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Abstract. Quantum teleportation using neutral pseudoscalar mesons shows novel connections between par-
ticle physics and quantum information. The projection basis, which is crucial in the teleportation process,
is determined by the conservation laws of particle physics and is different from the Bell basis, as in the
usual case. Here we show that one can verify the teleportation process by C' P measurement. This method
significantly simplifies the high energy quantum teleportation protocol. Especially, it is rigorous and inde-
pendent of whether C'P is violated in weak decays. This method can also be applied to general verification
of Einstein—Podolsky—Rosen correlations in particle physics.

PACS. 14.40.Aq; 13.90.+i; 03.67.Mn
1 Introduction

It has been suggested that a K°K° pair in an entangled
state can be produced from the strong decay of a ¢ me-
son generated in electron—positron annihilation, or from a
proton—antiproton collision, and that a similarly entangled
BB pair can be produced from the 7'(45) resonance [1-4].
Experimental results consistent with the existence of entan-
glement has been demonstrated in K°K° pairs produced
in proton—antiproton annihilation in the CPLEAR detec-
tor in CERN [5], in K°K? pairs produced in ¢ decay in the
KLOE detector in DA®NE [6, 7], as well as in B B° pairs
produced in the BELLE detector in the KEKB electron—
positron collider [8, 9]. Recently, the proposal was made to
use neutral kaons to realize such quantum information pro-
cesses as quantum teleportation and entanglement swap-
ping in the regime of high energy physics [10]. In this pro-
posal, the process is verified by measuring the strangeness
ratio of the particle to which the state is teleported, or the
strangeness asymmetry of the two particles to which the en-
tangled state is swapped. In this letter, we point out that one
can also use measurement in the C'P basis to verify quantum
teleportation or entanglement swapping as well as to verify
Einstein-Podolsky-Rosen correlations in general. The pro-
posal and the verification methods can also be implemented
in other neutral pseudoscalar mesons.

2 Entangled mesons

For any neutral pseudoscalar meson M° and its an-
tiparticle M°, both with J¥ =07, an entangled state
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can be produced from a source with JPC =177 MO
can be K° = (ds), B = (db), B? = (b3) or D° = (ue).
|M°) and |MP) are eigenstates of parity P with eigen-
values —1 and also eigenstates of its characteristic fla-
vor F with eigenvalues 1 and —1, respectively. F is
strangeness for kaons, beauty for B-mesons and charm for
D-mesons, respectively. For Bs;-mesons, F can be chosen
to be strangeness or beauty (with minus sign). We have
C|M®) = —|M°) and C|M°) = —|M"). Thus the eigen-
states of C'P are

1

M) = —=(IM°) +|M°)),
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2
S
V2

with eigenvalues +1 and —1, respectively. Under weak in-
teractions, the lifetime-mass eigenstates are |Mgr) and
|MLH>, with eigenvalues Agr, = mgr, — iFSL/Q and \pg =
mya — il i /2, where the subscript SL means short lifetime
and light mass, while LH means long lifetime and heavy
mass. Usually, the first subscript is used for kaons while
the second subscript is used for B-mesons, as kaons differ
mainly in lifetimes while B-mesons differ mainly in masses.
Here we write both subscripts for a general discussion. In
terms of the proper time 7, the weak decay is described as
|Ms.(7)) = e ?SL7|Mgy) and |[Myu(7)) = e 0T Myy).
|Msy,) and |[Mpu) are related to C'P and strangeness eigen-
states as

[M_) = —=(IM°) - |M?)),

|Msr) = S(IMy) +€[M_))
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where € is the parameter characterizing C'P violation,
p=1+e¢cand ¢g=1—e. The magnitude of ¢ is of the order
of 1073.

The entangled state with JF¢ =1,
of the three bases respectively, is

| M) = (IM-) +€[My))

M) —q|M°)), (1)

written in terms

) = 7(|M0>|M°> |M°)|M°)) (2)
7(|M MMy) — [ My)| M) (3)
%(|MLH>|MSL> |MsL)|Mvin)) , (4)

where r = (Ip|2 + [a[?)/2pg = (1+ [¢[2)/(1 - €2).

It is remarkable that in the C'P basis, |¥_) is also a sing-
let strictly, and there is no dependence on the C'P viola-
tion parameter, which only appears in the expression in
the lifetime—mass basis. It should be noted that | M, ) and
|M_) are orthogonal to each other and are exactly distin-
guished by different values of C P, while |Mgr,) and | Mpg)
are not orthogonal to each other as a consequence of C'P
violation. This makes it advantageous to use the C'P basis,
rather than the weak basis, to do measurements.

