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We use the Greenberger-Horne-Zeilinger [in Bell’s Theorem, Quantum Theory, and Conceptions of the
Universe, edited by M. Kafatos (Kluwer Academic, Dordrecht, 1989)] approach to present three demon-
strations of the failure of Einstein-Podolsky-Rosen (EPR) [Phys. Rev. 47, 777 (1935)] local realism for
the case of two spinless particles in a two-particle interferometer. The original EPR assumptions of lo-
cality and reality do not suffice for this. First, we use the EPR assumptions of locality and reality to es-
tablish that in a two-particle interferometer, the path taken by each particle is an element of reality.
Second, we supplement the EPR premises by the postulate that when the path taken by a particle is an
element of reality, all paths not taken are empty. We emphasize that our approach is not applicable to a
single-particle interferometer because there the path taken by the particle cannot be established as an
element of reality. We point out that there are real conceptual differences between single-particle, two-

particle, and multiparticle interferometry.

PACS number(s): 03.65.Bz

INTRODUCTION

Einstein, Podolsky, and Rosen [1] (EPR), while consid-
ering various spacelike-separated measurements that may
be made on two noninteracting particles, introduced a
very specific viewpoint concerning local reality. “Since at
the time of measurement the two systems no longer in-
teract, no real change can take place in the second system
in consequence of anything that may be done to the first
system” (locality). “If, without in any way disturbing a
system, we can predict with certainty (i. e., with probabil-
ity equal to unity) the value of . a physical quantity, then
there exists an element of physical reality corresponding
to this physical quantity” (reality).

It has long been known that these assumptions, (to-
gether with a third one, completeness, which we shall dis-
cuss later), reasonable as they appear to be, are incon-
sistent with quantum mechanics. This fact was
discovered by Bell, who considered the system introduced
by Bohm, of a spin-0 particle decaying into two spin-1
particles. In the simplest gedanken experiment, when the
spin component of one of the decay particles is measured
in a specific direction, quantum mechanics predicts that
with 100% certainty its partner’s spin will be opposite, if
measured in the same direction. This behavior is
sufficient to allow the use of the EPR locality and reality
criteria to establish that this particular spin component
of the second particle is an element of reality. By parallel
arguments all spin components of both particles are such
elements, and their reality must be established at the time
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of the original decay, even if they cannot all be simultane-
ously known experimentally. We call such a simple case,
where the result of one measurement can be used to pre-
dict with 100% certainty the result of another measure-
ment not yet performed, a case of perfect correlation.
For two particles one may easily construct a determinis-
tic, local, realistic model that can reproduce these perfect
correlations, regardless of the direction in which the orig-
inal spin measurement is made.

Bell [2] realized, however, that for more general mea-
surements, where the spin components of the two parti-
cles are measured along different directions, the
quantum-mechanical behavior cannot be modeled by any
local, realistic, deterministic (or stochastic) model, thus
upsetting the EPR program. He showed that starting
from the EPR program one can derive an inequality,
which must be obeyed by any such model, but which is
violated by quantum theory. His proof refers to the im-
perfectly correlated cases, when the particles are mea-
sured along different directions. Bell’s theorem says
nothing about the case of perfect correlations, which
indeed can be explained by such a model.

Recently it was noticed [3,4] by Greenberger, Horne,
and Zeilinger (GHZ) that if three or more particles are
produced in the decay, then one can show that even in
the case of perfect correlations, which are at the core of
the EPR viewpoint since they produce elements of reali-
ty, one cannot reproduce the quantum results by a local,
realistic model. In fact, the perfect correlations by them-
selves contradict the other EPR assumptions.
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In the present paper, we investigate the possibility of
applying GHZ three-particle perfect-correlation-type ar-
guments to two particles. We find that such an extension
exists if one considers, instead of the familiar Bohm two-
spin system, a two-particle interferometer. Whereas each
particle in the Bohm system has only one available route
from the source to the polarization analyzer, each parti-
cle in the two-particle interferometer has two available
routes through the interferometer. As we shall see below,
within the EPR viewpoint one and only one of these
routes is actually taken by any given particle, and the
route taken is an element of reality. However, in order to
complete the two-particle argument, we find that we must
augment the original EPR assumptions given in the first
paragraph above with the following auxiliary assumption:

If the path taken by a particle is an element of reality,
then there is no entity associated with this particle that in
any way samples alternate paths (i.e., the paths not taken
are truly empty).

