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We formulate a set of Bell's inequalities for the system of two correlated neutral kaons coming from the
decay of a¢ meson, without assumin@P andCPT invariance. We show that a nonvanishing value of the
phenomenological parameters’ would violate such inequalities, ruling out Bell's locality.
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The neutral kaon system has proven to be one of the moshat manyad hocexperiments have been proposed in order
useful laboratories for studying many aspects of modern patto test Bell's inequalities using correlated neutral kaons.
ticle physics. Indeed, the study of the phenomena associatédowever, while experiments aiming at the measure'adre
with kaon production, propagation, and decay has providedctually under way, the possibility of experimentally reveal-
strong experimental confirmation for various predictions ofing violations of Bell's locality through direct investigations
the standard model. of kaon correlations seems at the moment technically very

Recently, th&k°-K° system has also been proposed as thdlifficult.
natural system to look for possible new phenomena leading For our discussion, we shall adopt a particle description of
to the loss of quantum coherence &@@® T violating effects the p_henomena related to the time evolution and decay of the
[1-3]. These arise as natural consequences of effective dk°-K® system. This means that the transition probabilities
namics that treat the kaon system as an open quantum syse shall be dealing with are actualBsmatrix elements, i.e.,
tem, and could be of particular relevance in the study ofmatrix elements of the scattering opera®ror better, the
correlated kaong4—6). transition operatorT=1-S) between asymptotic particle

When a¢ meson at rest decays into two neutral kaons, thestates. This description is standard in particle physics since it
final state has the property of being antisymmetric in thes the closest to the actual experimental situations in which
spatial part, due to angular momentum conservation. Althe various decay products are identified in physical detec-
though the two kaons fly apart with opposite momenta, theyors. Thek°-K° system can then be effectively described by
remain quantum mechanically correlated in a way that isneans of a two-dimensional Hilbert spafEl]. A useful
very similar to the entanglement of two spin-1/2 particles inorthonormal basis in this space is given by the
a singlet state. Therefore, as in the spin case, by studying tf’@P-eigenstatesf;Kl) and|K,):
evolution of certain observables of the correlated kaons state,
one can perform fundamental tests on the behavior of en- 1 _
tangled systems. |Ky)= NG [IK®)+[KO],

In the following we shall focus on the property called
Bell's locality [7—10] and discuss whether, by looking at
experimentally observable quantities, the system of the two IKy) = i [|K°)—|F>]
neutral kaons coming from thé decay satisfies this condi- 2 J2 '
tion. Typically, observables that can be studied in the two-
kaon system are the probabilitig¥f,,r;;f,,7,) that one For the discussion that follows, we find it convenient to de-
kaon decays into the final stafg at proper timer;, while  scribe the states of a physical system by means of density
the other kaon decays into the final stditeat proper time matrices. These are Hermitian matrigeswith positive ei-

7,. The requirement of Bell's locality can be translated intogenvalues and unit trace. In the case of the kaon sysgiésn,
certain inequalities that the probabiliti€® should satisfy —a two-dimensional matrix. With respect to the badisit can

()

(Bell's inequalities. be written as

We shall see that in the standard quantum mechanical
description of the correlated two-kaon system, these in- _|P1 P3 5
equalities are violated by the phenomenological constant \ps po) )

that parametrizes small dire€tP andCPT violating effects

in the decays of the kaons in two pions. Therefore, if in anwherep,=p3 , and* signifies complex conjugation. Since
actual experiment the paramete’r is found to be nonzero, the kaon system is unstable, its evolution in time is described
then Bell's locality will be ruled out. It should be noticed by
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—itheitHT, 3) trace with suitable Hermitian operators. The typical observ-
ables that can be studied are double decay probabilities

where H=M —(i/2)I" is the effective(Weisskopf-Wigner ~ P(f1,71;f2,72), i.e., the probabilities that one kaon decays

Hamiltonian, withM andT" positive Hermitian X2 matri-  into a final statef, at proper timer;, while the other kaon

ces. The entries of these matrices can be expressed in terdgcays into the final state, at proper timer, [12]:

of the complex parameteks;, €, , appearing in the eigen- ] _

states ofH, described by the density matrickx3] Pf1, 71312, 1) =T (O, ® O )palm1, 7)1 ()

p—>p(t)=vylpl=e

le]? e * where Or, and Oy, represent the 22 projector matrices,

PL:|NL|2( - ) Ps:|Ns|2( | S|2) (4)  describing the decay of a single kaon into the final sthjes

