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Abstract 

Quantum mechanics is arguably the most successful predictive framework ever developed in 
science. Its mathematical formalism has demonstrated extraordinary agreement with 
experiment across atomic, molecular, and subatomic phenomena. Yet despite its unparalleled 
predictive success, profound disagreement persists concerning the ontological status of the 
wavefunction, the meaning of superposition, the nature of measurement, and the emergence 
of classical definiteness. 

This paper examines the possibility that quantum mechanics may function primarily as an 
extraordinarily refined predictive reporting system rather than a complete ontological 
description of physical reality. The argument does not challenge the empirical validity of 
quantum theory. Instead, it investigates whether the theory's operational success necessarily 
implies ontological completeness. 

Recent advances in attosecond and zeptosecond physics have made it possible to observe 
electron dynamics and ultrafast interaction processes on timescales previously inaccessible 
to experiment. These developments increasingly reveal microscopic interactions as 
temporally structured physical processes rather than idealized instantaneous events. 
Simultaneously, decoherence theory has demonstrated that the emergence of classical 
behavior may itself be a dynamical process unfolding through time. 

Recent weak-measurement experiments have further reopened foundational questions 
regarding quantum reality. Trajectory-like reconstructions in double-slit systems, 
investigations of tunneling times, and the observation of negative interaction times suggest 
that certain aspects of quantum processes previously regarded as experimentally inaccessible 
may possess operational significance. Although these results do not establish deterministic 
interpretations, they challenge stronger claims that questions concerning trajectories, 
temporal structure, or underlying processes are fundamentally meaningless. 

At the same time, renewed interest in deterministic approaches to quantum foundations, 
particularly Gerard 't Hooft's Cellular Automaton Interpretation and superdeterministic 
frameworks, has reopened discussion regarding whether quantum probabilities reflect 
fundamental features of nature or limitations arising from inaccessible underlying states. 

The paper argues that attosecond physics, decoherence theory, weak-measurement 
experiments, and deterministic interpretations collectively justify renewed examination of 
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the relationship between predictive success and ontological completeness. While quantum 
mechanics remains operationally exact, its deeper ontological meaning may remain 
unresolved. 

Keywords: Quantum mechanics, attosecond physics, weak measurement, negative time, 
superdeterminism, Gerard 't Hooft, decoherence, measurement problem, quantum 
foundations, ontology, emergent classicality. 

 

 

1. Introduction 

Quantum mechanics occupies a unique posiƟon in the history of science. No physical theory 
has demonstrated greater predicƟve success across a broader range of experimental 
condiƟons. From atomic spectroscopy and semiconductor technology to quantum chemistry, 
superconducƟvity, lasers, magneƟc resonance imaging, and quantum informaƟon science, 
modern civilizaƟon rests substanƟally upon principles derived from quantum theory. 

Yet the extraordinary success of quantum mechanics has not resolved one of the most 
fundamental quesƟons in science: 

What does quantum mechanics actually describe? 

The mathemaƟcal formalism accurately predicts observaƟonal outcomes. However, more 
than a century aŌer the theory's development, there remains no universally accepted 
interpretaƟon of what the formalism means ontologically. 

Disagreement persists concerning the status of the wavefuncƟon, the nature of superposiƟon, 
the interpretaƟon of measurement, the meaning of collapse, and the mechanism through 
which definite classical outcomes emerge from apparently indeterminate quantum states. 

The persistence of these debates is remarkable. In most mature scienƟfic theories, 
interpretaƟve disagreement gradually diminishes as empirical evidence accumulates. 
Quantum mechanics presents an unusual case in which predicƟve success and interpretaƟve 
uncertainty coexist. 

This paper invesƟgates the possibility that quantum mechanics may funcƟon primarily as a 
predicƟve reporƟng framework governing observable staƟsƟcal behavior without necessarily 
consƟtuƟng the deepest ontological layer of physical reality. 

The proposal does not reject quantum mechanics. 

Nor does it suggest that quantum theory is experimentally incorrect. 

Rather, it raises a more limited but potenƟally significant quesƟon: might quantum mechanics 
describe the observable consequences of physical processes more completely than it 
describes the underlying reality generaƟng those consequences? 



