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ABSTRACT

Tests of non-local interference effects in the two-kaon system are proposed.
The first kind of tests consists of measuring the amount of destructive in-
terference between Kg— K, regeneration processes of two distant kaons.
The second kind deals with constructive interference. These tests could be
performed at an asymmetric ¢-factory. Estimates are given of the number
of events predicted by orthodox quantum mechanics and kaon regeneration
theory in various suitable experimental conditions. The impact on local

theories if the predictions of quantum mechanics hold is discussed.
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1 Introduction.

Whenever quantum theory makes surprising predictions, it deserves to be
checked experimentally. The object of the tests suggested here is the inter-
ference effect between two Kg— K, regeneration processes of two different
kaons at two different locations, centimeters apart. That kind of interfer-
ence cannot be described as an interference between waves propagating in
space. In the literature it is referred to as a non-local phenomenon proper
to quantum theory, [1]. It is related to the EPR-paradox [2], as are many
properties of the K9KO° system, [3].

Such non-local effects are also present in systems of two photons, of
course if the predictions of quantum mechanics are correct, [4]. Because
non-local effects are surprising in the context of special relativity, it was
considered worthwhile to verify that they actually exist in nature. This is
why predictions that depend on these effects in optics have been checked
experimentally, [5]. The same argument can be made to justify tests of non-
local effects on two-kaon systems because, in spite of the success of quantum
mechanics in optics, dominant phenomena in optics and in kaon physics are
different. In the past, kaon physics has shown violations of principles much
harder or impossible to detect in other domains of physics, [6].

In the literature, tests of the non-locality of quantum mechanics using
the system of two neutral kaons created by the decay of ¢-mesons have
been proposed long ago, [7]. They are based on measurements of the kaon
strangeness. They have been criticized as to their scope and significance, [8].

More recently, another test, based on kaon regeneration at an asymmet-



ric ¢-factory!, has been proposed, {9]. It escapes most of the criticism of
Ref. [8]. This test checks quantum mechanics in a case where a strong non-
local constructive interference effect is expected between two distant kaon
regeneration processes. Following up on Ref. [9], this paper describes tests
involving non-local destructive interference, which are easier to perform ex-
perimentally. Then it describes more tests of constructive interferences at
¢-factories with different machine-parameters than Ref. [9]. In addition,
the significance of these diﬂ'erenftests is analyzed and discussed in terms of

which local theory is ruled out if orthodox quantum theory is verified.

2 Destructive Interference Tests.

2.1 General Description.

As in Ref. [9], these tests require measurements in four different experimental
setups at an asymmetric ¢-factory. In the first setup, sketched in Fig. 1a,
there is no material in the way of either of the two neutral kaons produced
by the ¢-decay. In each event, one of the neutral kaons is emitted in a
slightly upward direction, ai)ove the ete~-beam line: let us call it the “up”
particle. The other kaon is emitted in a downward direction, below the beam
line: it will be called the “down” particle. Because of conservation of charge
conjugation in ¢-decay, half of the ¢— K°K0O events have a K, as the “up”
particle and a Kg as the “down” particle; the other half are the other way
around. The first half will be called : type K Ks <vents; and the second
half : type KsK. In both cases, the first symbol in the event-type refers

!i.e. an asymmetric et

mass of the ¢-meson, 1020 MeV,

e~ -collider of a total energy in the center of mass equal to the



to the “up” kaon and the second symbol to the “down” kaon. In the setup
of Fig. 1a, there are never any K1 Ky, or any KsKgs events, i.e. any events
where the “up” and the “down” kaons are in the same state.

In the second setup, a piece of material is interposed on the path of the
“up” and nothing on the “down” particle, as sketched on Fig. 1b. Some “up”
K get regenerated into K, in that material while the associated “down”
kaon remains a Ky, in vacuum. Therefore some two kaon systems initially
of type KK, will be transformed into systems of type Ky Ky and produce
KK events. If the piece of material is interposed on the “down” path
instead (Fig. 1c), there are also K K, events because of Kg— K|, regener-
ation of some “down” kaons associated with an “up” kaon remaining a K.
Regardless of which path the piece of material is on, events of type KK,
will be seen. Similarly events of type KsKg will be observed because of
K1 — K regeneration. Because of these regeneration effects, such a piece of
material interposed on a kaon path will be called a “regenerator”.