‘L s I€s andf,, respectively. Useful observables are associated with
and the four real parametensis, ys andm,, y,_ charac- the decay of the neutral kaons into two pions and into semi-
terizing the eigenvalues dfi: Ag=mg—(i/2)ys, A\ =m, Iepto_nlc states. We shall be as general as poss_lble_ and use
—(i/2)y,, with Ng=(1+|ed?) ¥ and N_=(1 matrices O; t.hat encode possn_)lé:P and CPT violating
+|€.|?)~ Y2 normalization factorsys, 7y, andms, m, are effect_s_also. in the deqay amplitudes. Let us stress that the
the physical decay widths and masses of the stdteand quantitiesP mtrod_uced in Eq(8) are decay pro_bab|I|t|es and _
K, . The constantgs and e, parametrize the so-called indi- not decay rates; indeed, normalized expressions for the vari-
rectCP and(for es# €., CP T violating effects; if we ignore ~ °YS observable® are used: _1[(91: 1

these small effectsp, and ps would correspond to the In the case of the decay inte™ =~ final state, the corre-

CP-eigenstates in Eq2). sponding projector matrix can be written [&55]
The time evolution of a system of two correlated neutral 1 Y
kaons, as those coming from the decay @f mmeson, can be O. =N T 9
; . ; ; A== Ne - Ux 2| ©)
derived from the single-kaon dynamical mapin Eq. (3). Yioo Y|

First note that, since thé meson has spin 1, its decay into is th i of th i
two spinless bosons produces an antisymmetric spatial staté1€7€Y - is the ratio of the decay amplitudesi6p andK,
states intor" 7™, andN, _=(1+]|Y, _|?)~*'. Similar ex-

In the ¢ rest frame, the two neutral kaons are produced fly- > . i ;
ing apart with opposite momenta; in the balfg), |K,),  Pressions hold for the decay inter2, which can be obtained

the resulting state can be described by from the above formulas by replacing, _ with the ratioY g
between the decay amplitudeskf andK into two neutral

1 pions. The two amplitude ratio¥, ~ and Yyq can be ex-
|Ua)= —=(K1,—p)®|K5,p)— Ky, —p)®|K1,p)). pressed in terms of the phenomenological constamatsd s’
2 that parametrize th&, , Kg amplitudes ratio for the decay
®) into 7t 7~ and 27°; these are directly accessible to the
experimen{13]. Up to first order in all smalCP andCPT

The corresponding density matrp is a 4x4 matrix that violating terms, one explicitly findgs]

can be conveniently written as
Y,_=eg—¢€ +&', Ygo=e—¢€ —2¢’. 10
pa=3[P1(—P)®P5(p)+Po(—p)@ Py (p) e-Tematel, Yomemq-2en (10
_p.(_ _p(_ In a similar way one can derive the expressions for the
P ®P P QP , 6 - ,

A PIEP4(P)=Pu(—P)EPs(P)] ©) observables that describe the decay of neutral kaons into the
where Py=|K;)(Ky|, Po=|Ko)(Ks|, Ps=|Ki)(K,| and Semileptonic states™ /v andw"/~v. The projector ma-
P,=|K,)(K4|. (Henceforth, the explicit reference to the mo- trices to be used in this case 45|
mentump will be dropped).

2 *

Once produced in @& decay, the kaons evolve indepen- O, =N |1+ (1+x7)(1=x) (113
dently in time each according to the map in Eq. (3). ’ TL(A+x)(1—x*) |1—x|? '
Therefore, the density matrix that describes a situation in
which the first kaon has evolved up to proper timeand the |z+1|? (z*+1)(z—1)
second up to proper time, is given by: Or=N-| 21 1)z -1 z-12 |’ (11b

PA(TL, T2) = (Y7 @77, [pal where the complex parametersindz measure the violation

. of the AS=AQ rule, that would forbid the decay&®

=3[P1(71) ®@Pa(72) + Py(71) ® P1(72) —wt/v and K'—m /*v [14], and N,=[2(1
—Py(1)®P4(12) —Py(r)®P3(2)], (1) TIX[A]17H N_=[2(1+|z)] "

Once inserted in the general formyB, the four observ-

where P;(7,) and P;(7,), i=1,2,3,4, represent the evolu- ablesO,_, Og, O,+, and O, - allow determining vari-
tion according to Eq(3) of the initial operator®;, up to the  ous joint probabilities for the system of two kaons coming
time 7, and 7,, respectively. from the decay of ap meson. These double probabilities

