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Abstract

We propose a novel interpretation of quantum mechanics in which microscopic particles possess
definite positions, momenta, and spins at every moment, independent of measurement. These physical
quantities are not determined by hidden variables but are randomly realized according to the wave
function’s probability distribution. Measurement outcomes reflect the particle’s actual state rather
than a wave-function collapse. By treating the measured and measuring systems as a single composite
system, we introduce a conditional probability decomposition of the wave function that preserves
interference without invoking instantaneous collapse. Potential experimental tests of the conditional
probability decomposition are discussed. This framework provides a coherent understanding of
quantum measurement, nonlocal correlations, and the EPR paradox, while remaining consistent with
all standard quantum predictions including Bell inequality violations and GHZ state.

Keywords: quantum mechanics interpretation; conditional probability decomposition; realism; bell
inequality; GHZ state

PACS: 11.15.-q; 12.38.Aw; 14.65.-q

Microscopic systems exhibit phenomena such as complementarity, quantum interference, the
uncertainty principle, and the violation of Bell’s inequalities [1–3], which are fundamentally distinct
from classical macroscopic behavior. Quantum mechanics successfully describes these phenomena,
however, a consistent account of the measurement process remains elusive. Topics including quantum
entanglement [4–6], the EPR paradox [7–10], and delayed-choice quantum erasers [11–13] highlight
the centrality of measurement and wave-function collapse in quantum theory.

Consider a particle arriving at a double-slit at time t1 with wave function:

ψ(x⃗, t1) =
1√
2
[ψ1(x⃗, t1) + ψ2(x⃗, t1)], (1)

where ψ1 and ψ2 are normalized wave functions localized at the left and right slits, respectively. Placing
Wilson cloud chambers behind the slits provides which-path information. Standard interpretation
assumes wave-function collapse

ψc(x⃗, t1) = ψ1(x⃗, t1) or ψc(x⃗, t1) = ψ2(x⃗, t1). (2)

This leads to a conceptual dilemma: quantum mechanics predicts wave-function evolution, but the
specific collapse outcome remains fundamentally unpredictable.

To resolve these conceptual issues within the standard quantum framework, it is essential to treat
the incident particle and the cloud chamber particles as a single, composite system. The initial wave
function of the total system at time t1 is given by
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ψi(x⃗, t1) =
1√
2

[
ψi

1(x⃗, t1) + ψi
2(x⃗, t1)

]
ψi(x⃗Li, ..., x⃗Ln, t1)ψ

i(x⃗R1, ..., x⃗Rn, t1)

=
1√
2

ψi
1(x⃗, t1)ψ

i(x⃗L1, ..., x⃗Ln, t1)ψ
i(x⃗R1, ..., x⃗Rn, t1)

+
1√
2

ψi
2(x⃗, t1)ψ

i(x⃗L1, ..., x⃗Ln, t1)ψ
i(x⃗R1, ..., x⃗Rn, t1), (3)

where X⃗L = {x⃗L1, . . . , x⃗Ln} and X⃗R = {x⃗R1, . . . , x⃗Rn} represent the coordinates of the particles in the
left and right chambers, respectively. ψi(x⃗L1, ..., x⃗Ln, t1) and ψi(x⃗R1, ..., x⃗Rn, t1) are their corresponding
normalized initial wave functions. After the incident particle enters the chambers (the measurement
process) and exits at a later time t2, the final state evolves into an entangled superposition:

ψ f (x⃗, t2) =
1√
2

ψ
f
1 (x⃗, t2)ψ

f (x⃗L1, ..., x⃗Ln, t2)ψ
i(x⃗R1, ..., x⃗Rn, t2)

+
1√
2

ψ
f
2 (x⃗, t2)ψ

i(x⃗L1, ..., x⃗Ln, t2)ψ
f (x⃗R1, ..., x⃗Rn, t2). (4)