In the tests of this paper, we consider only coherent regeneration, i.e.
regeneration where the kaon emerges with its momentum unperturbed and
where no nucleon or nucleus recoils in the regenerator. If there are two
regenerators, one on the “up” and one on the “down” path (Fig. 1d), there
will be a regeneration process in each of them. Orthodox quantum theory
predicts that the coherent regeneration process of the “up” kaon and the
coherent regeneration process of the “down” kaon are also coherent with
one another. If both regenerators are identical and placed at the same
distance from the interaction point, if one counts only non-interacting and
coherently regenerated kaons (recognizable by their angle of emergence from

the material), quantum mechanics predicts that the interference term is
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Figure 1: Setups for the destructive interference test.
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Figure 2: Tuwo-slit experiment with half-wave plate in one of the slits.

negative and the effect is 100% destructive. There are no K Kj, and no
KK g events in the setup of Fig. 1d, just as in the setup of Fig. 1a. With the
two pieces of material, an interference phenomenon is taking place between
two processes occurring at different locations and acting on two particles that
will never meet again. The two processes obviously do not act independently
but there is no apparent wave or particle to carry an influence of one of the
processes onto the other or to coordinate the future behavior of the two
kaons. In that sense this interference effect is a non-local effect.

To illustrate the non-local character of that phenomenon, let us compare



this kaon experiment to the version of the two-slit photon experiment that
is shown on Fig. 2. Because of the 1/2-wave plate located in the lower slit,
the interference between the beams passing through the upper- and through
the lower slits is 100% destructive at the center of the screen. There the
photon intensity is zero with the two slits open, just like the number of
K K| events in the two-kaon experiment with two regenerators. However,
in the two-slit experiment, the effect can be described by waves propagating
from the slits and merging to generate an interference pattern on the screen.
Light is restored at the center of the screen if any obstruction is placed on
the path of either one of the two waves, as if something participating in that
interference effect was travelling along each of the paths. In the case of the
kaon experiment, it is different. One could completely isolate the two kaons
from one another by an enclosure of absorptive material, starting any time
after they separated at the ete~—colliding point, even before they reach the
regenerators. The interference effect would be unchanged. There is some
conspiracy between the two regeneration processes when two regenerators
are in place, but there is no known vehicle to explain how a regenerator can

influence the state of the kaon traversing the other regenerator.

2.2 Computations in Orthodox Quantum Mechanics.

The charge conjugation of the ¢-meson is C = —, [10]. Because charge
conjugation is conserved in ¢-decay, the state vector of the two-kaon system

at the ete~-interaction point is

) .
=———K>K>—K>K>>. 1
wﬂ(uxs Ks > |Krp (1)



Let us call N the number of $— K®KP® produced. Without regenerator on

either path, there are

Qs = % events of type KL Ks , (2)

n%L = % events of type KsK , (3)
and no event of another type, i.e. :

n, = 0 events of type K K , (4)

n%s = 0 events of type KsKg . (5)

Let us call U the evolution operator on one kaon traversing the regen-
erator. If there is just one regenerator on the “up” particle (Fig. 1b), the

state vector of the two-kaon system after traversal is

b= % ( (vlKkL >) |Ks > ~ (Viks >) |k > ) . (6)
Let us call py,, the probability that a single K, traverses the material
without interaction and pregen the probability that a K is regenerated into
a K coherently, i.e. without a nucleus breaking up or recoiling in the
regenerator. The number n}% of KK events and the number nj% of

K Kgs events with the regenerator on the “up” path are

1 i Pl

nlli];, = -2-N 1<I§Ll UII\S> ='2‘Npregena (7)
1 21

n‘i% = §N I(I\’L‘ U‘KL> =§Npthru° (8)

If that regenerator that was placed on the “up” particle is now placed on

the “down” path instead, i.e. in the setup of Fig. 1c, the same evolution



operator U applies fo the “down” kaon. The two-kaon state vector becomes

qp:_\%(mp (viKs>) - 1Ks> (vikL >)> ; (9)

and the numbers n$3*® of K K, events and ndoW" of KgK| events are

1 P
n‘i%w“ = 5 N ‘ < I(Ll U”(S > = 5 N Dregen (10)
down 1 ¢ ’ 1
ndgn = SN | <Kpl UKL >| =5 N puwi (11)

Now, if two identical regenerators are present, one on the “up” and one

on the “down” paths (Fig. 1d), the state vector ends up

= —\}5 ((UIKL >) (viks>) - (UIKs > ) (UIEL > )) ;o (12)

and the number of K K|, events is

=
N 2
5 |< Kul UKL > < Ki| UKs >~ < Ki| UlKs > < Ki| U\Kp >|

= 0, (13)

regardless of any hypothesis except the principles of quantum mechanics
and conservation of charge conjugation.

The expression between thetwo = signs of Eq. (13) contains the modulus
of the difference of two terms, which happen to be equal when the two
regenerators are identical. Each term corresponds to the contribution of
the regeneration process in one regenerator and the transmission through
the other. If the square of the modulus of the difference is developed, the

square of each of the terms represents the contribution of the corresponding



, :ﬂlnum

process and the double product represents the interference effect. Therefore
the amount ni® due to the interference effect is negative and its absolute
value is equal to the number of K K} events obtained in a computation

where the interference term would be omitted,

. 2
nEil = N|< KilUIKL > < KilUIKs >| = N pregen Pinra
| nitndee "
N N )

Any deviation from the prediction zero of Eq. (13) represents a deviation
from quantum mechanics. If such a deviation is ever found, one can express
the amount of violation by the fraction by which the size of the interference
effect is reduced, i.e. by the ratio

both

ént = %Z’I‘/H (15)

of the number of KK found with two regenerators and the predicted

amount of interference given by Eq. (14). 2 If no deviation is found, an

upper limit for €™ will be found. That upper limit is a quantitative estimate
of the quality of the test.

