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Abstract. Entangled two-quantum states may be a sensitive probe for a loss of quantum coherence due to
apparent violations of quantum mechanics, e.g. as caused by gravitation. We show that there exists a modest
experiment sensitive to any one of the nine phenomenological parameters which describe decoherence in

the neutral kaon system.

Gravitation might influence the coherence of wave func-
tions and thereby create transitions from pure states to
mixed states [1]. This could appear as a violation of quan-
tum mechanics (QMV). Suitably entangled neutral kaons
can serve to detect decoherence. The kaon is a two-state
system which is described by a 2 x 2 density matrix. Its time
development has, in general, 16 real parameters. Quantum
mechanics (QM) requires nine of them to vanish [2].

This work describes the principle of an exploratory
measurement, using entangled neutral kaons, that has a
selective sensitivity to all of these nine parameters.

It has been shown before that there exists a set of
experiments to determine all of them [3] at the level of ex-
pectations of some models of quantum gravity [2,4]. The
measurement discussed here is experimentally relatively
modest. It exploits the existence of non-linear inequali-
ties that generally guarantee positive probabilities, first
applied to the decoherent kaon system in [5].

The general subject of decoherence in the neutral kaon
system has been treated before with restricted decoherence
parameter sets [2,4-10]. As our approach and also the
approximation method differ from the ones in the neutral
kaon literature, we give some general introduction.

The quantum-mechanical time evolution of a neutral K
meson is given by the four (complex) elements U (t) (i, j =
1,2), of the (non-singular) matrix U(t), with respect to
the basis (KK), of the form ¥(t) = U(t)¥(0). ¥ has two
components, the amplitude for the meson to be a kaon,
and the amplitude to be an antikaon, and it represents
a pure state. The density matrix p(t), which, in general,
describes a mixed state, evolves like YW T, i.e. as

plt) = UMp(O)UT (1), 20, (1)
The form of this equation grants the conservation of

(i) the rank, and

(ii) the positivity of p(t).

Property (i) makes a pure state (which is characterized
by rank (p(0)) = 1) to stay pure, and (ii) avoids the oc-
currence of negative values for probabilities. For the traces
we require
(iil) tr(p(t > 0)) < tr(p(0)) < 1 to avoid values for proba-
bilities to exceed one. Due to the decay of the K meson,
U(t) is not unitary.

In order to derive a parameterization of p = p(t) which
will enable one to separate the effects of QM and QMV,
we represent 2 X 2 matrices as linear combinations of the
Pauli matrices o#,pu = 0,...,3 (with 0 = unit matrix)
with real coefficients R*: p = RFoH.

We note that the determinant is |p| = R*R,, = R°R" —
R'R'— R2R%*— R3R3. Denoting pg = p(0) and pg = RjjoH,
we see that (1) induces R*R,, = |U||? R Ro,, i-e. a multi-
ple of a Lorentz transformation [3] R = A(t) Ry between the
four-vectors R = (R*) and Ry = (R}}). (We note in passing
that we make use of the homomorphism of the unimodular
group SL(2, C) onto the proper Lorentz group.) ||U]| is the
absolute value of det(U). As pure states are characterized
by R*R, = 0 (R light-like), the Lorentz transformation
lets pure states stay pure.

Invariance with respect to time translation R(t+ h) =
A(h)R(t) requires A(t) =eTt where T = (T*)=T"14, 4+
L , and where L is an element of the Lie algebra of the
Lorentz transformations, and thus satisfies

gLg=—-L", (2)
g is a 4 x 4 matrix with ¢°° = —g!! = —¢?2 = —¢%% =
1, g*# =0 for a # B; ()7 is the transpose of (). We will
explicitly use

0 N' N?2 N3 0 —y 0 0
Nt o0 —-I3 I? -y 0 00

L= ~ 3
N2 13 0 -It 0 0 0 w 3)
N3 -2 ' 0 0 0 —wo
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The last term in (3) anticipates the empirical result
that, for neutral kaons, the values of the parameters N!
and I' are dominating those of the other ones.

(As a side remark we mention that short calculations
(not presented here) reveal the physical significance of the
parameters 79, N* and I’ as follows: Denoting v = —N'!
and w = —I', wis the angular frequency of the strangeness
oscillation between K and K, and T% + ~ are the decay
rates of the C'P eigenstates (K + K)/2'/2. C'P violation
is expressed by I? and N?2.)