We call this assumption “emptiness of paths not taken”
(EPNT). This in turn implies that the particle can be
affected only by manipulations along its path, and it can-
not be affected by any manipulations that take place
along alternate paths not taken.

One might initially suspect that this assumption is by
itself tantamount to a denial of elementary quantum
theory, since the prohibited entities include such
subtleties as a de Broglie pilot wave, an Einstein “ghost”
wave, any kind of information gathering Mermin fuzzy
“cloud,” a Wheeler “smoky dragon,” or most emphati-
cally, even a normal Schréodinger quantum-mechanical
amplitude. (We are tempted to call our assumption “‘the
law of the excluded muddle.”) That is, the assumption
seems to be incompatible with single-particle interfer-
ence, the most basic wave-mechanical phenomenon.

This is not the case for two reasons. First, in a single-
particle interferometer one cannot predict which path the
particle will take through the interferometer. The path
taken is therefore not an element of reality, and hence
our assumption is inapplicable. Second, in the two-
particle interferometer, where the path can be predicted
and hence our assumption applies, there is in fact no
single-particle interference. We believe that our assump-
tion is one possible natural outgrowth of the EPR
viewpoint, but in any case its consequences will be spelled
out so that one may judge its plausibility.

We should also point out that the EPNT assumption is
partially compatible with quantum mechanics, in the
sense that if a particle is experimentally known to be in
one beam, there is zero amplitude for it to be in any other
beam. However, EPR assert the existence of such an ele-
ment of reality, connecting the particle to a particular
beam, even in cases where one has an experimental ar-
rangement that cannot ascertain such information (see
our first demonstration, below). Of course, quantum
theory denies this possibility.

We will now proceed to give three demonstrations that
the EPR program, if it is supplemented by the EPNT as-
sumption, fails as profoundly at the two-particle level [5]

as it has been previously demonstrated to do (GHZ) at
the three-particle level. A central point of these demon-
strations is the establishment of a particle’s path as an
element of reality and our consequent use of the EPNT
assumption, which implies that only manipulations
directly along a particle’s path may have any influence on
that particle.

In our discussion, we will focus principally on the
two-particle interferometer arrangement [6] of Fig. 1,
where a central source emits a pair of spinless particles, 1
and 2, in opposite directions. An experimental ap-
paratus defines two directions a-a’ and b-b’. Then the
quantum state of the pair is

[WoY=C(la)la’),+1b),16'),)/V2, (1)

where ket |a )1 denotes particle 1 in beam a, etc.

THE FIRST DEMONSTRATION

For the first demonstration, we will consider a sequence
of five different experiments with this arrangement. In
our first experiment we establish that for each particle
the path taken inside the interferometer is an EPR “‘ele-
ment of reality” and, at the fifth experiment, we find that
the “reality” of this internal path necessarily implies a to-
tal disagreement (i.e., a disagreement for each pair detect-
ed) with the quantum-mechanical predictions of the state
(1).

In the first experiment, place four detectors directly in
the source beams a, a’, b, and b’, and monitor for coin-
cidences. It is assumed that the beam splitters at C and G
have been removed, so that these coincidences can be
monitored as far downstream in the beam as one wants.
The state (1) predicts a-a’ coincidences for half the pairs
detected and b-b’ coincidences for the other half of the
pairs. These perfect correlations and the EPR local reali-
ty assumptions immediately imply that the path taken,
(a’ or b'), by particle 2 is an element of reality, for if par-
ticle 1 is found in path a (b) then particle 2 will, “with
certainty,” be found in path a’ (b').