The number of KsK's events can be obtained by a similar calculation
involving K'g absorption probability and K — Ks regeneration. However, in
this paper, we focus on K1 K, events because, experimentally, it seems easier
to identify K, particles with negligible ambiguity than Kg. Indeed K, can

be recognized as neutral particles interacting strongly in a detector located

downstream at a distance of several average Kg decay-lengths.

%In the terminology used in optics, 1 — €™ is called “visibility”.



2.3 Quantitative Estimates.

In the setups with regenerators (Figs. 1b, 1c, and 1d), the numbers of K1, K,
K1 Kgs, and KgK| events can be predicted using measured cross sections,
nuclear physics, and regeneration theory. The ete™— ¢ cross section is
about 4 ub, [11], and the branching ratio of ¢ into neutral kaons approxi-
mately 34%, [10]. If the duration of the experiment is T and the average

luminosity is £,

N

Il

1.3x107% 2T ; (16)

it

ie. N 3% 107 for £ = 10*! cm™2s7! (17)

and T = one effective month.

In the setup without any regenerator (Fig. 1a), according to Egs. (2)
and (3), half of these events are of type A1 K's, and half are of type KgK,.
There is no other type.

For the case of one regenerator either on the “up” path (Fig. 1b), or the
“down” path (Fig. 1c), let us define £ as the thickness of the regenerator
and A as the Ky, collision length in the material, [12]. Neglecting the decay
probability of the K, one can predict the probability pyn., for the K not

to interact in the “up” regenerator as
2
Prhru = |< KL U|I(L >| =e U, (18)

Given the atom density v in the regenerator, the difference A f of forward
scattering amplitude of K© and g by these atoms, the K g mean lifetime 75,

the kaon mass m, the K;~Kg mass difference Am, and the time t taken by

10



the kaon in its own rest frame to traverse the regenerator, one can compute

the probability pregen of Ks— K|, regeneration [13],

v Af ( (_-—1—+iAm)t)
= T AT w : 19
p T Am m e s (19)
2
Pregen = < KLl UlKS > = lpl2 Pthre - (20)

Using the data of regeneration experiments, (14}, Egs. (7), and (8), one
can predict the numbers ny? , n%, 3", and nd$*" of K K1, KK, and
KsKp, events in various setups. For experimental conditions indicated in
Table 1, i.e. various et -energies and regenerator thicknesses, these numbers
of events have been computed and are also shown in Table 1. From these
numbers and Eq. (14), one derives the values of |niPt| indicated on the last
row.

The quality of a test depends on how much K Ky, background there is in
the setup with two regenerators. A major source of background may be due
to Kg decaying into two neutral pions and producing four misidentified ~-
rays. If the uncertainty on the contribution of this background can be made
as small as 1075 of the number of Ks—m%x® decays, 3 then the uncertainty
on n}[’ffh will be about 100, and the quality of the test, i.e. the upper limit
for €™ of Eq. (15), will be of the order of the percent.

3implying a reasonable average of only 5% misidentified v’s,

*This corresponds to a “visibility” between 98.5 and 99.5%.

11



Factory et energy (GeV) 2 3 9

e~ energy (MeV) 130 90 30
Integrated luminosity/setup (pb™") 25 25 25
# of K9KO events: N  (millions) 30 30 30
Regenerator material copper | copper | graphite
Regenerator length : £ (cm) 5 5 15
One regenerator
KKy events: nih=nfy™ | 17000 7200 6000
Ky Ksor KsKy, events : nih=n3"" 9 108 9 108 9 108

Both regenerators

Amount of interference : |nint 20400 8600 7200

Table 1: Orthodoz predictions for the destructive interference test, at

three possible ¢-factories.

12



3 Alternate Theories.

3.1 One-Particle Quantum Theory.

To provide a focus to these tests of non-local interferences predicted by or-
thodox quantum mechanics, let us construct an alternate theory that cannot
be disproved on the base of the results of experiments performed to date, but
that is local at least as far as kaon-physics is concerned. The easier theory
one can construct with these properties is one that predicts that single kaons
obey quantum mechanics, but that systems of two kaons behave like sets of
independently interacting kaons, each one described by a wave function of
its own. Checks of quantum mechanics in kaon physics have been performed,
directly or indirectly, when performing regeneration experiments, but these
tests involve single kaons, [15], not systems of two kaons such as those pro-
duced at a ¢-factory. In the literature, the assumptions of this one-particle
quantum theory are often referred to as the Furry hypothesis, [16)].