A violation of the quantum-mechanical time develop-
ment (QMYV) is obtained by the use of the most general
4 x 4 matrix for T

T=T"14s+L+X, (4)

with
0o st s2 83
_ql _71 3 2
X — St—J" D° D
-S2 D3 —J? D!
_SS D2 Dl _J3

0 Ty T5 Tg
—T4 —X1 —T7 —T8

—&p5 —x7 —T2 —T9
—Ze —ILg —L9g —I3

which satisfies

gXg=+X".
When X # (0), T of (4) is no more the generator of
a transformation which leaves R*R, = 0 invariant, and
thus pure states become mixed ones. It is the different
signs in (2) and (6) that will prove to be crucial for the
experimental distinction of effects of QMV from those of
QM.

For the probability of a single neutral kaon with the
density matrix py = Rfo* at time ¢ = 0 to become a
neutral kaon with the density matrix py = R;‘U“ at time
t, we obtain

nv
W(t) = tr(psp(t)) = 2R} (7)™ Ry = 2R} (e™") RO& |

7

W (t) in (7) is understood as the probability that a measur-
ing device whose sensitivity is characterized by the matrix
p¢, would respond to a kaon presented in the state p(t).
The last term in (7) expresses the one before in 4 x 4-matrix

T
notation. RT = (R?) and Ry = (RY) are 4-component
arrays.

A pair of K mesons in a general (mixed) state is de-
scribed by a positive semidefinite 4 x 4 density matrix
p(t1,t2) with respect to the basis (KK, KK, KK, KK),
and it is assumed to evolve like p(t1) ® p(t2) [11]. (With
the two times t1, to we anticipate that later measurements
on the individual particles will generally be performed at
different times ¢1,t9.) If we develop the 4 x 4 density ma-
trices in terms of the products (o# ® o¥) with coefficients
RN = RM(tq,t2), R{Y = R*(0,0), as follows:

plty, t2) = R (" @ 0"), (8)
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we obtain

R — (eTtl)/m Ro® (eTt2)”5. (9)
The probability to detect the state with the density matrix
pr =Ry (o! @0") is

W(tlatQ):tr(pfp(tl,tQ)) — 4R;LVRMV

= 4RMY (7)Y RGP (oTt2)"”

po Bv
_ 4R/;u (e(L+X)t1) RS‘ﬁ (g e(7L+X)tgg>

X exp (Too(tl + tg))
=4Tr (R}Fe(L+X)t1R0 g e(_L+X)t2g>

xexp (T%(t1 +t2)) . (10)
The last equation in (10) expresses the one before by 4 x 4
matrices. The elements of Ry and Ry, e.g., are respectively,
Ry’ and R". Tr acts on their superscripts.

The difference of the relative signs of L and X in the
two exponentials in (10) is the empirical consequence of
the different signs in (2) and (6).

Equations (9) and (10) do not any more grant the posi-
tivity of p(t1 , t2) and of W (¢; , t2) unless the generalization
from QM to QMYV, i.e. the introduction of decoherence,
is realized in a very specific (and, as will be seen, in an
astonishingly simple) way in (1), which in turn leads to
restrictions for the values of the parameters X.

Such restrictions are not existent within QM.

We may write (1) as p(t) = @(p(0)), ¢ > 0, where
@(e) is the linear map which describes the single parti-
cle evolution. It has been emphasized that the positiv-
ity of this map does not grant the positivity of the two-
particle quantities p(t1,t2) and W(t1,t2), but that the
complete positivity of ®(e) is sufficient [12]. Based on a
specific example we can see that complete positivity is
also a necessary condition. Consider the neutral kaon pair
state ¥t = (KK 4+ KK)/+/2, which is produced in pp
annihilation, and which is, at time ¢ = 0, described by

1001
0000
0,0) = 1/2E;, ® By = 1/2 :
p(0,0) /2B ® Eg, / 0000
1001
where the matrices Ey (i,k = 1,2), have elements

(Ei)™™ = §5im§kn In order to calculate probabilities re-
lated to measurements of particle 1 at time ¢ = 0 and of

particle 2 at time t,, we need
o 10 o 01
00 00

*(10) 7Y

p(O,tQ) = 1/2E2k ®@(E1k) = 1/2
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As this state does occur in the laboratory, p(0,t2) has to
be a positive matrix.