FIG. 1. Two-particle interferometer. A pair of particles, 1 and
2, emerges coherently at O, moving along the beams a-a’ and
b-b’, in the state of Eq. (1). Beams a@ and b are deflected and pass
through a beam splitter, so that particle 1 ends up in beam u or
d. Similarly, particle 2 ends up in beam u’' or d’. There is a
phase shifter, a, along path a, and another, 3, along path b’.
Each beam terminates at a detector D. The outgoing state is
given by Eq. (2). Note that this state implies that the two-
particle coincident rates (u-u’,u-d’, etc.) depend on a and f3.
Nonetheless, there is no single-particle interference—the count
rate at each detector D is independent of a and f3.
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A parallel argument establishes the reality of path (a
or b) for particle 1. In short, according to the EPR view,
half the pairs emitted by the source really take the a-a’
paths and the other half really take the b-b’ paths.
Moreover, and we stress this point, in the EPR view these
elements of reality must exist even when the detectors
used to establish their existence are removed and one or
both beam splitters are replaced [7], as in the next four
experiments.

In the second experiment, place the beam splitter at
position G in the path of particle 2, and place the detec-
tors further downstream, beyond G. For particle 1, leave
the beam splitter C out, and place the detectors directly
in the paths @ and b of particle 1. If these particle 1
detectors are sufficiently far from the source of decay,
they can catch particle 1 after particle 2 has already
passed through the beam splitter at G, either before or
even after it strikes a detector [8]. Thus if the detector in
beam aq fires, one knows that particle 2 took path a’, and
this knowledge is available even after particle 2 passes the
beam splitter at G. Therefore this element of reality,
identifying the path that the particle 2 took within the in-
terferometer, persists even after the particle has left the
interferometer, to the time when particle 2 strikes a
detector. (In fact, if we placed the detectors of particle 1
far enough downstream, we could determine which inter-
nal path particle 2 took, a week after it had been detect-
ed.) Similarly, an analogous argument establishes the
reality of the path of particle 1 within the interferometer.
Of course the experiment just performed cannot predict
which beam u’ or d’ particle 2 takes after passing the
beam splitter at G, so we have not yet established the
reality of the path of each particle outside the interferom-
eter, after the beam splitters at C and G. But we can
know, even when a particle is beyond the interferometer,
what path that particle took inside the interferometer.

For the next three experiments, place beam splitters at
C and G in the paths of both particles, and move the
detectors so that now all four detectors are in the beams
u, d, u’, and d’. Beam a encounters a device that pro-
duces a phase shift a, and beam b’ encounters another
one, which produces a phase shift 3, as in Fig. 1. At the
detectors the state (1) will evolve into (see, for example,
GHSZ [4])

a+pf)

l'ei( /2 :
|\y)=‘/—§[( lu)lu'),+1d ) |d"),)cos(A/2)

+(|lu),ld"),—d ) lu’),)sin(A/2)],
)

where A=a—pB. (Here we have chosen specific beam-
splitter phases. Other possible choices would not affect
our conclusions. See GHSZ.)

In the third experiment, set the phase shifts a=8=0,
and again monitor for coincidences. With these phase
values, the state (2) becomes

(WY=i(lu)lu")y+d)|d"),)/V2 3)

at the output. State (3) predicts u-u’ coincidences for
half the pairs detected, and d-d’ coincidences for the oth-

er pairs. There are no u-d’ or d-u’ coincidences. As con-
cerns the EPR program, simply assume that it successful-
ly accounts for these coincidences. That is, when a=0
(B=0) the pairs which take the a-a’ (b-b’) paths do not
produce any u-d’ or u’-d coincidences.

This third experiment has established the reality of the
paths in the outgoing beams after the particles leave the
interferometer, since a count at u (d) guarantees a count
at u'(d’). The first experiment established the reality of
the paths inside the interferometer. The second experi-
ment forced us to accept the continuing reality of the
path the particle took inside the interferometer even after
the particle has left the interferometer [9]. So the EPR
criterion leads us to the conclusion that the particle 2
took one and only one of the paths a’,d’ through the in-
terferometer, and subsequently took one of the paths
u',d’ upon leaving the interferometer. We can establish
any of these elements of reality for one particle by mak-
ing an appropriate measurement on the other particle.
(Even though different experiments are required on parti-
cle 1 to determine the reality of the path of particle 2 in-
side and beyond its interferometer, the particles no longer
interact and the EPR locality assumption guarantees the
existence of all these elements of reality [7].

Because the reality of the internal path can be estab-
lished even after the particle has left the interferometer,
we are now in a position to invoke the EPNT assumption.
This assumption implies that if particle 2 took the path
a’, it cannot be affected by the particular value of the
phase shifter B. Similarly, if particle 1 took path b, it
cannot be affected by the value of the phase shifter a. We
will use these results in what follows.

