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Abstract

In this paper, the entangled K-meson model and decoherence phenomenon in the system is studied. Using the Lindblad
equation, the dynamical equation of the entangled K-meson system that interacts with the environment is obtained. We
find that the non-Hermitian Hamiltonian of the system makes a completely positive and trace-preserving map (CPT-map)
on the space of the density matrix does not satisfy trace preserving properties. We also find that purity of density matrix
can be less than 1/ which does not satisfy the property of purity. From the dynamical equation, parameters related to the
decoherence of the system, decoherence parameter () and effective decoherence parameter (), are determined. Using
Standard Least-Squares method, we obtain ¢ = 0.13 = 0.865, This result is in accordance with the results of the references

. . ) {2t0.16 0] ,
that use the effective variance method, ¢ = 0-13Z5.15. We show that ¢ = 0-132¢15 corresponds with the references’ result,

2.50 —-12 .
A = (1.841377) x 107"* Mev. The value of both parameters are close to zero relative to ¢ = L or A — oc. It means that
the interaction between system and environment does not affect the system significantly. Therefore, quantum properties in

the system related to the entanglement of the strangeness are preserved.
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INTRODUCTION

Quantum mechanics is a physical theory which
allows entanglement phenomenon. In this
phenomenon, a state vector called entangled state
represents a pair of particles such that each particle
cannot be represented as one state [1], [2].
Entanglement has some interesting applications such
as quantum teleportation [3], [4], [5], [6], [7]. [8].
superdense coding [4], [9], [10], and quantum
cryptography [4], [11], [12].

However, interaction between a quantum
system and its environment can cause quantum
effects to disappear. This phenomenon, called
decoherence, could be measured quantitatively [7],
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22].
On the other hand, open quantum theory, related to
guantum transport [23], [24], [25], explains a total
system which contains the system of interest and
environment [26], [27], [28]. From this explanation,
we know a decoherence phenomenon is important to
be studied further so that we could utilize the effect
from quantum mechanics better.

I Corresponding author.

Among any other type of particles, K-meson is
relatively interesting because we can study basics of
guantum mechanics, Bell Inequality, and symmetry
(T, CP, and CPT) with the help of interference
phenomenon in K-meson studies. These studies are
feasible because of mass difference value between
Ky (short-lived-state) and K1, (long-lived-state) as
well as Ks lifetime [16], [20], [21], [29]. Therefore,
in this paper, the entangled K-meson system and its
decoherence phenomenon are studied.

MODEL OF ENTANGLED K-MESON
SYSTEM BASED ON LINDBLAD EQUATION

This section is based on some references
[15], [16], [18], [19], [20]. Neutral K-meson is
categorized into K and K°. K consists of one
down quark and one strange antiquark (ds). Whereas
K consists of down antiquark and one strange quark
(ds). The state of K-meson can be characterized by
strangeness. Strangeness operator can be expressed
as
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S = |KO) (K" — |[KO)(KY| 1)

Suppose P is a parity operator. The fact that
K-meson is pseudoscalar (odd parity) means
P|K%) = —|K°) and P|K°) = =|K°), On the other
hand, Suppose C'is a charge conjugation operator.
The fact that KO is antiparticle of K" means
C|K®) = |K°) Thus, we can get CP|K") = —|KY)

and CP|K%) = —|K% Erom here, we can obtain

eigen equations for C'P operator, CP|K7) = +|KY)
and CP|KJ) = —|K3) with
|KD) = Z5(1K%) = [K%) g K2 = 5 (IK")+

1K°)) as the eigenstates.

We know that, for K-meson, CP symmetry
violation in weak interaction happens with
probability|¢] = 107 (- is CP violating parameter).
On the other hand, from experimental results, there
are two types of K-meson based on its lifetime. K-
meson that has a lifetime of
Ig! =75 = (0.8954 4+ 0.0004) x 10710 ¢ s Ky
(short-lived-state). Whereas K-meson that has a

lifetime of ' = 7L = (5.116 £ 0.021) x 1078

is K71, (long-lived-state). Their mass difference is
Am = my, —mg = (3.484 £ 0.006) x 1076 oy

[30]. From here, we know that [Xs) and [ 51.) can be
constructed from superposition of [&7) and [532) to
[Ks) = (D) + oL oo 1K) = (< KD
+\K§’L). By changing bases of these states to |K?)
and [ K°) as well as supposing ? =1 +¢,¢ =1 —¢,

and NV = V/IpI* + la?| we get normalized states as
follows:
1 0 0
|Ks) = W(ﬂK ) — q|K9))
1 . 1
Ky) = = (p|K° KY