The formula(7) can now be used to compute the time enter a class of inequalities that can be derived from the
evolution of characteristic observables for the two-kaon syshypothesis of Bell’s locality. Before giving explicit expres-
tem; indeed, any physical property of this system can besions for those probabilities, we shall derive and discuss
extracted from the density matriga(71,7,) by taking its  these relationgBell's inequalities.
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In actual experimental setugthe so calledp factorie,  This inequality for the probabilitie®, involving four generic
one studies the decay ofdameson into two neutral kaons by decay state$;, i=1,2,3,4, of the neutral kaons, is a direct
counting the occurrence of the various final decay states foronsequence of the conditidt3) and is called ggeneral-
the two kaons. For instance, the probabil®yf,,r;—,m) ized Bell's inequality.
of finding a certain final staté, at proper timer; for one of We shall now discuss whether this relation is satisfied by
the two kaons and any decay mode for the second one atdinary quantum mechanics. In doing this, one has to com-
proper timer, can be experimentally obtained as the ratio ofpute the probabilitie$® appearing in Eq(15) using the ex-
partial (f,,7,;—,7,) counts over the totap decays. A simi-  pression(8). Actually, we shall study a simplified version of
lar argument holds for the double probability the inequality, obtained from E@l5) by settingf,=f, and
P(fq,71;f5,72). 7= 1,= 7. Since the original starting stae,) in Eq. (5) is

Let us now suppose that we can describe the system of thentisymmetric, the probabilitfp(f,,;f1,7) identically van-
two kaons by a set of variables that we globally calWe ishes in quantum mechanics, so that Ep) reduces to
assume that the description in terms of the)sét the best
available characterization of the system. In particular, given Pty )+ P(fs, i, )+ P(f5, 7ty 7)
the variables\, we expect a well-defined probability - . .
p,(f1,71;—,7,) of detecting a final decay staté,(r,) for <P =D+ P mits, ). (16
one of the two kaons and any state (r,) for the second Furthermore, it is convenient to eliminate the single-kaon
one, and a probability, (f1,71;f,,7,) of detecting a final probabilities in the right-hand sidéRHS) of Eq. (16), by
decay state f(;,7,) for one kaon and a final decay state using the identity
(f,,m) for the second one. The average probabilities
P(f1,7;,—;7) andP(f,,7,;f,,7,) are then given by P(f3, 7=, 7)=Tr(O1,@1)pa(7,7)]

Plfymim )= | d\pOp(mi 7o), (123 “Planfan Al ni, (10

wherel is the 2<2 unit matrix andﬂfl, 071 are orthogonal

projectors corresponding to an orthonormal basis in the two-
P(fliTl;fzyTZ):f dhp(M)Pi(f1.715f2,72), (120 dimensional kaon Hilbert space, so that O; +O7 . In

practice, the use of Eq17) allows trading the statg,; for the
wherep(\) is a normalized probability density characterizing statet,. In fact, after these manipulations, the inequality
the ensemble of initiai particles. It should be stressed that (16) takes the form
this description of thep decay into two neutral kaons is
rather general, and surely can be made to agree with ordinary P(fz, 75,7 _p(fs,T;TLT)gp(?l,T;fZ'T). (18)
guantum mechanics.

Since the decays of the two kaons coming fronb ene- It should be stressed that Ed.8) is a weaker condition than
son are localized events, usually very well spatially sepathe original relation(16). Indeed, the relatiofil7) is compat-
rated, one is led to assume that(f;,7;—,7) and ible with the expression§l?) for the probabilitiesP only
py(—,71;f,,7) are independent probabilities. In other under the assumption that the decay of one kaon is stochas-
words, one considers a description of the two-kaon systertically independent from the decay of the second one. In

for which other words, in using Eq(l7) we assume the absence of
variables\ that, without violating Bell’s locality(13), might
PrA(fri i fom)=pa(fr, 7 = ) Pa (=, 7152, 7). nevertheless correlate the two decays. This is the price one

(13 hasto pay for using an effective two-dimensional description
of the KO- KO system. As already observed, if one aims to

This condition is known as Bell’s locality condition. Measur'eigentify the final states in Eq(18) with actual asymptotic

able consequences of this assumption can be easily deriv . L . : .
We will now adapt the arguments developed in Rél. for particles, this is essentially the only consistent available de-
P 9 P ' scription.

stationary spin singlets to the case of time-evolving corre- The three kaon decay states appearing in(E8) can be

Iat%d kaor_1 systems. . taken to be the two-pion or the semileptonic states discussed
y noting that for any set of four positive numbers . ) = . o
before; in particular, for fi=m"7w", f,=27"°, f;3

X1, X2, X3, X4 less or equal to 1 the following inequality ~ ‘
hi)ldsz 8 4 =a /Ty, orf;=27° f,=ua"mw", f;=7 /v, one ob-
tains the two independent inequalities:

X1Xo— X1Xg4+ XaXo+XaXg=<X3+X>, 14
R S 9 P(n /v, 278 ) —P(n /v, mmtaT,T)
using Eq.(13) and integrating ovek with weight p(\), one f — .0
easily deduce the following relation among double probabili- <Plm -, m2m,7), (199
ties: Pla torata 0 —P(x /e, n27% 1)