According to [13], Theorem 2, the positivity of E;; ®
®(E;1) is just the condition, necessary and sufficient, for
the linear map ®(e) to be completely positive, i.e. to be
of the form P(e) = U, @ U;r, with four 2 x 2 matrices U,
suitably normalized. Equation (1), generalized to QMV,
becomes

p(t) = D(p(0)) = Us(t)p(0)U;" (1) -

Developing U;(t) = Ul'c# (U} complex), we now find

(11)

T = q“Ptr (0“00‘0”0’8) /2 (12)
with ¢ = d/dt(UU*)—¢ = a**. With the initial con-
dition U&(0)UP*(0) = §296%°, o, = 0 ,...,3, the
submatrix (a™"), m,n = 1,...,3 is seen to be positive
(semidefinite). We note the following relations: N? =
2Rea® and I' = 2Ima®, J* = 2(a/? + a**) (no sum
jj, kk), and D' = 2Rea’*, S* = 2Ima’*, ijk is an even
permutation of 123. Besides the requirement det((a™")) >
0, which constitutes a cubic inequality for the J?, D? S,
(13) to (15) grant the positivity of (a™"):

(D) + (8) < ((JI) = (JF —T%2) /4, (13)
Ji>0 VYi=1,...,3, (14)
JE< 4 gk (15)

(1jk is a permutation of 123). A special case of (13) (which
reminds one of the classical moments of inertia) has been
given before [5,14].

About the matrix X we note the following. If any one
of the three diagonal elements, J¢, vanishes, then the other
two ones are equal, and all off-diagonal elements, D? and
S, vanish, and if any two of the three diagonal elements,
J?, vanish, then all elements of X vanish.

For p(t) to satisfy also tr(p(t > 0)) < tr(p(0)) <1
demands the additional conditions

T <0, (16)

(T%)" = (N' +81) + (V2 + 82)° + (N + 5%)°. (17)

To summarize, (3), (4), (5), (7) and (10) with the condi-
tions (13)—(17), and with det((a™™)) > 0, describe a time
evolution where p(t) has the properties (ii) and (iii) but
not necessarily (i). p(t) may thus be “quantum-mechanics
violating” as it allows for transitions from pure states to
mixed states, depending on the nine parameters J*, D?,
and S? in the matrix X. The six parameters N* and I’ in
the generating Lorentz matrix L do not violate quantum
mechanics. They preserve the purity of states. The I* also
preserve tr(p(t)), the N do not.

Equation (17) is an analogue to the well-known rela-
tion (derived in [15]) which limits the size of symmetry
violations in terms of the measured eigenvalues of (T*¥).
(We mention the crude estimates: T ~ —(ys + v1)/2
and N ~ (v —vs)/2 . Since vs > 7., empirically, (17)
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leaves only little room for the values of the other symmetry-
violating parameters, N, S*.)

To further separate QMV and QM terms, we apply [16,
17]

o(L+X)t LtgD(t,=L,X) _ (D(t.L.X) Lt

=e e

(18)
with
t
D(t,L,X) = /dTeLTXe*LT = -D(-t,-L,X), (19)
0

to (10):
W (t1,ta)

— ATy (eLthO g e—LtgeD(tg,L,X)g R?eD(tl,L,X)>

xexp (T%(t, +t2)) . (20)

Equation (20) summarizes the measurements of the 16
parameters of the KK pair. It is the general expression
for the frequency of occurrence for the two particles to be
detected in the final state p(t1,t2), which have originally
been prepared in the state p(0,0).

For practical evaluations of W (t; ,t2) we use the ap-
proximation for L indicated in (3), and we obtain

oLt (00 cosh(yt) — ot sinh(vt) (0) ) .
(0) 00 cos(wt) + io? sin(wt)

Since, apart from 7%, ~, and w, all the other parameters
are small, we thus include them in X. The values of the

clements of eP®L:X) for ¢ 2 |1/T9%°|, will then always be
small, and we may set

P~14+D+...+(1/n)D". (21)
As D is a linear function of the small parameters xy, D=
2Dy, with Dy, =(0/0x;)D(t,L,X) = D(t,L, X), (21)
includes all terms including the nth order in z;. We have
set X = x;, X, where X}, may be read off from (5).

Explicit general expressions for W (¢; ,t2) are long, but
may now be readily calculated to any order. A selection
has been given before [8,18] for restricted parameter sets.

For the measurement to be discussed the following con-
siderations are of relevance.

