposi-
tions would validate ACI’s ontological wave-particle framework.

e Dark Energy Constancy: If the cosmological proposal is correct, the dark energy equation
of state must be exactly w = —1.000.

5 ACI Narratives for Canonical Experiments

5.1 The Double-Slit Experiment

The electron is ontologically a wave before detection (naturally extending through both slits) and
a particle after anchoring. The question “which slit did it go through?” is a category error because
it projects particle ontology onto a wave state.

5.2 Schrodinger’s Cat

The system is a macroscopic wave, not “both alive and dead.” It transitions to a particle state
(alive OR dead) via Higgs-mediated anchoring. There is no macroscopic superposition, only a
macroscopic wave. This dissolves the paradox by recognizing that waves and particles are distinct
phases of existence [33].



5.3 Delayed-Choice Quantum Eraser

For a massless photon (7 = 0), the emission and detection are part of a single atemporal structure.
“Retrocausality” is an artifact of imposing time on a timeless entity. The correlations are encoded
in the timeless geometry of the wave.

5.4 EPR Correlations

The entangled pair is a single timeless wave structure. Anchoring events at A and B select from
this pre-existing geometric structure; no causal influence travels between them. ACI reconciles
non-locality (in the atemporal wave) with relativistic causality (in the anchored manifold).

5.5 The Quantum Zeno Effect

Frequent measurements correspond to frequent anchoring events (phase transitions), which keep
the system in the particle phase and prevent wave evolution. ACI predicts an isotope-dependent
Zeno effect, stronger for heavier isotopes.

6 Discussion and Future Research

6.1 ACI Compared to Competing Interpretations
ACPT’s distinctive features emerge most clearly through comparison with established approaches:

e Copenhagen Interpretation: No mechanism for collapse (axiomatic postulate); ACI pro-
vides a physical mechanism and realist ontology.

e Many-Worlds Interpretation (MWI): Requires branching universes and faces energy
issues; ACI conserves energy and derives the Born rule [18].

e CSL/GRW Collapse Models: Rely on phenomenological parameters and violate energy
conservation; ACI connects parameters to SM physics and ensures energy conservation via
Schwinger-Keldysh dynamics.

e Bohmian Mechanics: Requires pilot waves and trajectories; ACI ontology emerges from a
physical phase transition.

6.2 Current Theoretical Status

The following theoretical foundations establish ACI with mathematical rigor comparable to other
beyond-Standard-Model proposals:

¢ Schwinger-Keldysh Formalism: Dissipative dynamics derived from first principles; energy
conservation at fundamental level.

e Path Integral Formulation: Wave phase = sum over all paths; Particle phase = single
realized path; Born rule derived.

e Second Quantization: Anchoring formulated in Fock space; particle number definiteness
emerges.

¢ Renormalization Group Analysis: [-function for A4 computed; connection to SMEFT
Wilson coefficients.



6.3 Priority Research Directions

e PRIORITY 1: Complete SMEFT Phenomenological Analysis. Status: Framework
established; numerical analysis incomplete. Required Work: Map ACI operator onto Warsaw
basis, identify Wilson coefficients constrained by precision measurements, and demonstrate
viable parameter window Ay ~ 10720,

e PRIORITY 2: Derive Environmental Enhancement Factor a. Status: Conceptual
framework exists. Required Work: Calculate how local mass density p affects effective v and
derive a(p) from first principles.

e PRIORITY 3: Derive Gravitational Suppression Factor. Status: Preliminary esti-
mates. Required Work: Calculate stress-energy tensor for anchored vs. unanchored states.

6.4 Experimental Timeline

e Near-Term (2026-2027): Isotope mass dependence in matter-wave interferometry (PRI-
MARY TEST).

e Medium-Term (2027-2030): Precision isotope coherence time measurements; environmen-
tal density scaling verification.

e Long-Term (2030-2035): Differential gravitational coupling with levitated masses; dark
energy equation of state.