Hamiltonian for its decay is H=M -3l
with M, related to mass, and I, a decay-matrix, is a
Hermitian operator. Its related eigen equation is
H|Ks 1) = AsLIKs L) with AsL. = msL — 50s L,
On the other hand, entangled K-meson is expressed
as

=) = —

PT) = EUBQ — |ea))

: @)

which is a Bell States [4], }8], g18], [31], [32],
[33], [34], 535] [36{W|th€1> Ks)1 @ |KL)r and
le2) = |KL) © [K3)r. Index s related to a particle

that moves to the left side and index r is related to a
particle that moves to the right side. Its Hamiltonian
isH =1 ®1,+1;® H,. On the other hand, the
CPLEAR experiment [37], whose results will be used
in the next section, is not sensitive to the effect of CP
violation. Therefore, we can assume CP invariance is
not violated ( P=9¢=1 ) It means
(Ks|KL) = 0= (e1]e2) =0 and, from equation
(3), we obtain

p(0) = le2)(e1])

4)

Lindblad equation (Gorini - Kossakowski -
Sudarshan - Lindblad equation) is an equation that
represents a subsystem dynamics in a Markovian
system as the total system. Its evolution operator has
to be completely positive and trace-preserving maps
(CPT-maps) [26], [28], [38], [39], [40], [41]. We can
use it to determine the evolution of the density matrix
as follows.

Lolt) = p(t) =
+Ek Lkp )

(ler)(er| + lea)(ea| — ler) (2] —

D =

*"(Hp( ) — p(t)H)

— MLl Ly, p(t)} &

with jump operator or Lindblad operator
Ly = \/ka, decoherence parameter A, projector
P.=le ><8k‘, k= 1,2 and {A,B} = AB + BA
(suppose A and B are operators). Operator £ called
superoperator, is a linear operator which acts on a
density matrix and transforms it to a density matrix
in Fock-Liouville Space (FLS) [26], [28], [42], [43],
[44].

Suppose  P(t) = >3 el (el ang
[=3(Ts+T) Using equation (5), we get
pij(t) = =2Tpij(t)  for i=j and PAii(t) =

—(2I'+ A)pij(t) for i # j which leads to Pii(t) =
pij(0)e 2 for i = j and Pij(t) = pij(0)e= A
for ¢ #J . From equatlon (4), we know that
p11(0) = p22(0) = & and P12(0) = p21(0) =
Thus,

16*2”(\61)@?1\ + |ea){ez]

—eM(Jex)(ea| + lea)(en])). (g

p(t) =

From equation (6), we know that density
matrix represents pure state for £ = 0 and does not
represent pure state for ¢ > 0 with A# 0 The larger
the value of ¢ is, the smaller the coherences effect in
the density matrix. It means that quantum effects,
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represented by coherences, become more vanished as
{ becomes larger due to environmental influence (a
decoherence phenomenon happens).

We know that p(t) = Lp(l)
= p(t) = ¢“p(0) which means £ transform
density matrix 2(0) to density matrix 2(t). Thus, £ is
generator of CPT represented as V(t) = ' [26],
[28]. We should take a note that the result of
Tr[p(0)] =1 js different with the result of
Te[V(t)p(0)] = Tr[p(t)] = ¢ *'* even though V(%)
should fulfill trace-preserving properties. It happens
because the Hamiltonian of the system is not
hermitian. ~ This is in  accordance  with
Tr[p(t)] = —20e™ 2" # 0 which means the trace of
density matrix is changed or not preserved according
to . On the other hand, the value of trace result of
derivation of density matrix, negative, is in
accordance with Tr[p(t)] = e¢™'" \whose value
becomes smaller.

This problem, caused by non-hermitian
Hamiltonian in this system, has been solved in other
works [45], [46]. We can work with this Hamiltonian
by some modifications to the Hilbert space and the
dynamical equation. We extend the Hilbert space to
become Hiot = H @ Ho, with Htot is total Hilbert
space, H is the Hilbert space of the system, and o is
space related to the "decay states". "Decay state" is
the result of dissipation which projects system states
to it. Using =M = 3T the dynamical equation
becomes A(t) = —E[M p(t)] — {50} Let
I = BB, with B:H — Ho, we get Tr[p(t)] =
—Te[BIBp(1)] # 0. We can add Br(t)B to the
equation  to  become  A(t) = —i[M, p(t)]
{50 Pt} + Bp()B o that Tr[p(1)] = 0. This
means that the trace of the density matrix is preserved
[46].