In actual experiments, identification of |M, ) and |M_)
is made by the modes of nonleptonic decays, i.e. a M, de-
cays to 2w, while a M_ decays to 37. On the other hand,
although the physical states in free propagation are | Mgy,)
and | M), they cannot be exactly identified due to C'P vi-
olation. In the so-called passive measurement of lifetime,
one identifies the mesons that decay between 7 and 7+ At
as |Mgy,) and those decaying later as |Mpg), by choosing
the appropriate 7 and A7 [1,2]. There is always a nonzero
misidentification probability. Also, it relies on the signifi-
cant difference between Isr, and I,y and hence does not
apply to other cases such as B-mesons. Furthermore, one
has to exclude the semileptonic decays, which are in the fla-
vor basis. To do this, one has to look into the details of the
decays. But the nonleptonic decays are just in the C'P ba-
sis. Therefore we would rather abandon the identification
in the lifetime—mass basis.

3 High energy quantum teleportation

In the following we first review the proposal of high energy
teleportation and entanglement swapping. For the general
case of M-mesons, one can extend the calculation results
in [10] by replacing I's and I, with ¢Ag, and ¢ALy, respec-
tively, as the mass difference for kaons has been neglected
there.

Suppose two mesons labeled by a and b are produced in
state |P_) at time ¢ = 0, in the laboratory frame that co-
incides with the center of mass frame. At time ¢, the state
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becomes
|Wab(t)> :M(t)|w—>aba (5)

where M (t) = exp[—i(Ast, + ALu)7, ‘t]- v is the Lorentz
factor 1/4/1 — v? for particle i with velocity v;. It has been
assumed that vy, = 7. A third kaon c is generated at time

t., with [U.(t,)) = a|M°), + B|M°).; thus,
|@.(t)) = C(t)|Msv)c + B(t)|Mru). (6)
=D(t)|Ms)e+ E(t)| M), (7)
= F(t)|M°)c + G(t)|M°),, (8)
where
V1it+le]?2 [ a 16} s =L
C(t)= 4 e iAsLye (¢ tz),
V2 14+e 1-—¢
B(t) = 1\}%'6'2 <1i _1ﬂ >eiALH7“_1(”Z),
€ —€
1 a Jé] idar =Lt
D(t) = — = iAspve ~(t—tz)
=717 1—e>e
£ « g —ALme t(t—tz)
+\/§ 1+e 1—e>e ’
€ a B —idgpvs L(t—ts)
E t) = — SL7c z
=7 <1+6+1—e>e
_|_L a _i e—iALH’YZl(t—tz)
2\1+¢e¢ 1—¢ ’
_17 LHe) —insprst(e—t)
F(t)= 5 _(a—i—ﬁl_e) e
+ a—,@ﬁ e—iALval(t—tz)
1—e¢ 1’
— 1 i 5 —iAgLve (t—tz)
G(t) = 5 _<a1+€+,3) e
_ 1- *1/\LH7§1(t*tz)-
(359 |
The state of the three particles is thus
Wean(t)) = |¥e(t)) ® [Wan(t)) - (9)

We let a and c fly in opposite directions and towards each
other; hence, they collide at a certain position x at a cer-
tain time t,. The collision can be represented as a unitary
transformation S on c—a, in a negligible time duration ¢
much shorter than the lifetimes of weak decay. After the
c—a collision, the state of the three kaons can be written as

W (te+6)) = @ {\/§F(tx)8|¢1>ca|M0>b

_\/iG(tw)S|¢2>ca|M0>b

= 8l¢3)cal F(t) | M°)y — G(ts )|M°>b]

—8|a)calF (ta)| M)y + G(t2)| MO)] }
(10)

where the |¢;) are eigenstates of parity P, strangeness
S and isospin I: |¢1) = |M°M°) with P =1, S =2 and
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I=1;|¢2) =|M°M°) with P=1,5 = —2and I = 1; |¢3) =
W) = 5 (IMO)| M) +|MO)|MP)), with P =1, S =0 and
I =1. Furthermore, |¢4) = [¥_) with P=—1, S =0 and
I =0. S|¢;) is also an eigenstate of S, P and I with the
same eigenvalue as |¢;), because S conserves S, P and I, as
governed by the strong interaction.

The outcomes of the c—a collision are detected by using
interaction with nuclear matter. Hence the state is pro-
jected in the basis {S];)}. Conditioned on this projection,
b is known to be, correspondingly, in one of the four states

|M%)y,  [MO),
F(t:)|M°) — G(t2)| M)y
VIF(t:)]? +1G(t) P
F(t:)|[M°) 4+ G(t2)| M )y
VIF ()2 + G (t)[?

