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Abstract

It is currently believed that the local causality of Quantum Field Theory (QFT) is destroyed

by the measurement process. This belief is also based on the Einstein-Podolsky-Rosen (EPR)

paradox and on the so-called Bell’s theorem, that are thought to prove the existence of a mysterious,

instantaneous action between distant measurements. However, I have shown recently that the EPR

argument is removed, in an interpretation-independent way, by taking into account the fact that

the Standard Model of Particle Physics prevents the production of entangled states with a definite

number of particles. This result is used here to argue in favor of a statistical interpretation of

QFT and to show that it allows for a full reconciliation with locality and causality. Within such an

interpretation, as Ballentine and Jarret pointed out long ago, Bell’s theorem does not demonstrate

any nonlocality.
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INTRODUCTION

Quantum Field Theory (QFT) has been argued to be the form that any reasonable Rela-

tivistic Quantum Theory should assume at sufficiently “low energies” [1, 2]. A successful de-

scription of Particle Physics, valid at least up to energies ∼ 100 GeV, has been obtained with

the Weinberg - Salam Standard Model, which is based on the hypothesis that all the known

interactions (except gravity) can be derived from a local symmetry SU(3)×SU(2)×SU(1).

The field equations define a perfectly Lorentz-invariant, causal and local theory [1, 2]. Of

course, these characteristics are most welcome in a relativistic world. However, they are

usually thought to be broken by the process of measurement [3–7].

In fact, the measurement process is usually described by a “collapse” of the state vector

of the system, which after measurement is projected onto an “out” state, an eigenstate of

the observed quantities (e.g. the momenta and helicities of the observed particles). This

collapse postulate works to obtain correct theoretical predictions, however it implies that

the measurement process itself is a sort of discontinuous process that cannot be described

with the smooth, linear evolution that applies to all known interactions (this is the so-

called “measurement problem”, see Refs. [6, 8] for reviews showing different points of view).

Moreover, the “collapse” is described as a global effect, involving at the same time all the

space.

Is such a supposed nonlocality a real physical property of any quantum theory, and

possibly of Nature (as it is usually supposed today)? Or is that merely a problem of the

global collapse description, i.e. of the “interpretation” of the theory? Is it possible to avoid

the collapse and the measurement problem, and describe the measurement process with the

same local QFT laws that describe particle interactions?

REALITY AND COMPLETENESS: THE EPR PARADOX

In their famous 1935 paper [9], EPR provided two important concepts that have greatly

influenced the subsequent research in the foundations of the quantum theory.

I) A “condition of completeness” for any acceptable theory: “every element of the physical

reality must have a counterpart in the physical theory” [9].

II) A definition of the objective “physical reality”: “If, without in any way disturbing
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a system we can predict with certainty (i.e. with probability equal to unity) the value of a

physical quantity, then there is an element of physical reality corresponding to this physical

quantity” [9].

These concepts were aimed at dealing with the main difficulty of Quantum Mechanics

(QM): the particles and the physical quantities are usually not definite (i.e. they have no

“reality”) until a measurement is performed [24]. However, EPR pointed out that even ordi-

nary QM allows for some elements of physical reality: if a system is prepared in an eigenstate

of a given observable, we can predict with certainty that the result of the measurement of

that observable will be the corresponding eigenvalue: there is then an element of objective

physical reality corresponding to that observable.

In Classical Physics, all the physical quantities have a definite value in a given system

at a given time (although in the case of macroscopic systems we usually do not know such

a value and can only use a statistical description). In the usual “orthodox” interpretation

of QM, however, it is supposed that the state vector completely describes the state of a

system, and this does not allow for a certain prediction of the results of the measurements

of two noncommuting observables, such as the position and the momentum. Given a state,

unavoidably there are some observables (heuristically, a “half” of the set of the observables)

that do not have a reality, and their measurement in an ensemble of copies of the system

prepared in this state will show a nonvanishing dispersion. Are these non-diagonalized phys-

ical quantities really undefined on the single copy of the system that is under consideration?