This expression reflects the fact that the incident particle has an equal probability of interacting with
and leaving a record in either chamber. The resulting probability for detecting the particle on the
screen with momentum p⃗ is then

f = |Ψ f ( p⃗)|2 + |Ψ f ( p⃗)|2[cos( p⃗ · (x⃗1 − x⃗2))Re(W) + sin( p⃗ · (x⃗1 − x⃗2))Im(W)], (5)

where the factor W is defined by the overlap integral

W =
∫

d3xL1...d3xLnd3xR1...d3xRn

×ψ f ∗(x⃗L1, ..., x⃗Ln, t2)ψ
i(x⃗L1, ..., x⃗Ln, t2)ψ

i∗(x⃗R1, ..., x⃗Rn, t2)ψ
f (x⃗R1, ..., x⃗Rn, t2). (6)

Crucially, W = 1 without chambers. If the initial and final wave functions of the particles in the
left chamber ψi (⃗xL1, ..., x⃗Ln, t2) and ψ f (⃗xL1, ..., x⃗Ln, t2), or in the right chamber ψi (⃗xR1, ..., x⃗Rn, t2) and
ψ f (⃗xR1, ..., x⃗Rn, t2), are orthogonal, the factor W vanishes. This eliminates the interference term in Eq. (5),
causing the disappearance of the interference fringes. It is vital to note that the formalism still describes the
particle as being in a superposition of having passed through both chambers. The absence of interference
is because of the orthogonal wave function rather than the selection of a single path.

However, this no-collapse explanation faces its own challenges. It struggles to explain the
emergence of discrete particle trajectories, such as distinct tracks observed in a cloud chamber. More
fundamentally, it does not fully resolve the quantum measurement problem: it describes a universe
of evolving potentials but cannot explain why only one of these possibilities becomes our concrete
reality. We therefore propose an interpretation that introduces the concept of real particles existing
alongside their wave functions. In this view, a particle at any given time possesses a specific position
and momentum. These definite physical quantities are not determined by classical hidden variables,
but rather appear randomly in accordance with the probabilities dictated by the wave function.
Consequently, the appearance of a particle track in a chamber is therefore direct outcome of the
particle’s definite position and momentum at the moment of interaction. Crucially, these real properties
exist independently of measurement. Whether or not a measurement is performed, a particle randomly
possesses definite properties at every moment.

To better understand the double-slit experiments, let’s consider a one-dimensional quantum
system with an initial state given by the Dirac δ-function, ψ(x, 0) = δ(x − x0). The time evolution of
the wave function is governed by the propagator K(x, t; x′), defined through
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ψ(x, t) =
∫ ∞

−∞
K(x, t; x′)ψ(x′, 0) dx′. (7)

Due to the localized nature of the initial condition, this expression reduces to ψ(x, t) = K(x, t; x0). For
a free particle described by the Hamiltonian H = p2/(2m), the propagator can be evaluated explicitly
as [14–16]

K(x, t; x0) =
( m

2πih̄t

)1/2
exp

[
im(x − x0)

2

2h̄t

]
. (8)

This result shows that an initially point-localized state evolves into a spatially extended wave function
with a quadratic phase, reflecting the dispersive nature of free quantum dynamics. At each intermediate
time, every point in the spatial distribution acts as a source of probability amplitude, which propagates
to all other points at later times and interferes coherently with contributions from other points.

To formalize the contribution of individual initial positions, consider a system with initial state

ψ(x, 0) = ∑
i

ciδ(x − xi), (9)

where ci are complex coefficients representing the relative amplitudes of the particle being initially
localized at xi. The time evolution under the propagator K(x, t; xi) is

ψ(x, t) = ∑
i

ciK(x, t; xi). (10)

The total probability density is

|ψ(x, t)|2 = ∑
i
|ciK(x, t; xi)|2 + ∑

i ̸=j
Re

(
cic∗j K(x, t; xi)K∗(x, t; xj)

)
. (11)

