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Abstract

In order to understand nonlocal phenomena, the corresponding processes must be treated
as scattering experiments and investigated in the frame of quantum �eld theory. Quantum
mechanics is not su�cient for this task, because it is only concerned with the in�uence of a
potential on a physical object. But in processes with nonlocal e�ects the role of interaction
between physical objects must be su�ciently respected. � All this is shown �rst of all for
the special case of the spin-1/2-experiment, and then generalized to arbitrary scattering
processes.

1. What is the problem?

Nonlocal phenomena are discussed and analyzed, since Einstein, Podolsky and Rosen in their
famous paper [1] have drawn attention to a di�culty of quantum mechanics. By means of their
also famous gedankenexperiment the three authors have demonstrated their thesis that quantum
mechanics is incomplete. So called local theories were developed in order to repair this pretended
fault. The work of Bell [2] consisted in describing mathematically a general kind of such theories,
and inferring the inequality bearing his name from characteristic features of such theories by mere
logical deduction. In quantum mechanics a corresponding condition can be given, too. These
two inequalities are not compatible with one another. Hence it seems to be quite natural to
decide between them by experiment. Since all results of experimental investigations from Aspect
et al. [3, 4] up to Erven et al. [5] have shown that Bell's inequality is not compatible with
the empirical results, local theories nowadays are quite generally refuted. On the other hand all
these experiments are supporting the results of quantum mechanics. Hence one could infer that
quantum mechanics is correct. But that would be an illegal conclusion, because the agreement
with experiment is a necessary, but no su�cient condition for the validity of a theory. Hence one
would convert a double negation into a positive assertion.

In this paper the thesis is claimed and proved that quantum mechanics, indeed, is incomplete,
not on the philosophical level, where Bohr and Einstein were quarrelling, but in an immediately
physical sense.
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Quantum mechanics is describing events that are concerned with elementary particles only by
considering the e�ects of external potentials. For this purpose the applied mathematical tools are
su�cient. It is mainly the linear algebra on a Hilbert space. But in order to understand nonlocal
phenomena one must su�ciently respect the role of interaction. Hence one has to change from
quantum mechanics to quantum �eld theory. That is a theory, in which interaction is playing a
central role, especially in the analysis of scattering processes. If one is proceding this way, then
nonlocal phenomena will appear to be quite natural. Local theories are not needed, and hence
no Bell equation, in oder to refute them.

In the next section the example of the so called spin-1/2-experiment is investigated in the frame of
quantum �eld theory. Afterwards, in section 3, the results are generalized to arbitrary scattering
processes.

2. The example of the spin-1/2-experiment

The decay of a spin-0-particle in two spin-1/2-particles is considered in quantum �eld theory as
a special kind of scattering process. Hence it must be treated as a scattering process. But there
are obstacles withstanding this task. In case of the spin-1/2-experiment it is not even clear, how
to couple a spin-0-�eld to a spin-1/2-�eld. Hence it is impossible to analyze the interaction in
detail. Not even an approximation by perturbation theory can be done. According to experimental
work with photons it is not clear what exactly is happening in the calcium atoms or in the lasers.
Nevertheless a deduction shall be tried.

Wanted is the matrix element for the transition from a spin-0-state to a couple of two spin-1/2-
particles. Under the condition that the process of decay is rotationally invariant, the total spin
as well as each spin component is conserved. Hence the matrix element has the form

R012 =< s0|s1, s2 > s2
0 = 0 s1 =

(
cosϕ
sinϕ

)
s2 =

(
− sinϕ
cosϕ

)
0 ≤ ϕ < 2π

with the state s0 of the decaying spin-0-particle and the states s1 and s2 of the two spin-1/2-
particles.

But now the exclusion principle must be respected. Hence the term given above must be supple-
mented by the exchange term. Thus one has

S012 = R012 −R021 =< s0|η >
with the singlet state

η =
1√
2
(

(
cosϕ
sinϕ

) (
− sinϕ
cosϕ

)
−

(
− sinϕ
cosϕ

) (
cosϕ
sinϕ

)
)

In the special case ϕ = 0 it is equal to the usually given state

η =
1√
2
(↑1↓1 − ↓1↑2)

Because of the initial uncertainties, it is not clear, whether this deduction of the singlet state is
correct or not. But the version given here is considered as an alternative to the usual deduction.
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In order to stress once more the essential point: The spin-0-particle is decaying into a couple
of spin-1/2-particles. These are carrying away with them from the place of interaction some
information, which at least is concerning the laws of conservation. Since the correlation does not
take place between the measuring devices or the measuring processes, but between the particles
and their states, there is no danger that the theory of speci�c relativity might be violated.
Hidden parameters are not needed. In summa, nonlocal e�ects are quite natural phenomena, for
the spin-1/2-experiment as well as for all the other scattering processes. The decisive point is
the interaction between particles.

This idea can be illustrated by the following variation of a well known story.

Mr. Winter has only two relatives, his daughter Alice and his nephew Bob. Some days, after
Mr. Winter had died, Alice and Bob were bidden to come to a notary's o�ce. Here the notary
told them, that they are heirs to an amount of $300,000. He gave each of them a letter in a
closed envelope with the demand to deliver it to a notary or a local authority of their respective
residence. Then Alice and Bob went back to their home towns. When Alice had handed over her
letter to a notary, she heard that she had inherited $200,000. At that moment Alice knew that
Bob would get $100,000, although Bob is living far away from Alice, and no communication had
taken place.

In order to come back from this fairy tale to physics, one can consider the two spin-1/2-particles
as common heirs of the spin-0-particle and the money either as the total spin or as any one of
its components.

3. Generalization to arbitrary scattering processes

It is claimed that entanglement is a phenomenon appearing quite generally in scattering processes
and not only in special examples as for instance the spin-1/2-experiment or the emission of
polarized photons. The justi�cation of this assertion shall be restricted to processes with two
ingoing particles and two outgoing particles. Further assumptions are not needed. The usual
treating of scattering processes in the literature (cf. [9] to [12] and [13] for examples) will be
su�cient.

In scattering processes of the mentionned kind two particles i1 and i2 are generated by two
independent sources Q1 and Q2. They are prepared with certain values and directed to a region
of time-space, where they will interact. By the interaction the two ingoing particles are melted
into a new object that afterwards is passing into a system of two spatially departed particles f1

and f2. These are measured by two detectors D1 and D2. The two outgoing particles bear with
them some common information that at least is concerning the laws of conservation. This is the
cause of entanglement.

Now two di�erent cases are to be distinguished. If the two initial particles are directed in such
a way that they don't meet and hence don't interact, then no entanglement will occur. In this
case the Bell inequality is valid. In all other cases interaction takes place with the consequence
that the outgoing particles are correlated.
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Mathematically scattering processes are described by the S-matrix. This has the form

S = E + gR(i1, i2; f1, f2)

with a coupling constant g and a term E that is standing for the case that the ingoing particles
don't meet. In perturbation theory one has a series of approximations to S. By calculating them
the correlation can be inspected explicitly. If the outgoing particles are identical, the exchange
term of quantum statistics must be added. Then one has

S = E + gR(i1, i2; f1, f2) + sign gR(i1, i2; f2, f1)

On closer inspection nonlocality reveals to be no special feature of scattering processes in quantum
�eld theory. It can already be observed, when two shunting railway carriages are pushed together
and then moving away from each other. The annoying fact of all this is obviously the possibility
that a quantum object can consist of two parts that are correlated, in spite of a great distance
between them. But that is psychology and has nothing to do with theoretical physics.
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