If and only if the outgoing particles of the c-a collision are
detected to be with P =—1, S =0 and I =0, then is the b
particle retained and known to be in state [F(t,)|M°);, +
te) | MO)]/\/|F (tz) > + |G(t:)[?, which is just the state
of c before collision. Thls completes the teleportation from
¢ to b. The four possible states of b at t, + d, after knowing
the four possible outcomes of the c—a collision, can be veri-
fied by measuring the flavor ratio of b, as suggested in [10].
Now we review entanglement swapping. In addition to
|@_)ap generated at time ¢ = 0, another meson pair d and ¢
is generated as |?_) 4. at t,. Consequently,

Wacan(t)) = O )ac|P-)ab (11)

where M'(t —t,) = exp[—i(Ast, + ALm )7y, ' (t —t.)], suppos-
ing v, = 74- Let ¢ and a fly towards each other to collide at
a certain time t,. Within a negligible time interval §, the
collision brings about a unitary transformation S on c—a;
therefore

)

M/ (t—t.)M

M'(ty —t.)M(tz)

2
- S|W—>ca|w—>db

— S|MOMOY o | MODO) g
—S|M°M°) | MOM®)g3)

|Wdcab(tx+5)> = (S|W+)Ca|w+>db

(12)
where
) ea =

(IMO)c|M%)a + [MO)c|M®),) (13)

| Mym) el Mrn)a) -
(14)

7‘
75 (IMsv)e|Msp)a —

Then, in measuring parity P, strangeness S and isospin [
of the outgoing particles from the c-a collision, ¢ and a
are projected to one of the four states S|W.)cq, S|P )ca,
SIM°M®)., and S|MOM?),,. Correspondingly, d and b
are projected to ¥y )ap, [¥_)ap, [MOMO) g, and [MOMO) g,
respectively. Accordingly one chooses to retain or abandon
the b particle. The success of entanglement swapping can
be verified by measuring the flavor asymmetry between the
d and b particles, as suggested in [10].
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4 C P measurement

4.1 Teleportation

Now we propose that the effect of teleportation and entan-
glement swapping can both be verified by measurement in
the CP basis. First we discuss the verification of the ef-
fect of teleportation. In the teleportation scheme outlined
above, the state of b, after knowing the outcomes of the c—a
collision, can be verified in the C' P basis. One measures the
ratio 7 between the probabilities for b to be in M) and in
|M_). For

Ut > te +0))p = ur ()| My )p +u () M)y,
t

_|ur @)

Many runs of the procedure, or many copies of b particles
in a beam, are needed to determine this quantity.

If irrespective of the outcome of the c—a collision, b par-
ticles in different runs of the experiment are all considered
in measuring 7(t), then n(¢) should be calculated by using
|@eab(t)), given in (9). Because b is maximally entangled
with a, it can be found that n,(t) = 1. In contrast, if only b
particles in those runs of the experiment with a certain pro-
jection result of c—a are considered in measuring 7)(t), then
n(t) is calculated by using the corresponding projected
state of b, as seen in (10). Denote the state of b following the
projection as o |M°) + 3| MP). Its subsequent evolution in
the C'P basis is then similar to (7), with ¢, substituted for
by t. +0, ve by v, @ by o’ and 8 by 8. It can be found that

! ! —1i T 2
<1+e+1ﬁe>+€<1+e_1€e>e o
M (t) = 7 N YN
<1+e+1 e)+(1+e_l—e>e ! T
where T:Wb_l(t—tm—é) and AX = Ay — As. = Am —
ZAF, with Am:mLH—mSL and AF:FLH—FSL/2.

For each of the four projection cases, ny(t) is very differ-
ent from 1. If c-a projects to S|M°M?), then

1— eefiA)\T 2

o = |~ o=iaar

If c-a projects to S|M°M?), then

14 ee 10N |

M = e+ efiAA‘r

If c—a projects to S|¥, ), then

2
F(ty G(te F(ty G(te —i T
b =
F(tg G(tz G(tg i r
6( 1( 5) 1( E)) (1( 5) ( ))e AN

If c—a projects to S|¥_), i.e. the teleportation is successful,
then

. 2
(Izg»e) + G(t1)> € (F(tz) _ G(t1)> e—lA)ﬂ'