P(fl’Tl;fZ’TZ)_P(fllTl;f417-2)+7)(f31Tl;f257-2) SP(ZWO,T;W-'—W_,T); (19b)

TP, 110 t0, ) SP(fa,75 =0 ) P(=0 B2, 7). ginee P(f,,7.f,,7) is symmetric under the exchange
(15  f,—f,, see Eq(8), these can be combined into
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|P(m= /v, r20° 1) =P /ot 1) |e’|<107®, while its phase is expected to be closesti
o - [13]. Therefore, the inequalit{23) can be satisfied only &’

<P2w’, 77 7 7). (200 s identically zerasuch a prediction is made by the so-called

o . . ) o superweak modgl The most recent experimental determina-
is substituted withr "/~ v. Re(e'/s), the parameter so far accessible in actual experi-
Explicit expressions for the three probabilities appearingments, does not significantly differ from zefb5,16. How-
in Eq. (20) can be easily obtained using the general formulaever, more refined experimental setups are presently under
(8) and the normalized observablés, _, Oy, and O . construction, or are just operative, and soon very precise de-
For our purposes, it is sufficient to work with approximate termination ofs’ will be available! If these new experiments
expressions obtained by keeping only the leading terms imill confirm the theoretical predictions for a nonzerg than
the small CP and CPT violating parameterse,, e, the condition(23) will be violated by several orders of mag-
Y. _, Yoo, and AS=AQ violating termsx andz. Up to  hitude, resulting in one of the best tests of Bell's locality.

leading order in all small parameters, one finds Before closing, we would like to comment on some of the
earlier approaches to the study of Bell's inequalities in the
Plr~ /v, 200 1) =3 LT Y97 [1- 2R Yy0) system of correlated neutral kaoteee[17-19 and refer-
ences therein Although the existing literature on the topic is
—2ReXx)], (213 vast, none of these contributions discuss Bell's locality by

taking into accounCP and CPT violating effects both in

-t et = N L=\ +ty9)T[1_ : ] (
P~/ vrm s )=z TS [1-2REY ) the mass matrix and in the decay amplitudes. Further, most

—2Rex)], (21  of the papers deal with a class of Bell's inequalities which
are different from the one considered here; they involve cor-
PR m T, r)=e” LTV, Y2 related decay probabilities at different times, not directly

(210 connected with asymptotic states, i.e., with experimentally
o detectable final particles.
Similar expressions hold forP(w*/ " v,7;27%7) and The inequalities(18) have also been discussed in Ref.
P(m*/ " v,r;m" 7w ,7); they are obtained from Eq$218  [19], where they have been derived using different tech-
and (21b) by changing the signs in front of Ré(_) and  niques. The aim of that paper is to propose a direct experi-
Re(Yo0), and by replacing Rej with Re(@). mental test of those inequalities, usingpdactory. Although
Notice that since we are considering probability correla-it is certainly of interest to devise direct tests of Bell's local-
tions at equal time, the time-dependence factorizes. Thergty in actual experimental setups, we emphasize that our con-
fore, inserting Eq.(21) in Eq. (20), the time-dependence clusions are independent from these considerations. Indeed,
drops and one finds we were able to reduce the relatio(8) to an equivalent
5 condition on the phenomenological parameterdirectly ac-
IR&(Y =Yoo |<|Y. - —Yod“. (22 cessible to the experiment. Any measure of this parameter is
therefore a test on the inequaliti€sl): there is no need to
_constructad hocquantum interferometers to check directly
these conditions. As already observed, such measures of
é)esides being crucial for the confirmation of the standard
model, will also constitute automatically one of the cleanest
tests of Bell's locality.

Recalling the expressiond0), one sees that the difference
Y, _—Yqo is expressible solely in terms of the phenomeno
logical parameteg’. Then, the assumption of Bell's locality
for the system of correlated neutral kaons coming from th
decay of a¢ predicts thats’" must satisfy the condition:
’ 12
Re(e")|<3]e"|* 23 We thank G. Ghirardi, N. Paver, and T. Weber for many

Therefore, a direct measurement of this parameter in an{fluminating discussions.
experimental setup, not necessarily involving correlated ka-
ons, would automatically be a check of Bell's locality, within
the assumption of stochastic independence of kaon decays. ‘The fixed target experiments KTEV at Fermilab and NA48 at

The complex parameter’ is expected to be very small; CERN are already collecting data; the KLOE apparatus at the
theoretical estimates based on the standard model prediDA®NE ¢ factory in Frascati is expected to be operative in a year.
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