Or is this uncertainty merely a consequence of an unavoidable lack of knowledge, as in the

classical, statistical description of the macroscopic systems? In the latter case, the QM

description should be completed by introducing some new, “hidden” variables, allowing for

an underlying determinism.

The brilliant argument developed by EPR was aimed at resolving this dilemma. In fact,

they invented a thought-experiment for which QM itself predicted that two incompatible

observables (position and momentum in their original formulation; two noncommuting com-

ponents of the spin in a version due to Bohm [10]) were given a simultaneous reality. They

argued that this result was in contradiction with the assumption that the wave function

completely described the physical reality.

Although all the present discussion can be easily generalized to EPR experiments involv-

ing any kind of particles, hereafter I will only consider the so-called “EPR-Bohm” thought-
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experiment [10, 11]. Two spin 1/2 particles, A and B, are created in coincidence in a

spin-singlet state, and are detected by the detectors OA and OB in opposite directions. The

measurement of a given component ~S · ~a of the spin of particle A (or of B) along a unit

vector ~a can give the values ±h̄/2, each with probability 1/2. However, if ~S · ~a is measured

on A and found, say, equal to +h̄/2, not only does this give a physical reality to such a spin

component on A; in fact, momentum conservation allows for predicting with certainty the

value −h̄/2 for the same spin component on B. EPR assumed that the physical reality on

B is independent of what is done with A, which is spatially separated from the former (this

assumption has been called Einstein’s Locality). Since a certain prediction for the considered

spin component on B was allowed without in any way disturbing particle B, therefore the

spin component ~S · ~a has a reality on B. By repeating this argument for any component of

the spin, we deduce that all the spin components (Sx, Sy, Sz) have a simultaneous physical

reality on particle B. But this contradicts ordinary QM as based on the wave function, where

only one component of the spin of a given particle can be definite.

This result is a rigorous consequence of two assumptions, as Einstein himself noticed in

1949 [12]:

“The paradox forces us to relinquish one of the following two assertions:”

1) the description by means of the wave function is complete,

2) the physical realities of spatially separated objects are independent of each other.

The incompatibility of statements 1) and 2) has also been called EPR theorem (see e.g.

Refs. [6, 8, 13]).

Since “Einstein’s locality” assertion 2) was considered unquestionable by EPR, they de-

duced that the wave function did not provide a complete description of the state of a system.

This was a very powerful argument in favor of deterministic (and local) hidden variable the-

ories. In such theories, all the observables have a definite value in the single system that is

under consideration. The dispersion of the probability distributions observed in the repeti-

tion of the experiment on an ensemble of identically prepared systems is merely a “statistical

mechanics” effect. Such a “cryptodeterminism” (see page 155 of Ref. [13]) would explain the

fact that the measurement of a component of the spin of A apparently has a deterministic

effect on the distant measurement of the same component of the spin of B: both results would

actually be the deterministic consequence of the common production of the two particles.
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THE SUPPOSED PROOFS OF NONLOCALITY

In the mid sixties, Bell proved that deterministic hidden variable theories were actually

viable, but they could not reproduce all the results of QM [14], unless they implied an

instantaneous action at a distance [15]. He proposed a set of “Bell’s inequalities” for the

spin correlations in a realization of the EPR-Bohm experiment, that were violated by QM

and respected by any local deterministic hidden variable theory. Since the actual experiments

[16] confirmed the predictions of QM, local determinism was ruled out. This result will be

called hereafter the “original Bell’s theorem”.

Therefore, it was deduced that QM was a complete theory, and EPR Theorem forced to

conclude that it had to be a “nonlocal” theory [25]. Hereafter, I will call this argument the

“EPR+Bell” proof of nonlocality, since it is based on both EPR and Bell’s theorems [26].

Moreover, in the last several years there has been a proliferation of demonstrations of

a “generalized Bell’s Theorem”, claiming that the observed violation of Bell’s inequalities

was sufficient in itself to prove the existence of an instantaneous influence between distant

measurements.