Quantum Mechanics 3 of 17 
 

Recent advances in aƩosecond and zeptosecond physics provide renewed moƟvaƟon for 
examining this quesƟon. Processes once considered effecƟvely instantaneous are increasingly 
revealed as temporally structured interacƟons unfolding across measurable intervals. Such 
developments invite reconsideraƟon of long-standing assumpƟons regarding the temporal 
architecture of quantum measurement and the emergence of classical definiteness. 

At the same Ɵme, determinisƟc interpretaƟons of quantum phenomena conƟnue to challenge 
the widespread assumpƟon that probability is necessarily fundamental. Among the most 
notable contemporary examples is the work of Nobel Laureate Gerard 't HooŌ, whose Cellular 
Automaton InterpretaƟon proposes that quantum mechanics may emerge from a deeper 
determinisƟc substrate operaƟng beneath observable quantum phenomena ('t HooŌ, 2016). 

Whether such approaches ulƟmately succeed remains uncertain. Their significance lies not in 
having replaced quantum mechanics, but in demonstraƟng that the relaƟonship between 
quantum predicƟon and physical reality remains an open scienƟfic quesƟon. 

 

2. Historical Dissatisfaction with Quantum Ontology 

QuesƟons regarding the ontological meaning of quantum mechanics are nearly as old as the 
theory itself. 

Although quantum mechanics rapidly established itself as an extraordinarily successful 
predicƟve framework, several of its founders remained dissaƟsfied with prevailing 
interpretaƟons. The most famous example is Albert Einstein, whose objecƟons were directed 
not at the mathemaƟcal success of quantum theory but at its apparent implicaƟon that 
probability occupies a fundamental role in nature. 

Einstein's oŌen-quoted remark that "God does not play dice" was not merely a philosophical 
preference. It reflected a deeper convicƟon that staƟsƟcal descripƟons typically emerge from 
incomplete knowledge of underlying physical states rather than represenƟng ulƟmate reality 
itself. 

This concern became parƟcularly visible in the Einstein-Podolsky-Rosen (EPR) argument 
(Einstein, Podolsky and Rosen, 1935), which quesƟoned whether the quantum-mechanical 
descripƟon of reality could be considered complete. 

The subsequent development of Bell's theorem transformed this debate. Bell (1964) 
demonstrated that an important class of local hidden-variable theories could not reproduce 
all quantum predicƟons. Experimental tests performed by Aspect, Dalibard and Roger (1982) 
and numerous later experiments strongly supported the quantum predicƟons. 

These results significantly constrained simple determinisƟc alternaƟves. However, they did 
not eliminate all possible forms of underlying determinism. 
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Indeed, Bell's theorem rests upon several assumpƟons, including staƟsƟcal independence 
between hidden variables and measurement seƫngs. Modern superdeterminisƟc approaches 
challenge precisely this assumpƟon. 

Gerard 't HooŌ has emerged as one of the most prominent contemporary advocates of this 
possibility. According to his Cellular Automaton InterpretaƟon, the universe may 
fundamentally consist of discrete determinisƟc states evolving according to exact rules. In 
such a framework, quantum probabiliƟes would not represent fundamental randomness but 
rather reflect incomplete access to underlying determinisƟc dynamics ('t HooŌ, 2016). 

The significance of this proposal extends beyond the details of any parƟcular model. 

It reopens a foundaƟonal quesƟon: 

Does the predicƟve success of quantum mechanics necessarily imply that probability, 
superposiƟon and indeterminacy are fundamental features of reality, or might they emerge 
from a deeper level of descripƟon that remains experimentally inaccessible? 

The quesƟon remains unresolved. 

Nevertheless, the existence of serious determinisƟc research programs demonstrates that 
dissaƟsfacƟon with quantum ontology is neither historically isolated nor scienƟfically trivial. 

 

3. Predictive Success Versus Ontological Completeness 

One of the most persistent conceptual confusions in discussions of quantum foundaƟons 
involves the tendency to equate predicƟve success with ontological completeness. 

The two concepts are related but not idenƟcal. 

PredicƟve success refers to a theory's ability to generate accurate forecasts regarding 
observable phenomena. Ontological completeness refers to whether a theory provides the 
deepest possible descripƟon of physical reality itself. 

History repeatedly demonstrates that these concepts need not coincide. 

Newtonian gravity provided remarkably accurate predicƟons for centuries before being 
reinterpreted within the geometrical framework of general relaƟvity. Thermodynamics 
successfully described heat and energy transfer long before molecular staƟsƟcal mechanics 
clarified the microscopic processes underlying thermal behavior. 