In the fourth experiment, keep the detectors in the out-
going beams, and adjust the phase shifters to a=B=m,
and again monitor for coincidences. Then the state at the
detectors will be, from Eq. (2),

W) =—i(lu)|u’)y+ld)ld"),)/V2, “@

which also produces only u-u’ and d-d’ coincidences, i.e.,
no u-d' or d-u' coincidences will occur. For the EPR
program, again assume it successfully reproduces these
coincidences, namely, when a=1 (8=1) the pairs taking
the a-a’ (b-b') paths produce no u-d’ or u’-d coin-
cidences.

Finally, in the fifth experiment, switch either of the
phases, a or B, to O while leaving the other at 7. We will
consider for simplicity just the first case, a=0 and B=1r.
In this case the wave function will be, according to Eq.
(2),

(WY =+(lu)ld"),—d)|u"),)/vV2 . (5)

Hence quantum mechanics predicts that only u-d’ and
d-u' coincidences will occur. What does the EPR view
predict here? Well, the a-a’ pairs encounter a=0 and
they do not encounter the phase shifter in beam b'.
Therefore, invoking the EPNT assumption, they cannot
be affected by the value B of that phase shifter. We thus
conclude that these pairs still produce only the same
coincidences as in experiment 3 (i.e., u-u' and d-d’ coin-
cidences only). Similarly, consider now the b-b’ pairs.
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They encounter = in beam b and, by the EPNT as-
sumption, they cannot be influenced by the a=0 phase
setting in beam a. Therefore, by comparison with experi-
ment 4, these b-b’ pairs also can only produce u-u’ and
d-d’ coincidences. So the EPR view predicts no u-d’ or
d-u’ coincidences will occur, in complete disagreement
with the quantum-mechanical prediction, [10].

COMMENTS

One might object that the EPNT assumption is already
in obvious conflict with single-particle quantum mechan-
ics. Consider, for example, the single-particle interferom-
eter shown in Fig. (2). The essence of single-particle
quantum mechanics [11] presents itself when one contem-
plates the following two experiments with this apparatus.
In one experiment (call it a which-path experiment), place
detectors in beams a and b and confirm that every parti-
cle is found in one of the beams only, approximately half
in each beam. In the other experiment (call it an interfer-
ence experiment), place detectors in beams « ad d and ob-
serve that the number of particles landing in each detec-
tor depends sensitively on the phase angle a. Quantum
mechanics attributes these single-particle interference
effects to the superposition of two probability amplitudes,
one associated with each path.

Now one might think (incorrectly) that the first experi-
ment establishes the path taken as an EPR element of
reality for each particle, and one could then invoke the
EPNT assumption, in the following way. Consider those
particles that take route b during the second (interfer-
ence) experiment. By the EPNT assumption they could
not be affected by the setting a of the phase shifter in
beam a. But this makes it impossible to reproduce the
observed interference pattern, which has 100% contrast,
i.e., for some settings of «a, all the particles will be located
in beam wu, while for other settings, none will. The
reasoning is as follows. If at one setting of a, all particles
end up in beam u, then of course this includes the parti-
cles that took beam b. Similarly, for another setting of «,
no particles will end up in beam u, which of course also
means that no particles in beam b will have ended up in
beam u. But this obviously contradicts our earlier con-

FIG. 2. One-particle interferometer. A single particle emerges
from source O with a coherent amplitude for being in either
beam, a or b. These beams recombine at C and produce in-
terference at the detectors D. There is a phase shifter a along
path a. The interference depends on a, but if we determine
which path, a or b, the particle took, the interference will disap-
pear.

clusion (based on EPNT) that the particles in beam b are
unaffected by the setting of . However, as already indi-
cated, the mistake here is to think that the above which-
path experiment establishes path as an EPR element of
reality. To do that one would have to be able to predict,
without disturbing the particle, which particular path it
will take. Instead, the which-path experiment, by simply
counting particles in a beam, merely determines which
path the particle did take, and in doing so it totally des-
troys the beam.