As a result of these two proofs, there has been increasing agreement within quantum

physics experts [27] on the conclusion that Nature is EPR paradoxical. “Quantum nonlo-

cality” is considered an experimental evidence, and it is really believed that the two distant

measurements in the EPR experiments do actually influence each other instantaneously. The

“speed of quantum information” has even been “measured” to be greater than 1.5 × 104c

[7].

Einstein could never accept the existence of such a “spooky action at a distance”, which

is incompatible with special relativity. In fact, this supposed “quantum nonlocality” is the

main origin of the widespread belief that the Quantum Theory is incompatible with Special

Relativity (see e.g. Refs. [3, 7]) [28], although it is recognized that the EPR correlations do

not allow for superluminal signaling, e.g. they cannot be used to synchronize clocks (see Ref.

[6] for a review).

In fact, any kind of “nonlocality” or instantaneous “distant influence” is unacceptable in a

relativistic world: due to the relativity of the simultaneity, suitable observers would describe

this influence (whatever it is) as an effect of the future on the past [18]. Fortunately for

science, there is a way to completely reconcile the quantum theory with locality, causality and
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special relativity. This solution is quite natural and is based merely on known physics.

PHOTONS UNCERTAINTY, REALITY AND THE EPR PARADOX

The EPR argument, as described above, and (as far as I know) all the subsequent treat-

ments of the EPR paradox, have assumed that it was actually possible to prepare a system

of two entangled particles. In fact, for the EPR argument it is crucial that the measurement

on A implies a certain prediction for B without disturbing B: thus different noncommuting

observables on B are forced to have a physical reality [29].

However, I have recently proved that this assumption is not correct [11]. In fact, the

Standard Model of Particle Physics predicts that it is not possible to produce a state having

a definite particle content: given the process that produces A and B alone, QFT theory

predicts a nonvanishing and finite probability for the creation of A and B plus additional

photons [11]. In other words, given the initial system that is used for the production of A

and B, the rate for the processes involving additional photons is a given finite number that

cannot be made arbitrarily small.

As a consequence, I argued that it is never possible to make a certain prediction of the

spin state of B by merely measuring a spin component of particle A in an EPR experiment.

Energy, momentum and angular momentum conservation do not hold for the (sub)system

made of the two particles A and B, since additional photons can carry such conserved

quantities. By detecting A, it is not even possible to predict if particle B will actually be

caught in the opposite direction [11].

The conclusion may seem surprising: QFT satisfies the EPR criterion of completeness

without the need for hidden variables and without necessarily violating Einstein’s condition

of locality for the physical reality [11]. In other words, the EPR argument is removed because

of the fact that QFT allows for less EPR reality than was believed. This solution, based

on the greater uncertainty of QFT, is completely opposite to the local determinism solution

based on hidden variables.

Therefore, we no longer have to decide between statements 1) and 2) in EPR theorem:

QFT remains an EPR-complete theory and yet it does not satisfy condition 1), that implicitly

assumed the entangled two particle state vector. Therefore QFT can satisfy 2) in EPR

theorem. In particular, the EPR+Bell proof of nonlocality is removed.
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This result is particularly significant since it relies on only well-established physics and it

does not depend on any particular interpretation of the theory. However, it is clear that a

decision about the locality of QFT can be made only after examining the description of the

measurement process. If (and only if) this can be done in a local way, without postulating

any global collapse of the state vector, then QFT will be automatically a causal and local

theory [30]. We will now look for an interpretation that executes this program.

ARGUMENTS FOR A STATISTICAL INTERPRETATION OF QFT

The results of Ref. [11], that have been summarized above, imply in particular that no

prediction can be made for the measurements of the spin in a single realization (that I will

call “event” hereafter) of the EPR thought-experiment. This can be considered a hint for

a statistical interpretation of QFT: the theory renounces describing the single events, and

only makes statistical predictions for the repetition of an experiment on an ensemble of

identically prepared copies of the system.

For instance, if we consider a single particle that can decay, the theory is not able to say

when it will actually decay, which direction the particles that are produced in the decay

process will take, and which of the possible decay channels will be chosen [31]. Similarly, in

a Young double slit experiment, we are not able to predict anything about the single particle

that will hit the screen in a random position.