In neither case did predicƟve success guarantee ontological finality. 

Quantum mechanics presents a similar possibility. 

The Schrödinger equaƟon successfully predicts a vast range of phenomena. The Born rule 
provides experimentally verified probability distribuƟons. Quantum electrodynamics achieves 
predicƟve precision unmatched elsewhere in science. 
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Yet none of these achievements necessarily resolves the quesƟon of whether the 
wavefuncƟon itself represents physical reality or a remarkably effecƟve mathemaƟcal 
descripƟon of observable behavior. 

The disƟncƟon may be illustrated through a modern analogy. 

Contemporary weather forecasƟng systems employ highly sophisƟcated mathemaƟcal 
models to predict atmospheric behavior. These models generate remarkably accurate 
probabilisƟc forecasts regarding storms, rainfall paƩerns, and temperature distribuƟons. 

However, no meteorologist would claim that the forecasƟng equaƟons themselves consƟtute 
the atmosphere. 

The equaƟons describe the behavior of the atmosphere with extraordinary effecƟveness. 
They do not necessarily exhaust the ontological reality of the atmospheric system they model. 

Gerard 't HooŌ has suggested that quantum mechanics may funcƟon in a broadly analogous 
manner. Quantum probabiliƟes may represent the most effecƟve possible staƟsƟcal 
descripƟon available to observers who lack access to underlying determinisƟc states. 
According to this perspecƟve, quantum mechanics resembles an extraordinarily refined 
forecasƟng language rather than a complete ontological descripƟon of nature itself. 

The analogy must be treated cauƟously. 

Bell-type experiments strongly constrain simplisƟc appeals to ignorance. Quantum 
phenomena such as interference, entanglement, contextuality, and nonclassical correlaƟons 
remain experimentally established realiƟes. 

The argument advanced in this paper is therefore not that quantum uncertainty is merely 
classical ignorance in disguise. 

Rather, the argument is that predicƟve success alone cannot determine whether quantum 
probabiliƟes are ontologically fundamental or epistemically emergent. 

That disƟncƟon remains open. 

The quesƟon becomes increasingly important as modern experimental techniques conƟnue 
to reveal previously inaccessible temporal structure within microscopic interacƟons. 

 

4. Quantum Mechanics as Predictive Reporting 

The proposiƟon advanced in this paper is neither that quantum mechanics is incorrect nor 
that its predicƟve power is overstated. On the contrary, the extraordinary success of quantum 
theory forms the very foundaƟon upon which the present discussion rests. 

The quesƟon concerns interpretaƟon rather than predicƟon. 
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Quantum mechanics successfully predicts the staƟsƟcal structure of observable outcomes. 
The formalism specifies probability amplitudes, interference effects, transiƟon probabiliƟes, 
scaƩering cross-secƟons, energy spectra, and measurement staƟsƟcs with extraordinary 
precision. Yet the relaƟonship between these mathemaƟcal enƟƟes and physical reality 
remains disputed. 

One possibility is that the mathemaƟcal structure directly reflects the fundamental 
architecture of nature. Under this view, wavefuncƟons, superposiƟons, and probabilisƟc 
outcomes represent genuine ontological features of reality itself. 

An alternaƟve possibility is that the mathemaƟcal formalism funcƟons as a highly refined 
predicƟve language. In this interpretaƟon, quantum mechanics describes the observable 
consequences of physical processes without necessarily revealing the deepest structure 
responsible for generaƟng those consequences. 

The disƟncƟon is subtle but important. 

ScienƟfic history contains numerous examples in which mathemaƟcal descripƟons proved 
operaƟonally successful before their underlying ontological meaning became clear. 
Thermodynamics accurately described heat long before atoms became experimentally 
established. Kepler's laws described planetary moƟon before Newtonian gravitaƟon provided 
a deeper explanatory framework. StaƟsƟcal mechanics subsequently revealed that 
macroscopic thermodynamic behavior emerged from microscopic molecular dynamics. 

In each case, predicƟve success preceded ontological clarificaƟon. 

The possibility explored here is that quantum mechanics may occupy a similar posiƟon. The 
theory may successfully describe observable staƟsƟcal structure while remaining incomplete 
as a descripƟon of the deepest level of physical reality. 

