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eraser in the“delayed choice”mode is clearly illustrated.
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I. INTRODUCTION

The introduction ofquantum markingand erasure by
Scully and Drühl[1,2] in 1982 opened the possibility to dis-
cuss some of the most relevant and subtle aspects of quan-
tum measurement. Indeed, since the foundation of quantum
mechanics, one is well aware of the crucial role played by
measurement devices; a role which, occasionally, is even ex-
tended to conscious observers, as in the well-known proposal
by Wigner. Quantum marking and erasure are useful tools to
investigate these basic issues. Up to now, experimental tests
of quantum erasure have been performed with atom interfer-
ometers[3] and entangled photon pairs produced via sponta-
neous parametric down-conversion(SPDC) [4–9]. The gen-
eral purpose of the present paper is to extend these quantum-
eraser considerations to entangled massive particles, i.e.,
K0K̄0 pairs produced inf-resonance decays[10] or proton-
antiproton annihilations at rest[11].

The basic idea behind quantum marking and erasure is
that two indistinguishable—and thus potentially
interfering—amplitudes of a quantum system, theobject, can
be made distinguishable thanks to the entanglement between
the object and a second quantum system, themeter, which
thus carries a kind of quantum mark. In ordinary two-path
interferometric devices, the latter marked system is fre-
quently called a “which way” detector. If the information
stored in the “which way” detector is even, in principle, ac-
cessible, the object system loses all its previous interference
abilities. However, if one somehow manages to “erase” the
meter mark and thus the distinguishability of the object am-
plitudes, the original object interference effects can be re-
stored. This is achieved by correlating the outcomes of the
measurements on the object system with those of suitable
erasing measurements on the meter system.

The case in which the meter is a system distinct and spa-
tially separated from the object is of particular interest. In-
deed, in this case the decision to erase or not erase the meter
mark and the distinguishability of the object amplitudes—
and therefore to observe or not observe interference—can be
taken long after the measurement on the object system has
been completed. Quantum erasure is then performed in the
so-calleddelayed choicemode which best captures the es-
sence and most subtle aspects of this phenomenon
[1,2,12,13]. This mode of quantum erasure can be applied to

entangledK0K̄0 pairs as well as to SPDC photon pairs, but,
specific to the kaon case is the possibility that the erasure
operation can be carried out via two distinct procedures: ei-
ther actively, i.e., by exerting the free will of the experi-
menter, orpassively, i.e., randomly exploiting a particular
quantum-mechanical property of the meter system. This
opens up possibilities for quantum erasure with kaons.

The first specific purpose of this paper is to discuss the
existence of these two different active and passive quantum
erasure procedures for neutral kaons. A second, twofold pur-
pose is to show both the simplicity of the delayed choice
mode of quantum erasure and its extension to passive mea-
surements when operated with neutral kaons. These kaons
turn out to be most suitable for achieving these two purposes.

II. MEASUREMENTS ON NEUTRAL KAONS

Contrary to what happens with other two-level quantum
systems, such as spin-1/2 particles or photons, neutral kaons
only exhibit two different measurement bases[14,15]: the
strangeness and the lifetime bases.

The strangeness basis,hK0,K̄0j with kK0u K̄0l=0, is the
appropriate one to discuss strong production and reactions of
kaons. If a dense piece of nucleonic matter is inserted along
a neutral kaon beam, the incoming state is projected either
into a K0 by the strangeness conserving strong interaction

K0p→K+n or into a K̄0 via K̄0p→Lp+, K̄0n→Lp0, or

K̄0n→K−p. These strangeness detections are totally analo-
gous to the projective von Neumann measurements of two-
channel analyzers for polarized photons or Stern-Gerlach set-
ups for spin-1/2 particles. By inserting the piece of matter
along a kaon beam, one induces an active measurement of
strangeness.

The strangeness content of neutral kaon states can be al-
ternatively determined by observing their semileptonic decay
modes. Indeed, these semileptonic decays obey the well-
testedDS=DQ rule which allows the modes

K0ss̄dd → p−sūdd + l+ + nl, K̄0ssd̄d → p+sud̄d + l− + n̄l ,

s2.1d

wherel stands fore or m, but forbids decays into the respec-
tive charge-conjugated modes. Obviously, the experimenter
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cannot induce a kaon to decay semileptonically and not even
at a given time: he or she can only sort at the end of the day
all observed events in proper decay modes and time inter-

vals. We call this discrimination betweenK0 and K̄0 via the
identification of the kaon semileptonic decay modes a pas-
sive measurement of strangeness.