(t) 1—¢ 14+e€ 1—¢
\l) =
F(tg Gtz F(tg G(tg —iAMN
€ ( 1(+€) + ( e)> + ( 1(+6) - 1(7e)> € A
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4.2 Entanglement swapping

Now we turn to entanglement swapping, which can also be
verified by measurement in the C'P basis. One can measure
CP asymmetry between b and d, defined as

DPd,cp (t) — Ps,cp (t)
Pd,cp (t) + Ps,cp (t)

ACP (t) =

?

where pg.cp(t) and ps cp(t) are, respectively, the probabil-
ities for b and d to have different and the same values of
CP [5]. Many runs of the experiment, or many copies of
the particles in a beam, are needed to experimentally de-
termine Agp,(t). If all the d-b pairs in different runs are
considered, irrespective of the projection results of c-a, it
can be found that A.,(t) =0, as calculated from |Wgcqs(t)),
by (4), (7) and (11). In contrast, if only those d-b pairs cor-
responding to a certain projection result of the c—a collision
are considered, then A.,(t) is calculated by using the cor-
responding projected state of d and b, as determined from
|Picap(tz +9)) given in (12). In the following, we give calcu-
lations for the four cases of projection.

Case 1. If at t =t, + 9, c and a are projected to S|P )cq,
then

U(t>te+0))ab

- [e*i(/\SLTdJr/\SLTb)|MSL>d|MSL>b

V2
e iALHTATALHTS) |MLH>d|MLH>b}

— L [e(f - R)IM_M) + ML M))

V2(1-€?)
(fi— €2f2)|M+M+>] )

+(€f1— fo) | M_M_) +
where 75 =7, (t—t,—0), =", (t—ts—0), f1=
e 1AsLTatAsLTe) - fy = e~ 1(ALHTatALHTY) | As d and b orig-
inate from different sources, 74 and -, may be different.
Consequently

Acp(t >t 40)
- {_(1 taw)2(1+e ™
—2af+e_%(fd+7b) cos Am(7y +Tb)}

1

S (ratm) cos Am(rq+1p) ,

F(Td+7b))

1+e Al(Tatm) —2q2e™

where we have used rephase-invariant C'P-violating ob-
servables [11]

2Ree
1+ €2’

2Ime

"= TP

Qe =
which characterize indirect C'P violation and mixing-
induced C'P violation, respectively, and the third quan-
tity aco = —2|€|>/(1+ |€|?), which is related to a. and a.
through (1+ac)? + a2, =1—a? [11]. As C'P violation is
small in the neutral meson system, a. < 1, a4 < 1, and
thus aco < 1. Therefore A, is close to —1.
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Case 2. If at t =t, + 4, c and a are projected to S|¥_)cq,
i.e. the entanglement swapping is successful, then for ¢t >
tm + 5,

T(t>te+0))ap = —= [eii(ALHTdJr)\SLTb)|MLH>d|MSL>b

e~ iAsLTatALHTY) |MSL>d|MLH>b}
. 1
= i [(91
+e(gr—g2)(IM_M_) + M, M,))
+ (291 —go) My M_)],

—€%go) [M_M,)

where —1(ASLTa+ALHTS)

Consequently

g1 = e {OLHTATASLTY) gy = e

Ap(t >ty +90)

= {(1 +aq)? (1 4 e—AF(Td—Tb))
+2af+e*%(”*”’) cos Am/(1y — Tb)}

1
AT

b
— 2a§e’T(Td’Tb) cos Am(1q4 —Tp)

1+e-AL(Tqg—7p)

which is close to 1.

Case 3. Ifatt =t, +6,cand a are projected to S|MOMO) .,
then for ¢ > t, + 0,

W (t >ty +0))av
2

= % [f1|Msv)a|Mst)s
—g2|MsL)a|Mvu)y — g1/ Mvrn)a| MsL)b
+f2|MLH>d|MLH>b]

= 2( o2 [(f1_€92_€91 +€2f2) | M M)
+ (€f1 —g2—€q1 +efa) |[MyM_)
+ (efi—€g2—g1+efo) |M_My)
+ (€2f1 —eg2—egr+ f2) |[M_M_)] .

