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Searching for Evolutions of Pure States into Mixed States in the Two-State Systek’K°
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Oscillations between two quantum states may be a sensitive probe for a loss of quantum coherence
due to possible violations of quantum mechanics, e.g., caused by gravitation. We show, for the strange-
ness oscillations in the neutral kaon system, that there exist four experiments which uniquely determine
all nine non-quantum-mechanical parameters that occur in a density matrix description using the Pauli
matrix basis. [S0031-9007(98)05768-8]

PACS numbers: 03.65.Bz, 11.30.Er, 13.20.Eb

Gravitation might cause violations of quantum mechan-equation
ics by influencing the coherence of the wave function, p=—i(Hp — pH").
and thereby creating transitions from pure states to mixed
states [1]. A decrease in coherence should manifest itseffor pure statep = W¥*, and, thus, dép) = 0. We
in sensitive interference experiments. A system with osoften represen X 2 matrices as linear combinations
cillations between two quasistable states can be describ&i the Pauli matriceso*, u =0,...,3 (with o° =
by a2 X 2 density matrix, whose time development is de-Unit matrix): H = H*o#, (H* complex), p = p*o*,
termined by a linear system of differential equations with? = p*o*, (p*,p* real). A summation over multiple
16 real parametersl Quantum mechanics requires thaﬂgdlces on the r|ght'hand side of the equatlonS that do not

of them vanish [2]. appear on the left-hand side, is understood. [ioeville
This work shows, using th&°k° system as an ex- €quation implies the linear relation
ample, that all of these 16 parameters are measurable pr =TH p", (1)

in experiments which allow the identification of energy . :
states as well as states of another, not exactly conv—\"th the (real)4 X 4 matrix [2]
served, quantity (flavor), and which, in addition, have T = (T*") = 2ImH%14x4

the ability to act differently upon states of opposite 0 ImH! Im H2 Im H3
flavor quantum number. We also find a general pre- ImH! 0 —ReH? ReH?
scription on the presentation of experimental results +2 ImH? ReH? 0 —ReH!
which allows one to express the full information on all ImMH3 —ReH? ReH! 0

16 parameters.

This subject has been treated with restriction to threedere, the matrix” has seven parameters, and is composed
parameters violating quantum mechanics [2—6]. of a multiple of the unit matrixl;x4 and of a matrix

The time evolution of neutrak mesons is given by from the Lie algebra of the Lorentz transformations.
the four elements7’* of the matrix H, with respect to  This is typical for quantum mechanical time evolution
the basis(K°K?) of the formW¥ = —iHV¥. V¥ has two where the quadratic fornp*p, = dep) = 0 is left
components, the amplitudeBx and Wi, and describes unchanged, implying pure states stay pure. The remaining
a pure state. Mixed states are described by the densityine parameters may serve to express manifestations
matrix p, whose time evolution is given by tHgouville  of violations of quantum mechanics. A deviation from
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the symmetryT®” = 7%, the asymmetryl’™" = —T"" 1 1 0 0
(m,n = 1,2,3), or the equality of the diagonal elements V= (vhT) = 1 -1 0 0
would indicate such violations. 0 0 i =i
Equation (1) has the solutiop*(t) = (e’")*” p”(0). 0o 0 -1 -1

The time evolution of an observab{®) (represented by

the matrixB) is then calculated as a trace. LBt be the
Pauli components a8, B* = Tr(Bo*)/2, then

(By = Tr(Bp) = 2B*p*(t) = 2B*(e"")*" p”(0).

p”(0) describes the preparation of the kaofis!’)»”
describes the evolution froMl to ¢, and B* describes

The eigenvalued\® of T, are expressed by those Bfas
A’ =2Imag,  A'=2Ima,,
A2 =i(A] — As), and A® =i(A5 — Ap) = A,

where Ag = mg — iyg/2, and Ay, = m; — iy, /2, are
the eigenvalues off.

the measurement. According to the four independent A measurement oB(:), for which By (7) is an approx-
quadrupletgB#) and(p”(0)), there are 16 different types imation, is thus represented as a superposition of the 8

of experiments.

functions N“(1): Bexp(t) = Bo(t) + b“N*(t), and leads

We will now show that there is a choice of four t0 the 8 equati&néfaﬁcgﬁ =00 k= 1’1~~-’81 fornthe
experiments which uniquely determine all the values oft6 unknownsY“”. Then measurement8'(z),..., B"(1)

the 16 parameters of a general maffix Let7 = T, +

X, where T, is known and obeys quantum mechanics

with H> = H> = 0, and whereX = (X*#) is small,

lead to8n equations

MM x! = pk, k=1,...,8n, (2)

|x*8| < |H'|, and unknown. Then¢B) has as an Wherex' = X*f | =1I(a,B)=1,...,16, are the 16

approximation
B(1) = 2B*[(e"")*” + X“PDyplp” (0)
= Bo(1) + X*PB,p(1),

where the derivativeD); is calculated atx®? = 0 as
follows:

v (Tp+X)\ v
Da,B 9xaB (e 4 ).M

! ). ¢ AAVald
_ [ Tot I ~Tot Tot
<e fo dt'e axaﬁe ) .