We decompose this total probability into contributions from each initial position xi:

P(x, t|xi) = |ciK(x, t; xi)|2 +
|ciK(x, t; xi)|2

∑j |cjK(x, t; xj)|2 ∑
j ̸=k

Re
(
cjc∗k K(x, t; xj)K∗(x, t; xk)

)
. (12)

This decomposition has two key properties:

1. Sum over initial points reproduces the total probability:

∑
i

P(x, t|xi) = |ψ(x, t)|2, (13)

since the weighting factor |ciK(x,t;xi)|2
∑j |cjK(x,t;xj)|2

ensures that the entire interference contribution is cor-

rectly partitioned.
2. Non-negativity: Each P(x, t|xi) ≥ 0, because

P(x, t|xi) = |ciK(x, t; xi)|2
|∑j cjK(x, t; xj)|2

∑j |cjK(x, t; xi)|2
≥ 0. (14)

Physically, P(x, t|xi) represents the probability density that a particle, initially localized at xi, is ob-
served at position x at time t, including interference with all other initial components. This framework
naturally aligns with the interpretation in which a particle always possesses definite position and
momentum, while the statistical distribution over many repetitions arises from the linear superposition
of the evolved wave functions. In particular, it provides a clear way to understand how each possible
initial location contributes to the observed interference pattern on the screen, consistent with the
no-collapse evolution of the combined particle–apparatus system.
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Our approach differs from conventional interpretations of quantum mechanics in several ways.
In standard quantum mechanics, the particle has no definite position and momentum, and interference
disappears when which-path information is obtained; there is also no decomposition of total probability
into contributions from individual initial points. The many-worlds interpretation [17] avoids collapse
and maintains interference within parallel branches, but it lacks a single, physically realized particle
trajectory and a non-negative conditional probability decomposition. Bohmian mechanics [18] assigns
deterministic trajectories guided by a nonlocal wave function; interference emerges through the
guiding equation, and trajectories are not random. In contrast, our framework combines a real
particle with definite but randomly realized position and momentum with the unitary evolution of the
wave function, while uniquely providing the conditional probability decomposition P(x, t|xi), which
attributes interference contributions to each initial point in a physically meaningful way. Therefore, our
approach offers a novel interpretation of quantum phenomena. The framework reproduces all standard
quantum statistical predictions while providing a physically intuitive and mathematically consistent
description of quantum dynamics and measurement. By bridging the gap between deterministic
evolution and probabilistic observation, it distinguishes itself from standard quantum mechanics, the
many-worlds interpretation, and Bohmian mechanics.

The decomposition of the total probability in Eq. (12) is consistent with strong measurements, in
which the total wave function takes the form given in Eq. (4) and the interference disappears because of the
orthogonal wave functions of measuring system. Although complete experimental verification of these
conditional distributions is fundamentally limited by the complementarity principle, future experiments
using weak measurements may allow statistical reconstruction of the conditional distributions and could
potentially probe a continuous transition from weak to strong measurement regimes. Such studies would
provide indirect support for the physical reality of particle properties and offer a unified description
of the measurement process, connecting the stochastic evolution of particle states with the unitary
evolution of the wave function. Experimental efforts along these lines, in the spirit of weak-measurement
reconstructions of Bohmian trajectories [19], could help reveal the statistical signature of the proposed
conditional probabilities and the classical-like evolution of particle properties.