Incidentally, since it is impossible to prepare a state with a definite number of photons,

and since such an uncertainty for any given process cannot be made arbitrarily small, we

may even argue that it is not possible to give a physical reality (not even locally) to any

observable, except to the charges and masses (that are the invariants of the theory) [32].

As a matter of fact, QFT renounces to make any prediction on the single event, with the

exception of the charges and masses of the particles that will possibly appear. However, QFT

predicts probability rates and cross sections, that can be compared with the frequencies of the

results for the repetition of an experiment on a statistical ensemble of equally-prepared copies

of the considered system. Therefore, it is natural (or at least conservative) to assume that

the state vector only describes the ensemble, and not the single copy of the system (that we

do not describe at all).

Of course, very convincing arguments for a statistical interpretations of the quantum
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theory have already been provided in literature, see e.g. Refs. [8, 19, 20] and references

therein. The most important is the fact that it naturally removes the measurement problem.

Let me briefly summarize how this actually occurs.

For simplicity’s sake, I will consider the measurement of an observable A in a two di-

mensional space of states. Let α1 and α2 be the (different) eigenvalues of A, and let

|α1〉, |α2〉 the corresponding eigenstates. If the (normalized) state of the object system

is |ψ〉 = c1|α1〉+c2|α2〉, then the measurement of A will give either the result α1 with proba-

bility |c1|2 or the result α2 with probability |c2|2. After the measurement, the usual collapse

postulate implies that the state is reduced to one of the eigenvectors of A, depending on the

result of the measurement: for instance, if the result is α1, the state after the measurement

is reduced to |α1〉. The problem is that this postulate is incompatible with the Schrödinger

equation (or the field equations) that imply a smooth and lineal evolution. In fact, let |Φ〉
be the intial state of the measuring apparatus (that belongs to a different Hilbert space

than that of the object system), and let Φi be its states when the results αi are obtained,

for i = 1, 2 respectively (let these vectors also describe the so-called “environment”). This

means that if the initial state of the object system was one of the eigenvectors of A, say |α1〉,
then the corresponding initial state for the composite system made of our object + mea-

surement device would be the tensor product |α1〉|Φ〉, and the state after the measurement

would be the tensor product |α1〉|Φ1〉. Similarly, |α2〉|Φ〉 → |α2〉|Φ2〉 as a consequence of the

measurement. If the measurement process could be described by the same linear evolution

that applies to any physical process (the Schrödinger equation or the field equations), when

the object system is not in an eigenstate of A the previous equations necessarily imply the

following result for the measurement

(c1|α1〉+ c2|α2〉)|Φ〉 → c1|α1〉|Φ1〉+ c2|α2〉|Φ2〉. (1)

Now, if we assign a state to the individual system, as done in the usual “orthodox” inter-

pretation of QM, we get a wrong result, since after measurement the system will be put in

one of the two eigenvectors, not in the linear combination of Eq. (1) (a measurement gives

a definite result, not a superposition). This is the so-called measurement problem. The

usual “orthodox” interpretation introduces the collapse of the state vector by hand, and

therefore requires a nonlinear evolution law for the measurement process, which is different

from the linear evolution that describes any other process (in other words, within this in-
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terpretation the measurement process cannot be described by the quantum theory itself).

In my opinion, any interpretation that does not give a better answer to the measurement

problem should simply be discarded, for several good reasons: we know from half a century

of detector building that the particles are detected due to the usual electroweak and strong

interactions, that are described by the linear equations of the Standard Model. Moreover,

the collapse postulate is ultimately responsible for the paradoxes (that we might better call

inconsistencies) of the quantum theory [6, 8]. In particular, it introduces a privileged ref-

erence frame, the Laboratory; the global description of the collapse is responsible for the

supposed, paradoxical nonlocality of the theory, thus violating Special Relativity.