7 Conclusions

The Anchored Causality Interpretation presents a testable physical framework for quantum mea-
surement grounded in Standard Model physics.

Conceptual Achievements: ACI dissolves quantum measurement paradoxes that have per-
sisted since quantum mechanics’ inception. By asserting that wave-particle duality represents
ontological reality, the framework eliminates conceptual puzzles at their source. Schrodinger’s cat
and the double-slit experiment cease to be paradoxical when we recognize that waves and particles
are distinct phases of existence, connected by a physical transition mechanism.

Theoretical Foundations: ACI establishes rigorous QFT foundations. The Schwinger-Keldysh
formalism derives dissipative dynamics from first principles, resolving the critical energy non-
conservation problem that plagues CSL/GRW models. Path integral formulation connects the
atemporal wave phase to the temporal particle phase.

Empirical Predictions: ACI makes unique, falsifiable predictions distinguishing it from all
competing interpretations: (1) Isotope mass dependence (17.4% effect between 2C and 13C), (2)
Differential gravitational coupling (e < 1), and (3) Environmental mass density scaling.

Final Perspective: The quantum measurement problem has persisted for nearly a century
because it requires both conceptual innovation and empirical testing. ACI provides both. The
paradoxes that troubled Einstein and Schrodinger may finally have their resolution: Waves are
waves. Particles are particles. Measurement is the physical process—mediated by the Higgs field—
that transforms one into the other.
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A Mathematical Appendices

A.1 Schwinger-Keldysh Formalism Details

The Closed-Time-Path Contour: In standard QFT, expectation values are computed using
time-ordered products. But for open systems with dissipation, we need the in-in formalism. The
Schwinger-Keldysh (SK) contour runs from ¢; to ty and back [36,37]. This doubles the degrees of
freedom: fields on forward path (¢;) and backward path (i_).

Generating Functional:

210,01 = [ DunD-exp | (Sloa] = STw-1+ [ =500 ) 0
Langevin Equation: The classical field equation becomes:
(1790, m)ve — [ St~ )uult) = (0 )
where (t) = —Im[%F(¢)] is the friction kernel and &(¢) is Gaussian noise [6].

A.2 Path Integral Derivation

Standard Path Integral: The transition amplitude is Z = [ Depets/h,
Including Anchoring: With the anchoring interaction, the action becomes Scry = Ssn +
ihl' 4 [ dt. The path integral weight is modified:

2= [ Doy (01~ Ta [ daluP) (10)

The exponential suppression factor penalizes extended, delocalized field configurations. Only paths
that localize to small spatial regions contribute significantly [34].

Connection to Born Rule: The probability for anchoring at position z is P(z) ~ [ Di...6(z—
7p). In the weak anchoring limit, this becomes P(z) o |¥(z)[? [35].

A.3 RG Flow Equations

Beta Function at One Loop: The renormalization group equation for A4 is 8y = u%f‘. At

one-loop, the S-function receives contributions from quartic fermion self-interaction (a; /\124), Higgs
exchange (azy?Aa), and Gauge corrections (azgala) [39].
_ agyf —flsgg

Fixed Points: Setting 3\ = 0 gives \% ~ TR A negative fixed point suggests A4 flows
to zero at high energies, which is good for UV completion.

A.4 Caldeira-Leggett Model for Dissipation

System-Bath Hamiltonian: Model the quantum system coupled to a bath of harmonic oscillators
(Higgs condensate):

21
H = Hsys + Z <2€; + 2maw2q2> + Z Ca‘]aw“p (11)
a a a

Influence Functional: After tracing out bath degrees of freedom, the influence functional

2
J[¥] modifies the path integral. The resulting dissipation rate is v ~ > mC‘ZJ 50(w — w,). For the
Higgs condensate bath, this connects the phenomenological friction « to the microscopic anchoring

coupling A4 [38].
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