With the clear understanding of the measurement in quantum mechanics, we can have a reason-
able explanation for EPR paradox [7,8]. For example, the two entangled spin-1/2 particles form a
spin-0 state. The initial wave function of a spin-0 system is

ψi(S = 0) =
1√
2
[ψ1(+u)ψ2(−u)− ψ1(−u)ψ2(+u)], (15)

where +u and −u are for the positive and negative spins along any axis. According to our interpretation
of measurement, when we measure the spin of one particle, say particle 2, the wave function of the
final system including all the interacting particles turns into

ψ f =
1√
2
[ψ1(+u)ψ2(−u)φ(x⃗1, ..., x⃗n, t)− ψ1(−u)ψ2(+u)ϕ(x⃗1, ..., x⃗n, t)], (16)

where ϕ(x⃗1, ..., x⃗n, t) and φ(x⃗1, ..., x⃗n, t) are the wave functions of the particles in the measuring device
after interacting with particle 2 with spin +u and −u, respectively. If the wave function φ(x⃗1, ..., x⃗n, t)
and ϕ(x⃗1, ..., x⃗n, t) are orthogonal for any operator Ô, i.e.∫

d3x1...d3xn φ∗(x⃗1, ..., x⃗n, t)Ôϕ(x⃗1, ..., x⃗n, t) = 0, (17)

there will be no entanglement between the first and second terms of Eq. (16). From the wave function of
Eq. (16), it is evident that the spin of particle 1 remains unchanged when the spin of particle 2 is measured.
In other words, no information is transferred instantly from particle 2 to particle 1. In our interpretation,
besides the wave function, the particle pair possesses definite opposite spins at the moment of separation.
The wave function of this system is global and nonlocal, whereas the spin of each particle constitutes its
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local property. Similar as its position and momentum, a particle’s definite spin, which is set randomly by
the entangled wave function, remains fixed unless altered by local interactions. Consequently, the EPR
paradox can be readily resolved without invoking hidden variables.

Our interpretation of quantum measurement provides a physically intuitive resolution of the EPR
paradox without invoking wave-function collapse or local hidden variables. In this framework, each
particle has a definite local property (such as spin) at the time of separation. At the same time, the nonlocal
wave function encodes correlations between particles, ensuring that joint measurement statistics reproduce
the predictions of quantum mechanics. While individual measurement outcomes are definite and locally
random, the correlations responsible for the violation of Bell inequalities [20–29] arise naturally from the
nonlocality of the wave function. The spin of each particle is not determined by a local hidden variable
λ; instead, it is randomly generated according to the probability distribution of the global entangled
two-particle wave function. Let a and a′ denote two possible measurement settings for the first particle
(Alice), and b and b′ for the second particle (Bob). The expectation values of the spin correlations, E(a, b),
E(a, b′), E(a′, b), and E(a′, b′), match exactly the predictions of quantum mechanics.

We have pointed out that the expectation values of our theory are the same as those of quantum
mechanics. We still need to explain that our scenario is consistent with each individual measurement.
Since the GHZ state [30–34] provides a more stringent test than Bell inequalities, we now give a clear
explanation of the consistency between pre-assigned spins and the GHZ state. The GHZ state of three
entangled particles is expressed as

|GHZ⟩ = 1√
2
[| ↑z↑z↑z⟩+ | ↓z↓z↓z⟩]. (18)

Because the eigenvalues of σxσxσx is +1, while the eigenvalues of σxσyσy, σyσxσy, and σyσyσx are all
−1, one might argue that these four conditions cannot be simultaneously satisfied if the spins of each
particle are predetermined. In our view, the GHZ state can be expressed in terms of eigenstates of σx

of each particle as

|GHZ⟩ = 1
4

[
(| ↑x↑x↑x⟩+ | ↑x↑x↓x⟩+ | ↑x↓x↑x⟩+ | ↑x↓x↓x⟩+ | ↓x↑x↑x⟩+ | ↓x↑x↓x⟩

+| ↓x↓x↑x⟩+ | ↓x↓x↓x⟩) + (| ↑x↑x↑x⟩ − | ↑x↑x↓x⟩ − | ↑x↓x↑x⟩+ | ↑x↓x↓x⟩
−| ↓x↑x↑x⟩+ | ↓x↑x↓x⟩+ | ↓x↓x↑x⟩ − | ↓x↓x↓x⟩)

]
. (19)