How does the statistical interpretation avoid the “measurement problem”? It assumes

that the state vector only describes a statistical ensemble E of identical copies of the con-

sidered system, and it does not describe the single copy. The state after the measurement

is the linear superposition of Eq. (1). In fact, this state correctly describes the probabilities

|c1|2 and |c2|2 for having obtained α1 or α2. Moreover, the single event has a definite result,

although the theory does not predict it. The events that have given the result α1 form a

subensemble E1 of E , while those that gave α2 correspond to a different subensemble E2 (with

E = E1UE2). After the measurement, the experimenter (or the measuring device) selects

only the events that have given a particular result, say α1, and this corresponds to reducing

the statistical ensemble to E1. After this selection of the events, the state vector is the one

that describes the new ensemble E1, which is |α1〉|Φ1〉, as in the usual collapse postulate (but

here we have no paradox since we are not associating such a state to the individual system

and we did not need a nonlinear evolution during the measurement process).

I recommend the excellent reviews [8, 19, 20] for a more complete discussion in terms of

mixed states (which may be more fundamental than the pure states). Note that in Ref. [8]

the EPR paradox led to the conclusion that the quantum theory was incomplete and had

to be completed: the single system had to have precise values of anticommuting observables

like momenta and positions. Here, we do not need this assumption. QFT satisfies the

EPR condition of completeness, without introducing additional variables. It is a strange

kind of completeness: it allows for less reality than ordinary QM. Thus QFT can only be

used to predict probabilities, statistical averages, correlations (that can be computed as

usual through Feynman diagrams). Although I prefer to use the term “statistical”, this is

essentially the “correlation interpretation” described in Ref. [6] (see also Ref. [21]).
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Incidentally, within this interpretation the world (i.e. the single event) has an objective

consistency, independently of the possible measurements (no need to rely on any mysterious

“quantum consciousness”). We merely cannot describe it but statistically.

Now, the above solution of the measurement problem implies that the measurement

process can be described precisely with the Standard Model itself, in agreement with the

actual experience of Particle Physicists. This also implies that QFT with the statistical

interpretation is a fully local theory. In fact, causality and locality are satisfied by the

Green functions of the theory (and then by the scattering matrix) [1, 2]. In other words,

there is no possible source of nonlocality in the theory. You get back what you put in: if you

put the nonlocal collapse, you get nonlocality. When we only use the local QFT interactions

even to describe the measuring process, we get a fully local theory.

THE EPR CORRELATIONS IN QFT

Although we have already seen that QFT with the statistical interpretation is a local

theory, it is interesting to discuss how this fact is shown in the EPR correlations that

it predicts, whose supposed nonlocality is thought to be proven by the generalized Bell’s

Theorem (the only remaining argument after the removal of the EPR+Bell argument).

Let us assume for simplicity that in an EPR-Bohm experiment the data analysis only

records the “coincident events” with a particle A appearing in detector OA and a (say dif-

ferent) particle B appearing in OB (but all the following discussion can be easily generalized

to the case of also considering the coincident events when B is caught by OA and A is

caught by OB, and to the case of A and B being identical, indistinguishable particles). I

will call E the statistical ensemble of such coincident events, that have to be selected by two

local measurements on both particles A and B. Suppose that OA measures the component

~S(A) · ~a of the spin of A, and OB measures the component ~S(B) ·~b of the spin of B. Let

sa = ±h̄/2 and sb = ±h̄/2 indicate the corresponding eigenvalues (i.e. the possible results

of a measurement) of these spin projections [33]

Now, the statistics over the ensemble E allow for the experimental evaluation of the spin

correlations 〈~S(A) ·~a~S(B) ·~b〉. In QFT, such a correlation function has to be computed from

the rate Γ(sa, sb) for those coincident events where particle A and B are found with definite

values sa and sb of their spin components. To give an example, I will assume that A and B
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are created in the decay process of a particle X (e.g. we may consider the decay of the possible