DiagonalizingT, = VdW, whereW = V~! and where
d=(d") = (8"7AT), we obtain

Bo(t) = 2B*VH* W™ N p7(0),
Bap(t) = 2BFVHTWTAyBew ey
X [ = eM)/(A° = AT)]p"(0),
and B(r) = Bo(t) + X“PCLzN (1),
where the sum ovex runs from 1 to 8. We note that
Nt ) = M and NP3(p) = e,
e=20,...,3.
For # & we obtain
Cos' = 2B*p”(0) (VFTWTeVReWe”
+ V,staV,BTWTV)/(As _
otherwise(r = &) we obtain
Ciy’ = 2B*p" (0O)VHeWe VAeWe",

A7),

For V (and W = V1), we use the limitH> — 0 with
H? = 0:
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unknowns consecutively labeled, andl = (M*) is the
correspondingn X 16 matrix of the C44 values. The
least squares solution of Eq. (2) f8Brn > 16, yields the
unique resultx! = (N~ HIm(M*mpk* + MEm*pk) - when
the determinant of thd6 X 16 matrix N = M+t M +

(M*™M)* is finite.

Modern experiments [7,8] are able to produce neutral
kaons with definite and individually known strangeness in
great numbers ag® with (p”(0)) = (px) = (500 3)
or as K with (pg) = (3 00 —1). A complete set of
four measurements is now obtained as follows: The
semileptonic decays identifk® and K°, i.e., (B'#) =
(300 3) and (B**) = (3 00 —1), and the decay into
27 identifies K;, i.e., (B’*) = (3 3 00). Additional
regeneration experiments enable one to obtain the data
corresponding to a measurement of the ty@é*) =
(3 0 —% 0), the important property being* # 0. See
appendix below.

The explicit calculation of the determinafiy| for the
set of four measuremeni& (), with (p”(0)) = (px) and
(B*) = (B'*),i = 1,...,4, yields the general result

K

M= Taxrayam

(with K =33 X 7/22658 =28 X 107%5%, AX = Ay —
Ar). This represents a finite valueAfy = yg — y, # 0
andAm = m; — mg # 0, or for arbitrary values of the
A%, as long as they are pairwise different. Numerical
difficulties in calculatingN~! should not arise, as the
condition number ofN in a typical numerical example
is as low as 40.

These results show the possibility of the determination
of all the 16 elements of the matriX, and thus of
T, starting from the measured amplitudé$ of the
four experiments mentioned. [A set of experiments
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where none is of the typéB**) is insufficient, as the versed the sheet are then givendly = L#”pl,. with
corresponding determinahV| vanishes.]

From a purely phenomenological viewpoint, we can & + o) g (C) (S) ‘g
imagine nine experimentally distinguishable manifesta- (L*") = ex;(—n7> 0 — N E
tions of quantum mechanics violations. The correspond- 2 e Os 8 c

ing empirical information is contained in the values of

thep®. S where C = cosi{nA/2), S =sinhnA/2), ¢ = codQn),
A numerical study shows that the statistical significancey — sin(Qn) with A =6 — 0o, and Q =
of the resultingx’ values is greatly enhanced by the use ;i Rd £(0) — 7(0)]/p. Here, £(0) is the forward
of data from more than four experiments. __ scattering amplitudeg is the total cross section for
Present experimental bounds [5] for the three violatingkaons, andp is the kaon momentum. The bar refers to
parameters, as proposed in Ref. [2], are in the ranggntikaons. Combining this matrix wittB*) = (1 1 0 0)
of model expectations [2,6] 0D(10~"” GeV). Similar  givesp” = B#L*” which contains an elemest # 0 if
bounds for all nine violating parameters usikg and ; + ¢

KO as initial states, would require only about 5 times the
number of events observed in Ref. [5].
Experiments at DAPNE [8] with correlated neutral
kaon pairs will open a new field where, e.g., uncon- [1] S.W. Hawking, Commun. Math. Phy87, 395 (1982).
ventional aspects of conservation of energy and angulaf2] J. Ellis, J. S. Hagelin, D. V. Nanopoulos, and M. Srednicki,
momentum (as pointed out in Ref. [4]) or irreducible two- Nucl. Phys. B241, 381 (1984).
particle parameters [6] arise. A treatment of the two-state[3] J. Ellis, N. E. Mavromatos, and D.V. Nanopoulos, Phys.
systems using the complete set of the 16 parameters might  Lett. B 293 142 (1992).
provide more basic insight into the phenomenology of loss 4] P- Huet and M. Peskin, Nucl. PhyB434, 3 (1995).
of coherence. [5] CPLEAR Collaboration, J. Elli®t al., Phys. Lett. B364
Appendix on regeneratior-The observation ofK; 239 (1995).

behind itabl . )JG] J. Ellis, J.L. Lopez, N.E. Mavromatos, and D.V.
mesons behind a suitable regenerator constitutes an ex- Nanopoulos, Phys. Rev. B3, 3846 (1996).

; : 4 5
periment described byp*) having the elemenB* # 0. 7] CPLEAR Collaboration, R. Adleet al., Phys. Lett. B286,
Let pin. be the Pauli components of neutral kaons in front 180 (1992).

of an infinitely thin sheet of matter with an areal density [8] DA®NE Physics Handbook,edited by L. Maiani,
of nuclein. The componentp? of the kaons having tra- L. Pancheri, and N. Paver (INFN, Frascati, 1992).
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