This perspecƟve receives renewed aƩenƟon through determinisƟc programs such as Gerard 
't HooŌ's Cellular Automaton InterpretaƟon. According to this approach, quantum mechanics 
may emerge from a deeper layer of discrete determinisƟc processes. Observable probabiliƟes 
would then arise not because nature itself is fundamentally probabilisƟc, but because 
observers lack access to the complete underlying state of the system ('t HooŌ, 2016). 

Whether such a determinisƟc substrate exists remains unknown. Nevertheless, the existence 
of serious research programs pursuing this possibility demonstrates that the ontological status 
of quantum mechanics remains an open quesƟon rather than a seƩled scienƟfic fact. 

Importantly, accepƟng ontological openness does not diminish the predicƟve authority of 
quantum mechanics. A theory may be operaƟonally exact while sƟll leaving deeper quesƟons 
unanswered. The central argument of this paper is that these two possibiliƟes should not be 
confused. 
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5. The Historical Assumption of Instantaneous Measurement 

The standard formulaƟon of quantum mechanics emerged during a period in which 
experimental access to ultrafast microscopic processes was extremely limited. The inability to 
observe interacƟons occurring at atomic and subatomic Ɵmescales naturally influenced the 
conceptual framework through which measurement was understood. 

As a consequence, quantum measurement came to be represented as an effecƟvely 
instantaneous event. 

The tradiƟonal narraƟve is familiar. Prior to measurement, a quantum system is described by 
a wavefuncƟon that may contain mulƟple possible outcomes. Following measurement, a 
definite result is obtained. Between these two descripƟons lies the concept of wavefuncƟon 
collapse. 

Although the mathemaƟcal formalism does not necessarily require a physically instantaneous 
collapse mechanism, many popular and philosophical interpretaƟons implicitly treat 
measurement as a temporally singular transiƟon. The conceptual picture frequently 
resembles a sudden disconƟnuity between indeterminacy and definiteness. 

Historically, this simplificaƟon was understandable. 

When no experimental apparatus could resolve the temporal details of microscopic 
interacƟons, the internal structure of measurement remained inaccessible. Physical 
interacƟons that occurred on unimaginably short Ɵmescales could be approximated as 
instantaneous without obvious empirical consequences. 

The situaƟon today is different. 

Modern experimental techniques increasingly reveal that processes previously regarded as 
effecƟvely instantaneous possess measurable temporal structure. InteracƟons unfold through 
sequences of physical events occurring across finite intervals rather than through 
mathemaƟcally idealized singular transiƟons. 

This development does not invalidate quantum mechanics. Rather, it raises an important 
interpretaƟve quesƟon. 

If microscopic interacƟons possess experimentally observable temporal structure, should 
measurement conƟnue to be conceptualized as a fundamentally instantaneous event? 

The answer remains uncertain. Nevertheless, the quesƟon has become increasingly difficult 
to ignore as temporal resoluƟon conƟnues to improve. 

The possibility that measurement itself possesses an internal dynamical architecture forms 
one of the central moƟvaƟons for the present invesƟgaƟon. 
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6. Attosecond Physics and the Temporal Structure of Interaction 

One of the most significant developments in contemporary physics has been the emergence 
of aƩosecond science. 

The awarding of the 2023 Nobel Prize in Physics to Pierre AgosƟni, Ferenc Krausz, and Anne 
L'Huillier recognized the development of techniques capable of generaƟng and measuring 
aƩosecond pulses. These advances made it possible to invesƟgate electron dynamics on 
Ɵmescales approaching the natural temporal scale of atomic processes. 

An aƩosecond corresponds to 10⁻¹⁸ seconds. At such scales, phenomena that once appeared 
instantaneous become experimentally accessible. 

Researchers can now observe electron redistribuƟon within atoms and molecules, follow 
ultrafast charge migraƟon, invesƟgate coherence evoluƟon, and examine interacƟon 
processes with unprecedented temporal precision. Zeptosecond-scale measurements push 
this fronƟer even further. 

The philosophical significance of these developments extends beyond their technical 
achievements. 

Historically, many discussions of quantum measurement implicitly assumed that the transiƟon 
from possibility to definiteness occurred too rapidly to possess meaningful temporal 
structure. AƩosecond physics increasingly challenges this intuiƟon. 

Modern observaƟons reveal that microscopic physical processes frequently unfold through 
temporally extended interacƟon sequences. Electron dynamics, coherence evoluƟon, and 
informaƟon transfer are not simply abstract mathemaƟcal transiƟons. They are physical 
processes occurring across measurable intervals. 