We also get the puri X of the density matrix,
Tr[p?(t)] = ge~ (1 +e7Y) For¢ — 0, the value
of purity one, which corresponds with
p(0) = W_)(’%D_\ (pure state). On the other hand, for
t >0, its value is less than one (mixed state). It
means that evolution of the density matrix transforms
a pure state into a mixed state (a decoherence
phenomenon occurs). The value of purity also can be

less than % even though its value should fulfill
g < Trfp?] <1 (in this system, d = 2). It happens
because one of the conditions for density matrix,
Tr[p] = L is not fulfilled when # > 0. This property
of purity is not satisfied when Tr[p] # 1

DECOHERENCE PARAMETER RELATED
TO ENTANGLED K-MESON SYSTEM

This section is based on some references
[15], [16], [18], [19], [20] with Standard Least Square
as a fitting method [47], [48]. In the CPLEAR
experiment, entangled K-meson are produced and
then their strangeness is detected [37]. Consider a
case for K0 detected at the right side at ¢ = ¢, and
K" detected at the left side at t =1t (tr <1).
Strangeness measurement at the I‘I%ht side is
represented by operator 57 = 11 @ [KV) (K" and
at the left side is represented by operator

. = |K")(K | After measurement at the right
side, the density matrix of the K-meson which has not
been  measured  becomes  Ai(t =trity) =

Tr (S p(tr)). From here, we can get the expected
value of this case,

P(ﬁ, i KU, t7-) = TI‘(SI_[J[ (tg; t,,))

= Tr (ﬁT(Sﬁp(tr))).

()

We use [Ks) and /XL as basis to determine
equation (7). We obtain

1.
pl(t = tT';tT') = Zeizrtr (|KS><KS|l + ‘KLHI(L‘Z
—e M (|Ks) (KLl +[KL)(Ksl),  (g)

Suppose density matrix related to a particle
which moves to the left side is

p(titr) = pss(t;tr)| Ks)(Ksli
+psr(t; t) | Ks) (KL + prs(t; t) [ K1) (Ks|;
+prL (st )| K1) (KL, (9)

This particle is assumed to not experience
decoherence phenomenon for £ > &r. It means we
should use A1(t;t) = —i(Hpy(t;t,) — pi(t;t-)HY)
to determine its evolution. We get

titr) = —Tgpss(t:tr) [ Ks)(Ks);

(iAm —T)psL(t; t) | Ks) (KL

—(tAm + F)pLsﬁt; t,.)JKLf(KSh
—Irprn(tte) [ Kn) (KL,

P
_|_
(10)

Suppose i is constants with %7 =S, L.
Then, we obtain ii(tit:) = Cie™ for i =3
psL(t;tr) = Cspel™m=D0 - ang prs(tity) =
Crse (4m+ D Erom equation (8) and (9), we know
that pss(t =trity) = pLn(t =tpit,) = e 21"
and psL(t = trity) = prs(t = tr5ty)

1 _— r 3
Lo~ QU Thus, Cii and Pii(titr) can be


https://latex-staging.easygenerator.com/eqneditor/editor.php?latex=%5Crho_l(t%3B%20t_r)%3D%26%5Crho_%7B%5Ctext%7BSS%7D%7D(t%20%3Bt_r)%7CK_%7B%5Ctext%7BS%7D%7D%5Crangle%5Clangle%20K_%7B%5Ctext%7BS%7D%7D%7C_l#0
https://latex-staging.easygenerator.com/eqneditor/editor.php?latex=%5Crho_l(t%3B%20t_r)%3D%26%5Crho_%7B%5Ctext%7BSS%7D%7D(t%20%3Bt_r)%7CK_%7B%5Ctext%7BS%7D%7D%5Crangle%5Clangle%20K_%7B%5Ctext%7BS%7D%7D%7C_l#0
https://latex-staging.easygenerator.com/eqneditor/editor.php?latex=%5Crho_l(t%3B%20t_r)%3D%26%5Crho_%7B%5Ctext%7BSS%7D%7D(t%20%3Bt_r)%7CK_%7B%5Ctext%7BS%7D%7D%5Crangle%5Clangle%20K_%7B%5Ctext%7BS%7D%7D%7C_l#0
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determined. By substituting =14 , we get

P(KY.t;; K°,1;), The expectation value of other
cases can be determined in the same way. Suppose
At = t; — t,, the expectation value for each case are
as follows:

P(K° t;; KO,t,) = P(KO,t;; K°,t,)
— _e—QFtT(e—Fsﬂt 4 B—FLAt

+2e At cos(AmAt)e‘FAt),
(11)

and

P(K°, 1;; KO t,) = P(KO,t;; KO, t,)
— _672Ftr(€7F5At + EerAt

—2e Mr cos(AmAt)e TA) (12)

On the other hand, asymmetry of probability
(A)is

P(KO t;; K9, t,) + P(KO,t1; KO, t,) — (P(K, ty; KO, t,.) + P(K, t;; K9, t,.))