In this one-particle quantum theory, the “up” kaon is described by a

wave function

PP = up, |[KL > + us |Ks >, (21)
and the “down” kaon, independently, by
Ypdown = g; |Kp, > + ds |Ks > . (22)

The sample of kaon systems produced by ¢-decay is made of systems with
various wave-functions ¥"P and ¥3°%" j.e. with various values for the coef-
ficients uy,ug,dy, and ds. There is a statistical distribution of ur,us,dr,

and dg, which is yet unspecified. Let us denote the expectation value of a

13



quantity by a bar over it. In the setup without regenerator,

= |urdL|?, (23)

3
—o
ZL
|

b~
=)
n

= |urds|?, (24)

~]
cncz
(] l

= |uSdL|2 ’ (25)

=

n
N

no
wn
|

= Tusds? . (26)

In the two setups with a regenerator on the “up” path, the wave function

of Eq. (21) is transformed into
PP = uy, U|KL > + us UlKs >, (27)

and the probability amplitude for observing a Ky :

< Kp|y"™® = tup+rus, (28)

where t = <Kp|UKL>, (29)
and r = <Kp|U|Ks>; (30)
P = 17, (31)

Pregen = I7|*- (32)

Similarly, in setups with a regenerator on the “down” path, the probability
g

amplitude for observing a “down” kaon is :

< Kplpdowr = tdp+rds. (33)

When the regenerator is only on the “up” path, the fractions of K Ky,
g PP

and of K1 Kg events are

up

21%'& = Ttur+r usP [do? = |t urdp + 7 usdrl?, (34)

14



up
n-}[\lli = |tur+rus?|ds|* = |t upds + r usds|? . (35)

When the regenerator is only on the “down” path, the fractions of K K|,

and KgsKy, events are

1’%‘2 = TuZJtdp +rds?, (36)
I‘_‘%w: = Tus[tds +rds|?. (37)
With both regenerators, the fraction of K, K, events is
P-Z]-:f—“-‘- = |tur+rugl?|td,+rds|?

3
lrt(uLds +usdp) + 12 updy + r? usdsl . (38)

In Appendix, assuming Egs. (34), (35), and (38), i.e. the premises of
one-particle quantum theory, demonstrations are made of Inegs. (65), (66),
and (74), involving the numbers of events n}%, ni%, and nb3h. These
inequalities can be used to test if the results of the experiment proposed
here are consistent with that theory.

There are experimental studies of ¢-decays into neutral kaons, [10)].
The KKy, and the KsKgs modes are known to be suppressed with respect
to the Ky Ks and the KgK; modes. These studies were made without
regenerator, as in the setup of Fig. la. Therefore we can also expect the
number of K1 K, and of KsK g events to be small in the experiment in the
setup without regenerator. Suppose it is the case and suppose the numbers
of events obtained from the experimental data are introduced in Inegs. (65),
(66), and (74). The constraints imposed by one-particle quantum theory

reduce to

3 2, (39)



ag n
I 2 n“ (40)
SL
thus nboth 3 ("2%"2"5)("1,5'*'"51,) (41)
n2snSL

Ineq. (41) is violated by the predictions of orthodox quantum mechanics.
Indeed, if the predictions of Egs. (2), (3), (7), and (8) hold, then Ineq. (74)
predicts

both > ‘nmt (42)

where |nit| is the value indicated on the last row of Table 1. Orthodox
quantum theory predicts n‘”“‘ = 0. It follows that the proposed experiment

can discriminate between one-particle- and orthodox quantum theory.

3.2 Uncorrelated Hidden Variables.

If the predictions of quantum theory turn out to be correct in one of the
tests of Sect. 2, other local theories would be eliminated than just the one-
particle quantum theory. Consider a theory that pictures regenerators as
systems of atoms fluctuating all the time and having time dependent re-
generation properties. The theory would associate different values of some
hidden variables A" and A9°"™ to the different configurations of the “up”
and of the “down” regenerators, respectively; predictions for the outcome
of an experiment would imply averaging over all the values taken by these
hidden variables A"P and Ado"™,

The constraints imposed by such a theory to its predictions can be de-
rived as it was done for one-particle quantum theory in the Appendix of
this paper. Instead of constant probability amplitudes ¢t and r, one deals

with amplitudes of transmission and regeneration in the “up” regenerator

16



that are functions t(A"P) and r(A"P); t(A4°*") and r(A9°*™) in the “down”
regenerator. These amplitudes fluctuate with A¥P and A9°"", For the pre-
dictions, averages have to be taken over the values of the functions ¢(A"P),
r(A"P), t(Ad°¥n), and r(Ad°¥") as well as over ur, ug, dr,, and ds.