One might contemplate making a more subtle experi-
ment that does not disturb the particles in the beam, but
this runs into a major problem of one-particle systems.
As we saw in the previous paragraph, measuring the loca-
tion (or more generally any property) of a single particle
entails retrodiction, rather than prediction. For EPR, a
measured property of a system is not necessarily an ele-
ment of reality. For clearly, as Bohr often emphasized,
the value of the property could be just an artifact of the
measurement process, i.e., the observed value of the prop-
erty could conceivably have only been created by the
measurement. The original EPR definition of reality em-
phasizes and exploits prediction in formulating a cri-
terion for reality. The objective properties of the particle
are those that can be predicted, without actually touch-
ing the particle of interest. For only then can one be sure
that the property exists, independently of observation.

This problem is pervasive in one-particle experiments,
and will defeat even subtle attempts to impart an EPR
element of reality to the path of a single particle. For ex-
ample, we might have attempted in the spirit of EPR to
determine the particle’s path through the configuration of
Fig. 2 by placing a detector in only one beam, say a, and
concluding that the particle took the other beam, b, if the
detector does not register. But this experiment does not
predict that a given particle will be in beam b. It just
eliminates the subset of particles that took beam a (cer-
tainly disturbing them), but gives no indication of when
to expect a count in detectors placed in beam b, u, or d.
Thus it fails to meet the predictability requirement of
EPR.

In order to remedy this situation and be able to make a
prediction, we must know when the particle is in fact in-
side the interferometer, which calls for some kind of coin-
cidence measurement. But this transforms the entire ex-
periment into a multiparticle one. (In fact, our two-
particle interferometer is just a special case of this pro-
cedure.)

So the EPNT assumption does not apply in the single-
particle case, and therefore can never conflict with one-
particle interference. We also note that in the two-
particle interferometer, where EPNT does apply, there is
no one-particle interference. To see this, note from Eq.
(1) that a path of particle 1 is correlated with a path of
particle 2. Either the pair took paths a-a’ or they took
b-b’. The superposition of Eq. (1) involves the paths of
the two particles, not the two possible paths of one parti-
cle. The probability of the detector in beam u count-
ing is given from Eq. () as P,=|{u,us|¥)?
+|{u,,d}|¥)|*=1, independent of @ and 3, and similar-

2
ly P;=4. So regardless of the settings of either phase



82 BERNSTEIN, GREENBERGER, HORNE, AND ZEILINGER 47

shifter, these beams will each produce a count 50% of the
time, and thus there is no single-particle interference.
Clearly, the absence here of any single-particle interfer-
ence indicates that two-particle interferometry places to-
tally different demands on any theoretical explanation
than does ordinary single-particle interferometry. We
note that while our demonstration was given specifically
in the context of the two-particle interferometer of Fig. 1,
a parallel argument could be given in the context of other
two particle interference arrangements, such as that of
Franson [12], by utilizing other elements of reality.

Of course, one can deny EPNT and thereby imagine
that something could travel down the empty beam, so as
to provide information to the nonempty beam, when the
two beams meet. And this something could be consistent
with EPR locality, if the particles (and these somethings)
on opposite sides of the origin do not communicate.
However, one should be aware that there must be
significant differences in the nature of this something, in
the one- and the two-particle cases. In the one-particle
interferometer of Fig. 2, quantum theory yields an ampli-
tude for the particle to travel along each path through
the interferometer. There is, as we have emphasized, no
element of reality associated with either path. Nonethe-
less, one may try to assume a realist position (going
beyond EPR) by asserting that the particle “really” took
one path, and associating some sort of ‘“empty,”
information-gathering wave with the other path. Then
when they recombine, the empty wave and the particle
can share the information acquired along their respective
paths, in order to produce the correct behavior beyond
the interferometer. But in the one-particle interferome-
ter, once recombination occurs, there is no way to deter-
mine which path the particle took. In brief, the particle
and the associated something must recombine: in such a
fashion as to prevent any future determination of which
path the particle took inside the interferometer. The sit-
uation is quite different in the two-particle interferometer
case of Fig. 1. Here, from the EPR point of view,
separate elements of reality exist for the path of each par-
ticle both inside the interferometer and beyond it. Thus
neither one of these particles and its associated something
recombine in the same way as in the single-particle inter-
- ferometer. For here, even after the particle and its asso-
ciated something have recombined, the path which that
particle took inside the interferometer can still be deter-
mined (by appropriate observation of the distant parti-
cle).