Consequently,

Agp(t >ty +06)
_ {2a6+ [(1— |ef2)e2T6L7a — g2 Lnma]
x e~ ULEFIBLT sin Amr,
+2ac4 [e725LT — (1 — |e[?)e2TLHT]
x e~ LatIsL)7a sin Amry
4 2a.e|? (e*[QFSLTbJr(FLHJrFSL)Td]COS Amry

+e RILuTat(TLH+TSL)T] cog Amn)

+ 4aZ, (14 |¢|*)e Tt (atm) cos Amry cos Ame}



Y. Shi, Y.-L. Wu: C' P measurement in teleportation

/ {(1 +le?) (e*FSL(Td‘H'b) + e~ UsLmatLuTs)
+e*FLH(Td+7b)e*(FLHTd+FSLTb))

—2a, [(1+[e|?)e2I5L7 1 e~ 2LuTd]
x e~ ULHHISL)T cos Amm,
— 20, [(1+]e[?)e2Ttam 4 e=2T5L7]
x e~ ULutISL)7d cos Amry

+ 20,4 |e]? (e*[QFSLTbJr(FLHJrFSL)Td] sin Am7y

—e~RILaTat(TLa+TsL)™] gip Ame)
+4a2(1+ |e|?)e”ULutIsL)(Tatm) cos Amry cos Ame} ,

which has been written in terms of the rephase-invariant
quantities a. and a.y, as well as |¢|?, which can be substi-
tuted for by —aeo/(2 + aco). In this case, A, is close to 0.

Case 4. Ifatt =t, +J, cand a are projected to S|M°M?) ..,
then fort > ¢, +6

[ (t >ty +0))ab
1+ |e|?
=t [filMsr)a|Msw)s + g2| Msr)a| Mvw)s
+g1|Mrw)a|Msy)s + f2| Muu)a| Mrw)s)

1
Ao
+ (efr+ g2+ €g1+efa) ML M)

+ (efr+€g2+g1+e€fa) [M_M)
+ (e2f1 + €92+ €g1 —|—f2) |M_M_)] .

fitege+egi+€ fo) My M,)

Consequently,
Acp(t >t + 5)
= {2ac (1€

% [(e—QFLHTb _ e—QFSL‘rb) e~ ULHHISL)7d gin Amry

n (e—QFLHTd _ e—QFSer) e~ TLEHISL)™s gip Ame}
+4a2, (14 |e|?)e=TLEFISL)(Tat7s) co5 Amiry cos Ame}
J{a+1e®

« (e*FSL(ToH‘Tb)

4o~ (TsLma+TLum) +e—FLH(Td-'rTb)e—(FLHTd+FSLTb)>

+2ac(1+el?)

% [(e*2FSLTd + e*QFLHTd) e~ TLHHSL)™ co5 Amr,
+(e 2T 4 e*QFSLTb)e*(FLH+FSL)Td CoS Ade}
+4a2(1 + |e|?)e”ULuFISL)(Ta+m) co5 Amiry cos Ame} ,

which has been written in terms of the rephase-invariant
quantities a. and a.y, as well as |¢|?, which can be substi-
tuted for by —aco/(2 + aeo). In this case, A, is close to 0.
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Therefore, no matter whether the two lifetimes are con-
siderably different from each other, and no matter whether
CP is violated, the success of the entanglement swapping
can be clearly distinguished from the other three cases of
projection, as well as from the case of no projection, by
measuring the C'P asymmetry. Obviously, C P asymmetry
can also be similarly used in verifying the general telepor-
tation, in which the teleported kaons are entangled arbi-
trarily with other particles in an unknown way [10].

Certainly, C P asymmetry can also be used for verify-
ing the Einstein-Podolsky—Rosen state |[¥_) generated in
ete™ or pp collisions, as in CPLEAR and BELLE, where
flavor asymmetries were measured. However, it should be
noted that these asymmetry quantities, including those
measured in the CPLEAR and BELLE experiments, are
by no means rigorous proofs of entanglement, because it is
easy to construct separated states with the same asymme-
try as an entangled state.

5 Summary

To summarize, we have described a scheme of using meas-
urement in the C'P basis to verify quantum teleportation
or entanglement swapping in terms of neutral pseudoscalar
mesons. This method has several advantages. It is rigor-
ous, and it remains valid in the presence of CP viola-
tion. It also works efficiently, clearly distinguishing the
success case in teleportation or entanglement swapping
from other cases. Furthermore, this method is much sim-
pler than the flavor measurement using the strong basis.
The latter needs nuclear matter to interact with the par-
ticles to be detected, while in the present method, only the
decay modes need to be determined. This aspect brings
high energy quantum information manipulation in gen-
eral, and quantum teleportation or entanglement swap-
ping in particular, closer to actual experimental imple-
mentation, which, however, should still need to overcome
other serious difficulties, e.g. precise control of the timing,
careful determination of collision outcomes, etc. Finally,
we emphasize that C'P measurements can also be used
in general tests of quantum mechanical effects in particle
physics.
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