For the sake of simplicity, in this paper, the demonstration will be re-
stricted to thec ies of this type but where, at the time of the ¢-decay, there
are no Ky Ky and no KsKg, only K Kg and KgK| systems. Egs. (4)
and (5) are satisfied in the setup without regenerators, but not necessarily

Egs. (2) and (3). Let us define the random quantities

P = | UA™) %, (43)
Pifen = | r(A™)[?, (44)
phowr = | t(Adewm) |2, (45)
pocwn = | y(Adowm) |2, (46)

They are the transmission and the regeneration probabilities of an “up”
kaon in the “up” regenerator when its variables have the value A“P; and
the transmission and regeneration probabilities in the “down” regenerator
when its variables are Ado%®, respectively. With only the “up” regenerator
in place, K1 K events have a “down” K[, therefore the “up” kaon was
born Kg and must have been regenerated into K'j, when traversing the “up”
regenerator. Similarly, K7, Ks events are due to systems born A Kg with

the “up” K, surviving the traversal. Averaging over the variables A"P :

nLL = 7NsL p:'?gen ’ (47)
w _ .0 T
nLs = TLS Pibru - (48)

17



Similarly, with only the “down” regenerator in place :
g p

0 Tdown
ndy™ = nis piowm, (49)
= o T )

In the setup with both regenerators, the number n‘[’f}fh of K[ K, eventsis the
sum of the number of “up” K regenerated into Ky, with the corresponding
“down” kaon surviving as a Kr,; plus the number of “down” Kg regenerated

into Ky, with the “up” kaon surviving as a K, :

down

both __ 0 0

nPPR = 3L PrBen Piom + Nis Pihey Promen - (51)
In this context, locality can be interpreted as the AYP variables that

influence transmission and regeneration in the “up” regenerator not being

statistically correlated to the A9°*™ variables that influence the same phe-

nomena in the “down” regenerator. Then, in a local theory,

d — Y d
p:'?gen Pu?r‘r," - p:-]epgen Pu?r‘fx" ’ (52)
up d — up d.
Pihru prggv;rx: = Pthru Pré’&ﬂ ’ (53)

Then Eqgs. (48), (47), (50), (49), (52), and (53) imply :

up _down up _d
both _ MLL MSL nLs ngr
nyPh = + . (54)
LL - 0
SL LS

This constraint is abided by the kind of hidden variables theories we have
constructed here. It is violated by orthodox quantum mechanics, for which
np, nd9", ni%, and ngq*™ are not zero, as shown in Table 1, but nhgt is,
as stated in Eq. (13). Therefore an experiment of Sect. 2 would necessarily
eliminate either orthodox quantum mechanics or the class of local theories

considered here.

18




For Eq. (54) to hold, it is enough that Egs. (52) and (53) hold. This is
obviously true if not only the regenerators but also the kaons were described
with hidden variables AP and A9°"® (in addition to their wave function), as
long as the hidden variables of the “up” kaon are not correlated to the ones
of the “down” kaon. Furthermore, for reason of continuity, Eq. (54) would
apply approximately if Egs. (52) and (53) were held only approximately. For
the same reason of continuity, Eq. (54) would apply approximately if, con-
trarily to the restrictive assumption of this section, the number of K7, K, and
of KsKgs events in setup without regenerator are not zero but almost zero.
There is a large class of theories for which Eq. (54) holds approximately.
On the contrary, for orthodox quantum mechanics, Eq. (54) is violated by a
huge amount, which is of the order of the number of regenerated events of
all kinds observed in the experiment. Therefore if the predictions of ortho-
dox quantum mechanics turn out to be valid in an experiment of the kind
described in Sect. 2, that whole class of local theories where Eq. (54) holds

even approximately would become untenable.

3.3 The EPR-Argument.

There are hidden-variable theories that do not exhibit any contradiction with
the orthodox predictions for the experiments of Sect. 2. Consider again the
hidden variables A"P and A9°%™ of Sect. 3.2. One can construct theories
where the variables AP and A4°¥™ are not statistically independent. If AUP

and A9°"™ are correlated in such a way that :

pﬁ‘\’r":’l“ =10 for any A"P  for which p:-le%en #0, (55)
Py =0 for any Ade"® for which piown # 0, (56)

19



then the prediction n29'P = 0 of Eq. (13) is reprocuced by Eq. (51), without
n}%, ni%, nd*", and n3*™ of Eqgs. (47), (48), (49), and (50) being zero.
Such theories obviously can be made compatible with the predictions of
Table 1 and of Eq. (13). Like the non-local interference term in orthodox
quantum mechanics, these correlations between AYP and A4°%™ make the
number of K7 K, events dependent on the presence of both regenerators at
the same time.