This observaƟon does not demonstrate that wavefuncƟon collapse is physically extended. Nor 
does it establish the existence of hidden variables or determinisƟc substructures. 

However, it does reveal that nature repeatedly exhibits addiƟonal layers of temporal structure 
whenever observaƟonal resoluƟon improves. 

This historical paƩern deserves aƩenƟon. 

Phenomena once regarded as instantaneous oŌen become processual when examined with 
greater precision. Chemical reacƟons reveal intermediate states. Nuclear processes reveal 
internal stages. Biological processes reveal molecular sequences. Increasingly, electron 
dynamics reveal ultrafast temporal architecture. 

The quesƟon naturally arises whether quantum measurement itself may ulƟmately reveal 
similar structure. 

The present paper does not claim that aƩosecond physics has solved the measurement 
problem. 
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Rather, it argues that aƩosecond physics has altered the context in which the measurement 
problem is discussed. 

The possibility that definiteness emerges through temporally structured interacƟon processes 
appears increasingly plausible within a scienƟfic environment where ultrafast dynamics can 
be observed directly rather than inferred indirectly. 

 

7. Decoherence and the Emergence of Classicality 

Among contemporary approaches to quantum foundaƟons, decoherence theory represents 
one of the most significant developments in understanding the emergence of classical 
behavior. 

Decoherence does not eliminate quantum superposiƟon. Nor does it provide a universally 
accepted soluƟon to the measurement problem. Nevertheless, it demonstrates how 
environmental interacƟons can dynamically suppress observable interference effects through 
entanglement with surrounding degrees of freedom (Joos et al., 2003; Schlosshauer, 2007). 

The importance of decoherence for the present discussion lies in its temporal character. 

Decoherence is not an instantaneous event. 

It is a dynamical process. 

A quantum system interacts with its environment. CorrelaƟons accumulate. Coherence 
becomes distributed across increasingly large numbers of degrees of freedom. Observable 
interference effects become effecƟvely inaccessible. Classical behavior subsequently emerges 
at the level of pracƟcal observaƟon. 

This process unfolds through Ɵme. 

Consequently, decoherence already introduces an element of temporal emergence into 
quantum foundaƟons. Classical definiteness is not simply assumed. Instead, it develops 
through interacƟon. 

AƩosecond physics strengthens the importance of this insight. 

As experimental techniques increasingly reveal the temporal details of microscopic 
interacƟons, it becomes possible to invesƟgate the sequencing and Ɵming of processes 
associated with coherence evoluƟon and environmental coupling. QuesƟons that once 
belonged primarily to philosophical speculaƟon increasingly become subjects of experimental 
inquiry. 

Within this framework, classical reality may be viewed not as a separate domain replacing 
quantum mechanics but as a dynamically stabilized regime emerging from underlying 
quantum interacƟons. 
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The relaƟonship resembles that between thermodynamics and molecular dynamics. 
Macroscopic stability emerges from microscopic complexity without eliminaƟng the 
underlying structure responsible for generaƟng it. 

The central proposal advanced here is therefore not that classicality replaces quantum 
mechanics, nor that quantum mechanics should be abandoned. Rather, it is that the 
emergence of classical definiteness may possess a richer temporal architecture than many 
tradiƟonal interpretaƟons have assumed. 

If so, aƩosecond and future ultrafast experimental techniques may play an increasingly 
important role in clarifying how observable reality emerges from underlying quantum 
processes. 

 

8. Gerard 't Hooft's Deterministic Challenge 

For much of the twenƟeth century, dissaƟsfacƟon with the ontological implicaƟons of 
quantum mechanics was oŌen associated with historical figures such as Einstein, Schrödinger, 
and de Broglie. In recent decades, however, one of the most prominent challenges to the 
standard understanding of quantum foundaƟons has emerged from an unexpected source: 
Nobel Laureate Gerard 't HooŌ. 

Unlike many philosophical criƟcs of quantum mechanics, 't HooŌ does not quesƟon its 
predicƟve success. He accepts that quantum mechanics produces extraordinarily accurate 
staƟsƟcal predicƟons and remains indispensable for pracƟcal physics. 

His disagreement concerns ontology. 

According to 't HooŌ, quantum mechanics may not represent the deepest layer of reality. 
Instead, it may funcƟon as a staƟsƟcal framework that emerges from an underlying 
determinisƟc substrate inaccessible to current observaƟon. 