We emphasize that in the case of imperfect correla-
tions, a something that samples the empty beam will still
yield. results in violation of the Bell inequality. [The
quantum-mechanical correlation is given by Eq. (8),
which is exactly the same as for two spin-1/2 particles,
and leads by a parallel argument to Bell’s theorem for
this case.]

So something traveling along the empty path cannot
explain imperfect correlations. But Bell’s theorem gives
no information for perfect correlations, because of the ex-
istence of an EPR element of path reality in the case. As
we have stressed, it is precisely this existence of an ele-
ment of reality that motivates the EPNT assumption,

which goes beyond the EPR assumptions, in order to rule
out these associated somethings in the perfect correlation
case.

Our comments here do not apply to the theory of
Bohm [13], a realistic theory that does not retain EPR lo-
cality. In this theory distant nonlocal effects can be car-
ried instantaneously by the “quantum potential” which is
built into the theory.

ALTERNATIVE DEMONSTRATIONS

We shall proceed to give the other two demonstrations.
For our second demonstration, consider the joint proba-
bility P that detectors ¥ and u’ count coincidentally as a
function of @ and B. (Here, and in what follows, we shall
denote the detectors by the beams they monitor, such as
detector u, etc.) Quantum mechanically, this probability
is a function, P(a—pB), of the phase differences only,
P(a—B)=(%)[cos2(a-B)/2], from the state (2). The
EPR viewpoint, supplemented by the EPNT assumption,
requires that this probability be expressible as

Pla—B)=1f(a)+1g(B), ©)

where f(a) [g(B)] is the joint probability for those pairs
that really take paths a-a’[b-b’ and hence only encounter
the a(B) phase shifter. The only solution [14] to Eq. (6) is
fla)=ca+d, c and d being constants, and similarly for
g(B). This simple linearity of P clearly contradicts quan-
tum mechanics.

In order to present our third demonstration we must
briefly review Bell’s pioneering work, in the context of
our apparatus. We assign to particle 1 the value +1
(—1) when it triggers detector u (d), and to particle 2 the
value +1 (—1) when it triggers detector d’ (u’). Let

* P;(a,B) denote the joint probability that particle 1 gives

the result i(==1) and particle 2 the result j(==1).
Then, following Bell, consider the expectation value of
the product of the results,

E(a,B)=P,  (a,f)—P,_(a,f)—P__ (a,B)
+P__(a,B) . (7
For the quantum state (2) this becomes
Eqm(a,B)=— cos(a—B) , (8)

which is the same result as for the spin state Bell original-
ly considered, except that phases replace Stern-Gerlach
orientations.

Now EPR, in addition to their clearly stated views on
locality and reality, also insisted on a third postulate
(completeness): “Every element of the physical reality
must have a counterpart in the [complete] physical
theory.” Bell’s first crucial discovery was that any theory
consistent with EPR’s three postulates must admit the
EPR-Bell form (see GHSZ)

E(a,)= [dAp(A)4;(a)BA(B) . ©)

Here A is simply Bell’s notation for EPR’s complete state
[15] of a specific pair of particles, 4,(a) denotes which
detector particle 1 reaches and has values =1 as given
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above, and B, (f3) is the same for particle 2, and the nor-
malized density p(A) specifies the distribution of A values
within the ensemble of pairs.

Bell’s second crucial discovery was that the EPR-Bell
form of Eq. (9) implies an inequality not satisfied by the
quantum-mechanical function of Eq. (8). Recent experi-
mental confirmation [6] of Eq. (8) in the arrangement of
Fig. 1 has added to the weight of previous polarization
experiments violating Bell’s inequality and thereby refut-
ing the EPR viewpoint.

Our third demonstration uses the EPR-Bell form, Eq.
(9). In view of the reality of the paths established above
in the first demonstration, the EPR viewpoint, supple-
mented by the EPNT assumption, requires us to write
this equation as

E@pB)= [, _, dMp(M) 4, (a)By
+ dN'p(A") A 3By (B) , (10)

A"EA,
where A (A,) is the subspace of A states that describe
pairs which take the a-a’(b-b') paths. In the first integral
B;. does not depend on 3, since a particle on path a’ can-
not be affected by a phase shifter in path b’, and similarly
in the second integral 4, does not depend on a.