One way to generate the strong correlations of Egs. (55) and (56) be-
tween A"P and A9°"" is to assume a coordinated evolution of the hidden
variables in the two regenerators. Whenever one regenerator is in a state
that allows Kg— K| regeneration, the other regenerator is in a state that
forbids transmission of the conjugate kaon. This has to occur all the time,
whatever thickness £ is chosen for the regenerators. A simpler solution is
to consider the variables A"P and Ad°%" as variables specific of the kaons
and not of the regenerators at all. They could correspond to physical quan-
tities generated at the time of the ¢-decay and carried by each kaon from
the ¢-decay point to the regenerator located on its path. If ¢-mesons de-
cay only into pairs of kaons described by variables A" and A4°%® satisfying
Egs. (55) and (56), the correlation would be generated by a local process,
when the two kaons are still located at the same place. Then the transmis-
sion and regeneration probabilities in the “up” regenerator would be p,P
and Pr&en depending only on A¥P,i.e. on alocal quantity brought in by the
incident “up” kaon; the physical processes in the “down” regenerator would
have probabilities pf&:g and p32"" depending only on the quantity Adow®
brought in by the “down” kaon. Therefore the theory would not involve any

non-local effects.
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Though such theory is local and reproduces the predictions of ortho-
dox quantum mechanics, it describes kaons at birth as particles that are
not simply K or Kg, but that need additional variables A"P or Adewn
to be described completely. In orthodox quantum mechanics K1 and Kg
are pure states of a two-component quantum system. There is a statisti-
cal behavior common to all K; and another behavior common to all Kg.
A two-component wave function cannot accommodate for these additional
variables A"P and A9°%", Therefore, according to this theory, quantum me-
chanics is incomplete in its description of what kaons are in reality.

In their famous paper, {2], Einstein Podolsky, and Rosen (EPR) made an
argument that is essentially the same as this one to demonstrate that quan-
tum theory is incomplete, under the assumption that only local phenomena
exist in nature. EPR made their argument using a gedanken experiment
only remotely related to this one. However there is enough analogy between
the argument used by EPK and the one used in this section to call ours
“the EPR-argument”. The hypothesis of additional variables with the total
correlation of Eq. (55) and (56) will be called the EPR-hypothesis.

If an experiment described in Sect. 2 is performed and gives the result
predicted by quantum theory, i.e. Table 1 and Egs. (13), one can conclude
that there is coordination between regeneration and transmission processes
taking place centimeters apart. These processes are either non-local or they
depend on more variables than the ones used by quantum theory.

If the predictions of quantum theory hold in such experiment, it is possi-
ble yet to resolve the ambiguity left between the “non-local” interpretation
and the “additional-variables” one. Another kind of experiment has to be

made. That other kind is feasible in principle but more difficult than the
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one of Sect. 2. That is the subject of the next section.

4 Constructive Interference Tests.

4.1 Experimental Setups.

A contradiction between the predictions of orthodox quantum mechanics
and a theory based on the EPR-hypothesis shows up in experiments similar
to those of Sect. 2, but with some modifications shown on Fig. 3. Without
regenerator (Fig. 3a), the seiup is the same as before (Fig. 1a). With regen-
erators, the setup is changed in such a way that orthodox quantum theory
predicts a constructive interference hetween the two regeneration processes.
That interference effect is so strong that orthodox theory predicts more
K1 K|, events with both regenerators in place than the sum of the number
of K1 K, events with only the “up” regenerator in place and the number of
K K|, events with only the “down” regenerator.

The “down” regenerator is moved downstream (Figs. 3¢ and 3d) from
the position it had in the experiment of Sect. 2. In the setup with two
regenerators (Fig. 3d), the process where an “up” kaon is regenerated in
the “up” regenerator implies that the “down” kaon travels the distance
between the ete~—interaction point and the “down” regenerator as a K.
In the process where the “down” regenerator is regenerated, it travels thét
distance as a Kg. Because of the K~k ¢ mass difference, orthodox quantum
mechanics predicts a phase shift between the amplitudes due to the two
processes. This phase shift transforms the destructive interference into a
constructive effect.

Unfortunately the number of “down” Kg available for regeneration in
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Figure 3: Setups for the constructive interference test.
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Factory et energy (GeV) 2.0 3.0 9.0
e~ energy (MeV) 130 90 30
Integrated luminosity/setup (pb~1') 150 400 600
# of KOKO events: N (millions) [ 200 500 1000
Regenerator material copper | copper | graphite
“Up” regenerator thickness (mm) 4 4 10
“Down” regenerator thickness (cm) 5 5 15
“Down” regenerator distance (cm) 30 42 140
K1 Ky, events
“Up” regenerator :  nj7y 1840 1750 1600
“Down” regenerator :  ngy™ 1100 1290 910
Both regenerators :  nj¢h 3750 3820 3330

Table 2: Orthodoz predictions for the constructive interference test.
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this new experiment is reduced by a factor of about 100 due to Kg de-
cay between the ete”-interaction point and the “down regenerator. The
length of the “down” regenerator has already been optimized more or less
for maximum regeneration, taking into account absorption‘ in the material.
Therefore the number of regenerated kaons is 100 times less than in Sect. 2.
To maximize the contradiction with the EPR-hypothesis, the two regen-
eration processes in the two regenerators have to contribute a comparable
amount. Then the thickness of the “up” regenerator has to be reduced by
a factor of 10 or so (Fig. 3b).