In public lectures and scienƟfic publicaƟons, 't HooŌ has repeatedly argued that quantum 
mechanics may have been developed primarily because physicists lacked access to the 
complete microscopic state of physical systems. In his view, the probabilisƟc structure of 
quantum theory may reflect epistemic limitaƟon rather than ontological indeterminacy. 

The Cellular Automaton InterpretaƟon represents his most systemaƟc aƩempt to formalize 
this idea. Within this framework, the universe is fundamentally composed of discrete states 
evolving according to determinisƟc update rules. Quantum behavior emerges from these 
underlying dynamics in much the same way that thermodynamic behavior emerges from 
molecular moƟon. 

Several consequences follow from this perspecƟve. 

WavefuncƟons cease to be fundamental enƟƟes. SuperposiƟon becomes an emergent 
mathemaƟcal descripƟon rather than a literal statement about reality. ProbabiliƟes arise 
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because observers lack access to the complete underlying state. Quantum mechanics remains 
operaƟonally successful while losing its status as the deepest ontological descripƟon available. 

The significance of 't HooŌ's proposal lies not in whether it has already succeeded. It has not. 

Rather, its significance lies in demonstraƟng that a determinisƟc alternaƟve remains 
scienƟfically conceivable even aŌer decades of experimental support for quantum mechanics. 

The existence of such a program forces renewed consideraƟon of a quesƟon oŌen assumed 
to be seƩled: 

Does quantum probability represent a fundamental feature of nature, or does it emerge from 
deeper determinisƟc processes that remain experimentally inaccessible? 

At present, neither possibility can be regarded as definiƟvely established. 

 

9. Superdeterminism and the Question of Statistical Independence 

One of the most controversial aspects of modern determinisƟc interpretaƟons concerns the 
concept of superdeterminism. 

Bell's theorem demonstrated that an important class of local hidden-variable theories cannot 
reproduce the predicƟons of quantum mechanics. Experimental tests strongly support Bell's 
conclusions and have been widely interpreted as evidence against determinisƟc alternaƟves. 

However, Bell's argument relies upon several assumpƟons. 

Among the most important is staƟsƟcal independence, someƟmes referred to as 
measurement independence. This assumpƟon states that the hidden variables associated 
with a physical system are independent of the choices made by experimenters regarding 
measurement seƫngs. 

SuperdeterminisƟc approaches challenge this assumpƟon. 

According to this perspecƟve, measurement choices themselves arise from the same 
underlying physical reality that generates the systems being measured. Consequently, the 
apparent independence between observer choices and hidden variables may be illusory. 

To many physicists, this possibility appears deeply counterintuiƟve. It seems to imply a form 
of cosmic coordinaƟon between experimental seƫngs and microscopic states. 

Yet advocates of superdeterminism respond that the objecƟon may reflect intuiƟon rather 
than logic. If all physical processes ulƟmately arise from a common causal history, then 
complete independence may itself require jusƟficaƟon. 

This debate remains unresolved. 
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CriƟcs argue that superdeterminism threatens the methodological foundaƟons of 
experimental science. Supporters argue that it merely extends causality consistently 
throughout nature rather than arbitrarily exempƟng observers from physical law. 

The present paper does not aƩempt to resolve this dispute. 

Instead, it notes that the existence of serious scienƟfic debate regarding staƟsƟcal 
independence illustrates that fundamental quesƟons concerning quantum ontology remain 
open. Bell's theorem eliminated many determinisƟc possibiliƟes, but it did not eliminate all 
determinisƟc possibiliƟes. 

The conƟnuing development of superdeterminisƟc models demonstrates that the search for 
deeper explanatory frameworks remains acƟve within contemporary physics. 

 

10. Weak Measurement, Negative Time and the Reopening of Quantum Realism 

Recent developments in weak measurement experiments have introduced a new dimension 
to debates concerning quantum ontology. Unlike earlier interpretative discussions that relied 
primarily upon philosophical arguments, weak measurements provide experimentally 
accessible information regarding quantum systems while introducing only minimal 
disturbance. 

Particularly influential has been the work of Aephraim Steinberg and collaborators, whose 
experiments have investigated Bohmian trajectories, tunneling times, and weak momentum 
measurements in double-slit systems. These experiments do not determine the trajectory of 
an individual particle. Nevertheless, they permit the reconstruction of average momentum 
flows associated with large ensembles of similarly prepared quantum systems. 