Now reconsider the second experiment from our first
demonstration (with detectors in the outgoing beams) but
this time set the phase shifters so that a=p (but not
necessarily =0). In this situation, the quantum-
mechanical expectation value, Eq. (8), is an extremum,
and Eqm=—1. Consequently, if the EPR-Bell form of
Eq. (9) and the EPR form (10) are to match this result,
then we must have [16]

(11a)
(when a—pB=0:)

A;,(a)B,=—1 for AEA,

A;B,(B)=—1 for AEA, (11b)
This is true for any individual value of A, not merely for
the integral as a whole. Similarly, if we redo this experi-
ment again, this time with a—fB=m, we will again find
that Eq) is an extremum, only now with Egy=+1. So
we will now have

A,(a)B,=+1 for AEA, (12a)

(when a—pB=1:)

AABK(3)=+1 for )\,EAb (12b)
The angle B does not appear in Eq. (11a), so that by vary-
ing a and choosing the appropriate S( =a), we can make
the equation hold for almost all a, and the same is true
for all the Egs. (11) and (12). However, it suffices to
choose three appropriate pairs of phase angles a and
B—for example, (0,0), (,0), and (7,7)—one exhibits a
contradiction between Egs. (11) and (12), no matter how
the space of A states is partitioned into the mutually ex-
clusive and exhaustive subspaces A, and A,. Hence it is
impossible to define a consistent set of 4,, and B, for

this system. No EPR-Bell form (9) can agree with quan-
tum mechanics.

CONCLUSIONS

We have shown that one can make a Bell theorem
without inequalities in the case of two spinless particles.
To do this we had to extend the EPR point of view to in-
clude the EPNT assumption. All three demonstrations
given here depend crucially on the same feature: the
paths taken inside the two-particle interferometer of Fig.
1 are EPR “elements of reality.” Moreover, all three
proceed without any inequalities. However, the different
demonstrations have distinctive features. The first two
do not employ the EPR-Bell form and hence do not use,
at least explicitly, the EPR completeness postulate. The
third demonstration does use the EPR-Bell form but only
in the case of perfect correlation, i.e., where Eqy==1,
and where one can make 100% certain predictions, as
demanded by EPR.

The extra assumption was chosen to exploit a real
difference that exists between single-particle and two-
particle interference. As already emphasized in the Com-
ments section, it is not possible in a single-particle inter-
ferometer to establish the path taken by the particle as an
EPR element of reality. Thus, to our knowledge, no one
so far has exhibited any real connection between the EPR
viewpoint and single-particle quantum mechanics [17].
This is not surprising, since the EPR viewpoint is
couched critically in terms of two particles.

In this paper we focused on the two-particle inter-
ferometer of Fig. 1 where it is possible to establish paths
as EPR elements of reality. We proposed that the paths
not taken are truly empty, the EPNT assumption. This
extra assumption allowed us to establish a contradiction
with quantum mechanics even for the simple case of per-
fect correlations.

These considerations point out that there are real con-
ceptual differences between single-particle, two-particle,
and three- or multiparticle interferometry, which are not
generally recognized. For single-particle interferometry,
EPR considerations do not apply. For two-particle inter-
ferometry, they do apply, and one can obtain a Bell-type
statistical contradiction between the EPR assumptions
and quantum theory. With an auxiliary assumption
(EPNT) one can obtain a contradiction using only perfect
correlations. Finally, for three- or multiparticle inter-
ferometry one can obtain a contradiction between the
EPR assumptions and quantum theory using only perfect
correlations, without making any extra assumptions [18].

The two-particle experiments discussed here are more
amenable to experimental realization with current tech-
nology than a three- experiment. Moreover, the argu-
ment presented here is also applicable to other two-
particle arrangements [13] besides the interferometer of
Fig. 1. One could also contemplate a realization exploit-
ing the usual spin-entangled state, if suitable spin
analyzers (Stern-Gerlach magnets for spin-J particles, a
Glans-Thomson prism for photons) are used to separate
spin components into individual beams and later recom-
bine them [19].
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