A(tlu t?') -

We don't know which particle will be
detected first. Thus i- in the right side of equation
(11) and (12) is changed to min{t;, ¢}, Suppose

AT'=T1 —TIs , asymmetry of probability is
obtained as
e~ Amin{titr} cog( AmAt
At t) = (BmAd)

COSh(%AFAﬂ ) (14)

Suppose Aam(li:tr) is the asymmetry of
probability for a system that does not experience a
decoherence  phenomenon and  we  get
Ax(t, tr) = Aqui(ty, t,)e Amindtete} This
decoherence model can be related to the phenomenon
model with the same system [14], [20]. In the
phenomenon model, there is an effective
decoherence parameter (¢) related to decoherence
parameter (%) whose relation is

C(tr,ty) = 1 — e dmin{tute) (15)
This makes equation (14) can be rewritten as
Ax(tr ty) = (1= ¢t ) Aqui(te, tr) (16)

Effective decoherence parameter ( < )
describes how significant the effect from
decoherence is. Total decoherence described by
¢ = 0and ¢ = I'means that there is no decoherence
which happens. On the other hand, decoherence
parameter (A) describes how significant the effect
from interaction between system and environment is.
From equation (15), we know that A =0 is
corresponding  with ¢ =0 and A—= o0 s
corresponding with ¢ = 1,

To determine an effective decoherence
parameter, we can use the Standard Least-Squares
method. As experimental results, we use asymmetry

P(KO t;; KO, t,) + P(KO,t;; KO, t,) + P(KO, t;; KO, t,) + P(KO, t;; KO, t,) (13)

data from CPLEAR. In this experiment, there are two
configuration, C(0) and C(5). In C(0), the
asymmetries are  A4;(0) =0.81+0.17 and
Aom(0) = 0.93. Whereas, in C(5), the asymmetries
are A;(5) = 0.48 £ 0.12 and A,y = 0.56 [37]. The
result from this method is ¢ = 0.13 & 0.865, This

value is in accordance with the result from other

works, ¢ = 0-13%0:15 [14], [20], which use the

effective variance method [49].

Decoherence parameter ( A ) can be
determined by knowing the effective decoherence
parameter (¢) and measurement time (f and t-). On
the other hand, from other references, we know that
A= (184%390) x 10712 pey. ¢ = 0.1370142 ang
min{t;, t,} = 0.557g [15], [16], [18], [19], [20].
These parameters are corresponding to each other
when we substitute their value to equation (15).
Using equation (14) and (16), we show that these
parameters are corresponding to each other in Figure
2. In the figure, we know that graphs which result
from X almost coincide with graphs which result from
¢. When using equation (14) and (15), we should take
a note that the unit of X is actually s™. On the other
hand, unit of time can be represented as hiev. So, the
unit of A actually can be represented as eV/ ! with
h=1. Using /i =1.054571817 x 10-3¢ Js [50],
changing the unit of A to Joule, and dividing A with
the value of /i, we find the correspondence of these
parameters.

From these results, we know that the value of
both parameters are close to zero relative to¢ = 1 or
A — oc. These values are in accordance with other
works which get the value of the decoherence
parameter close to zero [17], [21], [29]. It means the
interaction between the system and environment does
not affect the system significantly. Therefore,
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guantum properties in the system related to the
entanglement of the strangeness are preserved.

1

09t o experimental results| -
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A=-0,33x10"2 MeV| |
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Fig. 1. Asymmetry is plotted versus time measurement

difference based on experimental results and the value of A

- <12
ool 1=1.84x107"2 Mev | |
A=4,34:107"2 Mev

A=0,33: 102 Mev |
—— =013
=029
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0BT PSSRy,
*

0 01 02 0.3 0.4 05 0.6 07 08 09

At (s) 10
Fig. 2. Asymmetry is plotted versus time measurement
difference based on the value of A and ¢. Their value (including
upper and lower limit) are corresponding to each other

CONCLUSION

In this paper, the dynamical equation of
entangled K-meson has been determined based on the
Lindblad equation. From this model, we know that,
for ¢ > 0, decoherence phenomenon occurs. This
phenomenon's influence is represented by
decoherence parameter () and effective parameter
decoherence (¢). Using Standard Least-Squares
method, we get ¢ = 0.13 & 0.865_ This result is in

accordance with the results of the references0 t%at use
. . o —+0.
the effective variance method, ¢ = 0-13Zq715. We

0 121016 .
have shown that ¢ = 0-137¢15 corresponds with A =

(1.847537) x 107 Mev. The value of both
parameters are close to zero relative to ¢ =1 or
A — 0. It means that the interaction between system
and environment does not affect the system
significantly. Therefore, quantum properties in the

system related to the entanglement of the strangeness
are preserved.
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