Remarkably, these reconstructed flows exhibit structures closely resembling the trajectories 
predicted by Bohmian mechanics. Although such results do not establish the existence of 
hidden variables or deterministic particle paths, they challenge stronger claims frequently 
associated with orthodox interpretations, namely that questions concerning particle 
trajectories are fundamentally meaningless. 

The significance of these experiments lies not in overturning quantum mechanics but in 
reopening questions that had often been considered experimentally inaccessible. Weak 
measurements suggest that certain aspects of underlying quantum processes may be 
experimentally probed without destroying the interference phenomena traditionally 
associated with measurement. 

Equally significant are recent investigations of tunneling times and negative interaction times. 
Experiments involving weak measurements, Larmor clocks, and ultrafast temporal techniques 
have reported effective interaction times that may assume negative values under particular 
conditions. Such observations are commonly interpreted in terms of wave-packet reshaping, 
interference, or post-selection effects. However, they also raise a broader conceptual 
question: whether experimentally inferred temporal quantities necessarily correspond to 
classical clock time. 
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The distinction between chronological time and interaction time may prove particularly 
relevant for discussions concerning the temporal architecture of quantum measurement. If 
microscopic interactions possess multiple experimentally accessible temporal descriptions, 
then the assumption that measurement constitutes an instantaneous event may require 
further examination. 

These developments do not establish deterministic interpretations, nor do they invalidate 
standard quantum mechanics. Nevertheless, they suggest that quantum formalism may 
encode experimentally accessible information concerning underlying processes without 
necessarily constituting a complete ontological description of physical reality. 

In this respect, weak measurement experiments provide empirical motivation for 
reconsidering whether quantum mechanics functions primarily as an extraordinarily 
successful predictive reporting framework or as a complete description of reality itself. 

 

11. From Ontological Incompleteness to Experimental Incompleteness 

A disƟncƟon must be drawn between two very different claims. 

The first claim is that quantum mechanics may be ontologically incomplete. 

The second claim is that quantum mechanics is experimentally incorrect. 

These claims are frequently conflated, yet they are fundamentally different. 

The argument developed throughout this paper concerns ontological incompleteness rather 
than experimental failure. The possibility that quantum mechanics funcƟons as a predicƟve 
reporƟng framework does not imply that its predicƟons are wrong. 

Indeed, every major experimental achievement of modern physics conƟnues to support the 
operaƟonal accuracy of quantum theory. 

The disƟncƟon may again be illustrated through historical examples. 

Thermodynamics remained operaƟonally successful before the development of staƟsƟcal 
mechanics. Newtonian mechanics remained extraordinarily useful aŌer the emergence of 
relaƟvity. In each case, a deeper theoreƟcal framework expanded understanding without 
rendering previous predicƟve successes meaningless. 

Similarly, a future determinisƟc theory could potenƟally reveal deeper structures beneath 
quantum mechanics while preserving the overwhelming majority of quantum predicƟons. 

Consequently, proposals regarding hidden variables, superdeterminism, determinisƟc 
substrates, or emergent quantum behavior should not be interpreted automaƟcally as claims 
that quantum mechanics is experimentally wrong. 

A theory may be operaƟonally exact while remaining ontologically incomplete. 

The central quesƟon therefore becomes: 
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What would actually be required before quantum mechanics could legiƟmately be regarded 
as experimentally incomplete? 

 

12. What Must Be Demonstrated Before Quantum Mechanics Can Be Considered 
Experimentally Wrong? 

The answer to this quesƟon establishes an important scienƟfic standard. 

If a determinisƟc interpretaƟon is to move beyond philosophical speculaƟon and become a 
genuine successor to quantum mechanics, several major hurdles must be overcome. 

First, reproducible deviaƟons from the Born probability rule would need to be observed. The 
Born rule remains among the most successful staƟsƟcal principles in science. Any systemaƟc 
violaƟon would immediately demand theoreƟcal revision. 

Second, a deeper theory would need to idenƟfy physically meaningful variables capable of 
predicƟng individual outcomes rather than merely reproducing exisƟng probability 
distribuƟons. A successful determinisƟc framework must explain not only staƟsƟcal averages 
but also the origin of specific events. 

Third, phenomena currently described through superposiƟon would need to be shown to 
emerge naturally from deeper dynamics. It would not be sufficient simply to deny 
superposiƟon. A replacement theory must explain why quantum mathemaƟcs employing 
superposiƟon works so extraordinarily well. 