Higgs boson into an electron-positron pair, that can be calculated in a straightforward way

in the Standard Model), but the whole discussion which follows can be easily generalized

e.g. to the case when A and B arise from a scattering process. I will compute the correlation

at the lowest order, neglecting the rates for the creation of additional photons in coincidence

with A and B. In fact, although the effect of these additional photons was important for

removing the EPR incompleteness argument, the contribution of the diagrams involving

additional photons to the spin correlations is small [11], due to the fact that their rates are

suppressed by powers of the fine structure constant and by a phase space factor depending

on the small solid angles ΩA and ΩB intercepted by the detectors as seen from the production

point (as far as we consider only the ensemble E). A good approximation for the relevant

QFT rate will be

Γ(sa, sb) ' c2

2(2π)2h̄MX

∫

ΩA

d3~pA

2EA

∫

ΩB

d3~pB

2EB

|M(~pA, sa, ~pB, sb)|2δ4(pA + pB − pX) (2)

where the variables of integration pA = (EA/c, ~pA), pB = (EB/c, ~pB) correspond to the four

momenta of the two particles A and B, and MX is the mass of the decaying particle that

produces them (see e.g. Eq. (A.57) of Ref. [22]). On the other hand, M(~pA, sa, ~pB, sb) is the

Feynman amplitude for the process. Assuming that the two detectors are placed in exactly

opposite directions and intercept similar solid angles, we can perform the integrals and get

Γ(sa, sb) ' ΩA

4π

|~pA|
8πh̄cM2

X

|M(~pA, sa,−~pA, sb)|2, (3)

where now |~pA| = cM−1
X

√
M4

X + M4
A + M4

B − 2M2
XM2

A − 2M2
XM2

B − 2M2
AM2

B is the modulus

of the momentum, as given by energy conservation.

Restricting ourselves to the statistical ensemble E , we can define the probability of ob-

taining sa and sb by dividing the rate in Eq. (3) by the total rate corresponding to this

statistical ensemble, i.e.

P(sa, sb) ≡ Γ(sa, sb)∑
s′a=±h̄/2

∑
s′
b
=±h̄/2 Γ(s′a, s

′
b)
' |M(~pA, sa,−~pA, sb)|2∑

s′a=±h̄/2

∑
s′
b
=±h̄/2 |M(~pA, s′a,−~pA, s′b)|2

. (4)

Now, in QFT the Feynman amplitude M is invariant under the full Lorentz group, and

in particular under rotations, thus it conserves angular momentum. In the usual EPR-Bohm

experiment we assume that the decaying system MX has zero angular momentum, thus A

and B are created in a spin-singlet state (remember that we are neglecting any possible
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additional particles in this computation). Therefore, independently of the explicit form of

the amplitude M, that depends on the particular process under consideration, we get

P(+a, +b) = P(−a,−b) ' 1

2
sin2(

θ

2
), P(+a,−b) = P(−a, +b) ' 1

2
cos2(

θ

2
), (5)

where θ is the angle between the orientations ~a and ~b of the spin-measuring devices, and I

have indicated ±h̄/2 with the sign ±. We can now evaluate the spin-spin correlation (for

the ensemble E) as

〈sasb〉 =
∑

sa=±h̄/2

∑

sb=±h̄/2

P(sa, sb)sasb ' − h̄2

4
cos θ. (6)

This is the same result obtained in the usual QM treatment [6, 20]. There are however two

important differences. Firstly, now we know that it needs two local measurements on both

A and B, and that it is merely an approximation. Secondly, we see that this result arises

from Eq. (4), which only depends on the invariant Feynman amplitude M. Now, in the

computation of the Feynman amplitudes all the conservation laws have a local origin [1, 2],

and in particular the global angular momentum conservation is a consequence of the local

conservation, as we expected from the discussion of the previous section.

This is also reflected by the fact that the correlation does not depend on the distance: it

is the same for large and small distances. It is true that one can then change the axis ~a and

~b of the distant detectors, but the correlation that is computed with the new axis could also

be computed for small distances. The correlation has then to be created in the production

process; although it depends nontrivially on the experimental arrangement in OA and OB,

it does not corresponded to any influence at a distance.