With such setups, the computation of the predictions of orthodox quan-
tum mechanics is similar to the one of Sect. 2.2. Results for various exper-
imental conditions are given in Table 2. The conditions in the first column

of Table 2 are those of Ref. [9].

4.2 Bell’s Inequality.

To show that the predictions of Table 2 are incompatible with the EPR-
hypothesis of Sect. 3.3, let us go back to Eqgs. (47), (48), (49), (50), and (51).
These equations were derived in Sect. 3.2 under the assumptions that there
are only K Ks and KgKj events in the setup without regenerator, that
the statistical distribution of the quantity p,> , which determines the prob-
ability for a kaon to traverse the “up” regenerator as an unperturbed Kp,
and the distribution of the quantity p{&.,, which determines the chance of
a Kgs to be regenerated there, are the same whether the “down” regener-
ator is in place or not; (and vice versa for the probabilities in the “down”
regenerator). These assumptions are valid for the EPR-hypothesis. The

only difference between the EPR-hypothesis and the theories considered in
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Sect. 3.2 is that, for EPR, there is the correlation of Eqgs. (55) and (56)
between A"P and A9°"", Yet a constraint can be derived from the fact that
the quantities pr}?m and p{l{"r‘;“ are transmission probabilities. They are
smaller than 1 for all values of AP and A9°*". Thus, for the numbers n}%
and nd"™ of K K|, events measured with one regenerator and the num-

ber n¥3" measured with both, Eqs. (47), (49), and (51) imply :

both _ , up d
npp <npp + nppt. (57)

A correction can be applied to take into account theories where the
numbers "(I),L and n%g of KK, and KsKg events are not zero in the setup
without regenerator (Fig. 3a). Such theories would imply a generalized EPR-
hypothesis. The correction amounts to allowing for the existence of some
events where the ¢-meson decays into two Kg particles and both Kg get
regenerated. These events are fewer than the number ngs of KgKg events
in the setup without regenerator. Therefore, after that correction, Ineq. (57)

reads :

Pt <nfl + ngE" + ngs (58)

Ineq. (58) is a form of Bell’s inequality, [17]. It can be transformed into
the form proposed by Clauser and Horne, [18]. Like the other forms of Bell
inequalities, it is quite general. It applies to all local theories that give a
label K5 or K, to every kaon.

If a constructive interference test of the kind suggested here is per-
formed and if it confirms the orthodox predictions, it would rule out not

only the EPR-hypothesis of Sect. 3.3 and the one-particle quantum theory
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of Sect. 3.1, but a much larger class of local theories, as it is shown in
Ref. [9]. Such test would be more powerful than the destructive interference
test of Sect. 2. Unfortunately the rates of interesting vents are smaller,
for the same integrated luminosity. Thus more luminosity is needed and
background problems are expected to be more severe.

In Ref. [9], it is pointed out that, if a constructive interference test of
this kind is performed and if it turns out to confirm the predictions of
quantum mechanics, there is still a class of local theories that would not get
ruled out. These theories escape the constructive interference tests because
of ambiguities in determining if a kaon is a K or a K5 on an event-to-
event basis. The numbers of K1 and K's can be determined very precisely
only from a statistical analysis of the data. In the framework of quantum
mechanics, K- and K g-states are well defined (though not quite orthogonal)
states. However, it is possible to construct theories where these states well
defined in quantum mechanics are no longer relevant. All that alocal theory
has to reproduce is what can be observed directly, i.e. the distributions of
times of decay of the kaons for each mode. These theories that escape the
constructive interference tests use hidden variables to describe not only the
regeneration processes but also times and modes of decay, without referring
to K, and K states. In Ref. [9], it is shown that such theories have very
peculiar properties. Therefore a constructive interference test permits to
discriminate between orthodox quantum mechanics and a very large class
containing not so tortuous local theories.

In Ref. [8], other tests of locality were analyzed and it was also concluded
that they could not violate Bell’s inequalities. They would be less foolproof

than the one suggested here.
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5 Summary and Conclusions.