Fourth, Bell-type correlaƟons would require a determinisƟc explanaƟon consistent with 
experiment. Any alternaƟve framework must reproduce the full range of observed quantum 
correlaƟons while remaining internally coherent. 

FiŌh, a deeper theory should generate new successful predicƟons unavailable to standard 
quantum mechanics. Historically, scienƟfic revoluƟons succeed not merely by criƟcizing 
exisƟng theories but by explaining more. 

Finally, independent experimental verificaƟon would be essenƟal. Extraordinary claims 
require extraordinary evidence, and no determinisƟc alternaƟve can be accepted without 
rigorous empirical support. 

These requirements are demanding. 

Indeed, they are so demanding that no currently available determinisƟc interpretaƟon has 
yet saƟsfied them completely. 

Consequently, claims that quantum mechanics has already been experimentally overthrown 
are not jusƟfied by exisƟng evidence. 

At the same Ɵme, the absence of such evidence does not imply that the search for deeper 
theories should cease. 
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Science progresses precisely because foundaƟonal assumpƟons remain open to 
invesƟgaƟon. 

 

13. Discussion 

The argument advanced throughout this paper occupies a middle posiƟon between two 
extremes. 

The first extreme regards quantum mechanics as both operaƟonally and ontologically 
complete. According to this view, the mathemaƟcal formalism directly captures the 
fundamental structure of reality. 

The second extreme regards quantum mechanics as fundamentally mistaken and awaiƟng 
replacement. 

Neither posiƟon is adopted here. 

Instead, the paper proposes that quantum mechanics may be operaƟonally complete while 
remaining ontologically open. 

AƩosecond physics has not revealed hidden variables. 

Decoherence theory has not solved every aspect of the measurement problem. 

Gerard 't HooŌ's Cellular Automaton InterpretaƟon has not established a determinisƟc 
substrate beneath quantum reality. 

Nevertheless, these developments collecƟvely demonstrate that important quesƟons 
remain unresolved. 

The increasing ability to examine ultrafast physical processes conƟnues to reveal temporal 
structure where previous generaƟons observed only apparent instantaneity. DeterminisƟc 
interpretaƟons conƟnue to challenge assumpƟons regarding probability and causality. 
FoundaƟonal debates concerning measurement, emergence, and ontology remain acƟve. 

These observaƟons do not weaken quantum mechanics. 

Rather, they suggest that understanding why quantum mechanics works may ulƟmately 
prove as important as understanding that it works. 
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14. Conclusion 

Quantum mechanics remains the most successful predictive framework ever developed in 
science. Its empirical achievements are extraordinary and remain beyond dispute. Yet 
predictive success alone does not necessarily establish ontological completeness. 

Recent advances in attosecond and zeptosecond physics increasingly reveal microscopic 
interactions as temporally structured processes unfolding across measurable intervals. 
Decoherence theory demonstrates that the emergence of classical behavior may itself be a 
dynamical process rather than an instantaneous transition. Weak measurement experiments 
further suggest that certain questions long regarded as operationally meaningless may 
possess experimentally accessible content. 

Simultaneously, deterministic research programs such as Gerard 't Hooft's Cellular 
Automaton Interpretation demonstrate that alternatives to fundamentally probabilistic 
ontology remain scientifically conceivable, even if they remain incomplete. Weak 
measurements, trajectory-like reconstructions, and investigations of negative interaction 
times similarly indicate that the relationship between measurement, time, and reality 
remains incompletely understood. 

The central proposal advanced in this paper is therefore modest but significant. Quantum 
mechanics may function as an extraordinarily refined predictive reporting system governing 
observable statistical behavior while leaving open the possibility that deeper structures 
remain undiscovered. 

This possibility has not been demonstrated. Neither has it been eliminated. 

Future developments in ultrafast physics, weak measurement techniques, and experimental 
investigations of temporal structure may increasingly permit direct examination of processes 
previously regarded as inaccessible. Such advances may ultimately clarify whether quantum 
probabilities represent fundamental properties of nature or emerge from deeper physical 
processes. 

The unresolved question is therefore not whether quantum mechanics works. It 
unquestionably does. 

The deeper question remains whether the mathematical formalism that predicts reality with 
extraordinary success is identical to reality itself, or whether it represents the most refined 
observational language presently available to observers embedded within that reality. 
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