In fact, Eq. (5) satisfies the only real locality conditions that are imposed by Special

Relativity, according to Ballentine and Jarrett [18]:

∑
sb

P(sa, sb) =
1

2
, for sa = ± h̄

2
;

∑
sa

P(sa, sb) =
1

2
, for sb = ± h̄

2
, (7)

valid for whatever choice of orientations ~a and ~b of the detectors. In particular, detector OA

observes the same distribution of probability independently of the settings of the distant

detector OB. This is also sufficient to prevent the possibility of any superluminal communi-

cation. On the other hand, Eq. (6) coincides with the usual QM result, that agrees with the

actual experiments and violates Bell’s inequalities. As Ballentine and Jarrett have argued,
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this means that it is not possible to find a set of parameters λ, carrying the information on

the state and the initial conditions, so that the probability can be factorized as

P(sa, sb, λ) =
∑

s′
b

P(sa, s
′
b, λ)

∑

s′a

P(s′a, sb, λ), (8)

where the dependence on λ in the probabilities corresponds to partitioning the ensemble of

the events in subensembles that have equal conditions λ. The impossibility of finding such

a decomposition implies that the measurement on A gives additional information about

the measurement on B, with respect to the information that can be contained in the state

preparation. Ballantine and Jarrett, implicitly using a statistical interpretation, have proved

that this fact should not be interpreted as a sign of nonlocality, but that it only proves that

the quantum theory is less predictive than it would be using the state vector to describe the

single system. This reduction of predictivity is unavoidable as far as we limit the description

only to the statistics on the ensemble of copies of the system.

A complete discussion can be found in Ref. [18]. Here, I will merely point out that

the measurement on A unavoidably gives an information for the measurement on B, and

this information depends on the orientation ~a of the apparatus OA. In fact, let me call

E(sa, sb) the partition of the total ensemble E of the coincident events, where for instance

E(+a, +b) is the ensemble of the events that have given the results sa = +h̄/2, sb = +h̄/2

after the measurement. This partition depends on the choice of the orientations ~a and ~b of

the apparatuses, and changes if we modify one of these orientations. Since the results of

the single measurements are not predicted by the theory, a partition can be obtained only

after actually performing the measurements. The probabilities P(sa, sb) can be computed

by counting the number of events that belong to the different subensembles E(sa, sb) of the

partition of E and dividing by the total number of events in E (of course, this computation

would give the correct probabilities only in the limit where E counts infinite events). It is

clear that these probabilities depend on the partition that is chosen, in other words they

depend nontrivially (and in a “nonseparable” way) on the orientations of the two apparatuses

and on the results of the single measurements, without implying any nonlocality [34]. On

the other hand, although it cannot be generalized to prove nonlocality, Bell’s Theorem may

remain an important argument against local determinism [18].
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CONCLUSIONS

In a previous paper, I have shown that the Standard Model of Particle Physics prevents

the production of states having a definite number of particles, contradicting a basic assump-

tion of the EPR argument. Here, this result has been used to remove one of the supposed

proofs of nonlocality as well, that based on the EPR argument and on the original Bell’s

Theorem. The great uncertainty of QFT also provides a hint for a (minimalistic) statistical

interpretation that renounces describing the single events. Such an interpretation does not

assume any global collapse of the state vector, solves the “measurement problem” in a nat-

ural way, and allows for a complete recovery of locality and causality without introducing

hidden variables. I have then shown how the EPR correlations should be computed in QFT

using Lorentz invariant Feynman amplitudes, and recalled the argument by Ballentine and

Jarrett against the wild generalizations of Bell’s Theorem. Such a theorem may still be

used in its original formulation to rule out local determinism, but it cannot prevent the

probabilistic QFT to be a local theory.

I think that any reasonable interpretation of the quantum theory should satisfy the

following requisites: i) the measurement process should be described by the same laws

that apply to any process; ii) no kind of action or influence at a distance should be present.

The fact that there is at least an interpretation that satisfies such requisites might also

stimulate further research for other possible consistent interpretations (see e.g. Ref. [23] for

an attempt in this direction).

On the other hand, I hope that the present reconciliation of the quantum theory with

Special Relativity can be of interest in the quest for a quantum theory of gravity and for a

possible ultimate Theory of Everything.
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