Pairs of kaons in the exact (pure, entangled) “strange-
ness-singlet” state ¥~ = (KK — KK)/+/2 are copiously
available in the laboratory. Their density matrix is [11]
p(0,0) = (0" ® 0,,)/4, and thus RS® = g®8/4. As this is
a Lorentz-invariant tensor, its quantum-mechanical time
development (X = 0) for equal times t; = to = t, yields
RMY = ¢ g™, where c is a numerical factor. Apart from the
decay this state is thus invariant with time. (An analogon
to this property is the fact that a pair of particles of spin
1/2, in the singlet state, does not precess in an external
magnetic field [22].)

The two particles shall be observed by spatially sepa-
rated and independent devices whose sensitivities are de-
scribed by matrices p; and ps. The measurement is thus
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represented by pr = p1 ® pa = R{R4(c" ® ¢¥), with
Ry = RYRY, or in matrix notation

R;=RiR; (independent measurements). (22)
Insertion into (20) yields
Wity t2)
— 4RTPM LX) oLt By g o~ Lt2oD(t2 LX) ) R
x exp (T%(ty +t2)) . (23)

With the initial state ¥, and with Ry = g/4, (23) be-
comes

Wa(ti, t2)

_ R’ll“eD(tl LX) o L(ta —tg)eD(tQ,L,X)gRQ

xexp (T%(t1 +t2)). (24)

The probability to observe identical pure final states (p; =
p2 = p, R1 = Ro = R = (R")) at the same time (t; =ty =
t), of particles having originated from ¥~ is

Wi(t, t) = RTePHEX) ¢ R exp (2T00t) , (25)
or, up to first order,
Wy~ 22, RTD(t,L, X)) g R exp (2T°t). (26)

Equation (26) together with the constraints (13)—(15), of-
fer the possibility for a simplified exploratory experiment
to find out whether any one of the xzj differs from zero.

The experiment consists of two measurements of the
type Wy: the probabilities for the state ¥~ to develop into
the pair KK or to develop into the pair KK, designated
as W(KK) or W ([_([_(), respectively. Inserting Rixx =
(1/2)(1001) and Rgg = (1/2)(1 00 — 1) into (26) we
obtain linear combinations of the pv-elements of Dy, D).
Explicitly, we find (up to first order in xy)

W (KK or KK) = xj, exp (27°°t) (27)
x (D) ¥ DY? + D — D}*)
and note the simplicity of the combination
W+ = W(KK) + W (EE)
= 2z, exp (QTOOt) (Dgo - D,:z?’) = xr fr(t). (28)

We now show, by explicit calculation, that any combination
of non-vanishing parameters x1 to xg , which satisfy (13)-
(15), creates a signal in the observable WT.

In

W =apfi(t) = 21 f1(t) + 22 f2(t) + 23 f3(t)
+zafa(t) + 29 fo(2),
the functions

f1(t) = 1/4exp (2T°°t) (—2+t + sinh(241)) /7,
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f2(t) = 1/4exp (2T°%t) (2wt — sin(2wt)) /w,
f3(t) = 1/4exp (2T°°t) (2wt + sin(2wt)) /w,

F(t) = exp (27F) (sinh(1£))? /7

and
fo(t) = —exp (27%°t) (sin(wt))? /w

are seen to be independent from each other. A measure-
ment over a suitable interval of ¢ can thus only show a
vanishing W7, if z; to z4 and x9 vanish. Then, due to
(13)—(15), all the values of x; to zg have to vanish.

The experiment consists in the production of entan-
gled K K pairs in the strangeness-singlet state ¥, readily
available in ¢ decays [19] or in antiproton annihilations in
hydrogen under suitable conditions [20], and in the sub-
sequent observation of their semileptonic decays, which,
due to the validity of the AS = AQ rule [21], indicate
the kaons’ strangenesses just before they decayed. Useful
events are those with similar decay times. By a proper
choice of the events, W+ can then be evaluated.

In summary we have described the principle of a mea-
surement of a quantity, W™, sensitive to decoherence pro-
cesses in the time evolution of the two-particle system of
separated, entangled K and K, in vacuum. Such processes
are QM-forbidden, C'PT violating, but allowed in certain
models of quantum gravity. From our phenomenological
viewpoint there exist nine experimentally distinguishable
manifestations of transitions from pure states to mixed
states. If W is found not to vanish, then two of these, at
least, have to arise in reality.

Acknowledgements. The author is indebted to M. Fidecaro and
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