Each state in the above equation can then be written in terms of eight eigenstates of σyσyσy. For
example,

| ↑x↑x↑x⟩ = −1 + i
4

| ↑y↑y↑y⟩+
1 − i

4
| ↑y↑y↓y⟩+

1 − i
4

| ↑y↓y↑y⟩+
1 + i

4
| ↑y↓y↓y⟩

+
1 − i

4
| ↓y↑y↑y⟩+

1 + i
4

| ↓y↑y↓y⟩+
1 + i

4
| ↓y↓y↑y⟩ −

1 − i
4

| ↓y↓y↓y⟩. (20)

Therefore, the original GHZ state can be separated into 128 (16 × 8) branches, each corresponding to a
specific predetermined spin assignment. We then obtain the conditional probability using a formula
similar to Eq. (12)

P(ϕm|ψi) = |ciKmi|2 +
|ciKmi|2

∑j |cjKmj|2 ∑
j ̸=k

Re(cjc∗k KmjK∗
mk), (21)

where Kmi = ⟨ϕm|ψi⟩, and ψi (i = 1, 2, ..., 128) are the normalized branch wavefunctions of the GHZ
state, with ci the corresponding coefficients such that |GHZ⟩ = ∑i ci|ψi⟩. ϕm (m = 1, 2, ..., 8) are the
normalized measured states. P(ϕm|ψi) can be interpreted as the probability of obtaining measurement
result ϕm given that the system is in the pre-assigned branch. Because of the interference effect
among different branches, the measured spin product is not the classical product of the individually
pre-assigned spins. For example, even though some branches contain spin products equal to +1 (e.g.,
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| ↑y↑y↑x⟩ or | ↑y↓y↓x⟩), the quantum probabilities of measuring these combinations are zero. In fact,
because each term P(ϕm|ψi) in our conditional probability decomposition is non-negative and the
total probability ∑i P(ϕm|ψi) for result ϕm is the same as that of quantum mechanics, it follows directly
that whenever the total probability is zero, every individual P(ϕm|ψi) must be zero. As a concrete
illustration, for the GHZ state under the measurement setting σyσyσx with outcome | ↑y↑y↓x⟩, exactly
32 of the 128 branches yield a non-zero conditional probability 1/128 each, summing to the quantum
total 1/4, while for the impossible outcome | ↑y↑y↑x⟩ all branches give zero. This explicit counting
confirms the general argument. The interference among different branches is exactly analogous to the
double-slit experiment, where although each particle passes through only one slit, the distribution
on the screen for particles passing through a given slit still includes an interference contribution.
Hence, with the help of conditional probability, the GHZ state can be understood consistently with
pre-assigned spins. The same conditional probability decomposition applied to the Bell state (32
branches for 2 particles) yields identical quantum predictions.

In summary, we propose a new interpretation of microscopic particles. On one hand, particles have
wave functions that evolve unitarily according to quantum mechanics and follow Born’s probability
interpretation. On the other hand, regardless of whether a measurement is performed, particles
possess the same reality as classical macroscopic objects, i.e., they have definite properties such as
position, momentum, and spin at any given moment. These physical quantities are not determined
by hidden variables but arise stochastically, governed solely by the wave function. We argue that
there is no instantaneous, unpredictable collapse of the wave function, nor any transition from
a “potential existence" to an “actual existence". Each specific measurement outcome reflects the
particle’s pre-existing definite state, rather than being created by measurement-induced collapse.
This interpretation reproduces all statistical predictions of standard quantum mechanics, yielding
identical expectation values for observables. Our scenario provides a consistent interpretation of
definite predetermined physical quantities together with quantum mechanical predictions such as
Bell inequality violations and the GHZ state. Moreover, the decomposition of the total probability
provides additional information beyond standard quantum mechanics. While direct measurement of
the conditional distributions is not possible, weak-measurement-based statistical reconstruction may
provide indirect evidence.

Acknowledgments: This work is supported by the National Natural Science Foundation of China under Grant
No. 12475088.
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