Quantum theory has been tested extensively in optics and atomic physics,
not only with single particles but also with systems of particles that are
subject to non-local interference effects [5]. This paper suggests testing the
existence of non-local interferences in two-kaon system. Systems of twe-
neutral kaons produced at an asymmetric ¢-factory would be suitable to
check that such non-local interferences do exist in neutral kaon physics, and
that they exist to the full extent of the amount that is predicted. In a test
of destructive interference, Sect. 2, the quality of a test is expressed by the
ratio of the number of fake K K'j, events in setup with two regenerators in
place to the number |ni}| shown in Table 1.5

Theories involving only local phenomena in kaon physics can be con-
structed in such a way that they are not ruled out by experiments performed
to date. The simplest one, called one-particle-quantum theory in this paper,
gives different predictions than orthodox quantum mechanics for the tests
described in Sect. 2. If a test of this kind were performed and if its results
confirmed the orthodox predictions, this one-particle quantum theory would
be ruled out. Other local hidden variable theories would also be eliminated,
but not all of them. For instance, theories based on the EPR-hypothesis
would not.

A larger class of local theories, including theories based on the EPR-
hypothesis, gives different predictions than orthodox quantum theory for

the constructive interference tests described in Sect. 4. If such a test were

®According to the terminology used in optics, the difference between 1 and this ratio

is the “visibility.”
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performed in addition or instead of a test of Sect. 2, and if its results con-
firmed the predictions of orthodox quantum mechanics, it would rule out not
on.y the one-particle quantum theory and the class of theories eliminated by
a test of Sect. 2, but also that larger class of local theories which contains the
EPR-hypothesis. Unfortunately, as can be seen from the numbers shown in
Table 2, a constructive interference test is also more difficult experimentally.
Beside, there would still remain a small class of local theories that would
survive. They would be very peculiar theories involving hidden variables
not only in the regeneration process but also in the decay times and decay
modes of the kaons.

The significance of the tests proposed here comes from the large relative
contribution of non-local interference effects in the predictions of quantum
mechanics. That large contribution makes tests of destructive interference
very sensitive to any unexpected reduction of its size. It also makes the
predictions of orthodox quantum mechanics very different from the ones
predicted by a large class of local theories, which would then be definitely
ruled out if the results of at least one of these tests was shown to agree with
the orthodox predictions.
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APPENDIX - Proof of Ineq. (41).

First, let us show two inequalities valid for any pair of random variables

and y. The relation

z +y[? = [of2 +Ty? + 2Re {z%y} , (59)

and Schwarz inequality imply :

|Re{z g} < TPy Tl?, (60)
Ero? < VIP+V VR, (61)
T+ > |V EP-y TP (62)

Ineq. (61) can be applied to z = t urdy and y = 7 ugdy, figuring in
Eq. (34) of Sect. 3.1. Using also Eqgs. (23) and (25) :

Vi < lt/ndy + Irly/ngs (63)

Ineq. (61) can also be applied to ¢ = t ugds and y = 1 usdg figuring in
Eq. (35). Then Eqgs. (24) and (26) give :

Vs < ltly/n%s + Irly/n3s - (64)

It is known that ¢-mesons decay more into the K1 K's and KsKy, modes
than into the K, Kzand KsKs ones, [10]. Therefore we can expect ny;, and
nYg to be smaller than n%; and nQg in setup without regenerators. Then,

we can resolve Inegs. (63) and (64) into

up 0 up 0

RpshsL — \/ nLL"ss
0 0 0 0

\/"LS"SL - \/"LL"ss
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up 0 up .Q
npLLLs — \RLSTLL

Irl 2 - (66)
\/"—%s"gt, - \/;%L"%s
Furthermore Ineq. (62) can be applied to
z = rt(urds + usdL) (67)
and y = t2updp + rlusds , (68)
appearing in Eq. (38). Then
both
n
lj‘é‘ > lrlltl\/ lurds + usd]? - \/EzuLd[, ¥ r2ugdg)? . (69)

Ineq. (61) can be also applied to the second term of the second hand of

Ineq. (69), identifying

z = 2 urdy, , (70)

and y r? ugds . (71)

0 0
VTPl rrusdsP S b 4 7y s (12)

Finally, Schwarz inequality, as well as Egs. (23), (24), (25), and (26) give :

1l

lurds + usd? = urlPldsP + [usPldcl + 2Re {ujdrusds
0 ,0
S ndg + ndp 5V nLL™SS (73)
= NN N
Therefore

V ny¢h > frlltly/nls + n$p - 2\/nY  n3s - |t|2\/ nyp - |"|2\/ ngs (74)
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Assuming that ng and n}; are not only smaller but much smaller than n g
and n}; (because that is the way ¢-decays have been seen), the second hand
of Ineq. (74) increases with ¢t and 7. Thus, the minimum of n?3" allowed
by Ineq. (74) corresponds to the minimum values admissible for ¢ and r.
Such minimum values can be obtained by equations where the > signs have
been replaced by an = sign in Inegs. (65) and (66) and can be plugged into
Ineq. (74). The resulting inequality is a consequence of our local hypothesis.

If the numbers n? ; and n%g of K Ky, and KsKs events are found to be

negligible in the setup without regenerator, Ineq. (74) becomes Ineq. (41).
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