The detection efficiency for both active and passive
strangeness measurements is rather limited. In the former
case, the detection efficiency is close to 1 only for ultrarela-
tivistic kaons; indeed, by Lorentz contraction the piece of
matter is seen by the incoming kaon as extremely dense and
kaon-nucleon strong interactions become much more likely
than kaon weak decays. In the case of passive strangeness
detection, the efficiency is given by theKL andKS semilep-
tonic branching ratios, which are.0.66 and.1.1310−3,
respectively. These limited detection efficiencies, which
originate a serious problem[14,16] when discussing Bell-
type tests for entangled kaons[15,17–20], do not introduce
any conceptual difficulty here. They simply represent a prac-
tical difficulty in obtaining large statistical samples.

The second basis, the lifetime basishKS,KLj, consists of
the short- and long-lived states having well-defined masses
mSsLd and decay widthsGsSdL. It is the appropriate basis to
discuss free space propagation, with

uKSstdl = e−ilStuKSl, uKLstdl = e−ilLtuKLl, s2.2d

and lSsLd=mSsLd− iGSsLd /2. These states preserve their own
identity in time, but, sinceGS.579GL [21], the KS compo-
nent of a neutral kaon extincts much faster than theKL com-
ponent. To observe if a kaon is propagating as aKS or KL at
(proper) time t, one has to identify at which time it
subsequently decays. Kaons that show a prompt decay,
i.e., a decay betweent and t+Dt, have to be identified
as KS’s, while those decaying later thant+Dt have to be
identified asKL’s. The probabilities for wrongKS or KL
identification are then given by exps−GSDtd and 1
−exps−GLDtd, respectively. WithDt=4.8tS, bothKS andKL

misidentification probabilities are equal and reduce to
.0.8% [14,18,22]. Such a procedure, in which the experi-
menter chooses to allow for free space propagation, repre-
sents an active measurement of lifetime.

Since the 1960s, it has been known that the neutral kaon
system violatesCP symmetry. Among other things, this im-
plies that the weak interaction eigenstates are not strictly
orthogonal to each other,kKSuKLl=2sRe «d / s1+u«u2d.3.2
310−3 [21,23]. However, by neglecting these small
CP-violation effects one can discriminate betweenKS’s and
KL’s by leaving the kaons to propagate in free space and
observing their distinctive nonleptonicKS→2p or KL→3p
decay modes. This represents a passive measurement of life-
time, since the type of kaon decay modes—nonleptonic in
the present case, instead of semileptonic as before—cannot
be in any way influenced by the experimenter. The measure-
ment procedure is determined by the quantum dynamics of
kaon decays.

Summarizing, we have two conceptually different experi-
mental procedures—active and passive—to measure each
one of the only two neutral kaon observables: strangeness or

lifetime. The active measurement of strangeness is monitored
by strangeness conservation while the corresponding passive
measurement is assured by theDS=DQ rule. Active and pas-
sive lifetime measurements are efficient thanks to the small-
ness ofGL /GS and«, respectively. The existence of these two
procedures is of no interest when testing Bell inequalities
with kaons, where active measurements must be considered
[14,15]. However, it opens new possibilities for kaonic quan-
tum erasure experiments which have no analog for any other
two-level quantum system considered up to date.

III. SINGLE KAONS: TIME EVOLUTION
AND MEASUREMENTS

Let us start discussing the time evolution of a single neu-
tral kaon which is initially produced(say) as aK0. Just after
production, att=0, it is described by the equal superposition
of the two lifetime eigenstates,uK0s0dl=huKSl+ uKLlj /Î2,
and, according to Eq.(2.2), it starts propagating in free space
in the coherent superposition:

uK0stdl =
1
Î2

he−ilStuKSl + e−ilLtuKLlj. s3.1d

Note that the stateuK0stdl evolves through a single spatial
trajectory comprising automatically—i.e., with no need of
any kind of double-slit apparatus—the two differently propa-
gating componentsKS and KL. This generates the well-

known strangeness orK0- K̄0 oscillations. Note also that
since GS.579GL, these two components are intrinsically
marked by their remarkably distinct decay widths. Att=0
this lifetime mark is inoperative and there is no information
on which component is actually propagating;KS-KL interfer-

ence and thusK0- K̄0 oscillations are maximal aroundt=0.
However, for kaons surviving after some timet, KS propa-
gation is known to be less likely thanKL and partial “which
width” information is obtained; interference and oscillation
phenomena are thus diminished. This happens in the same
way as when one obtains “which way” information in two-
path interferometric devices, as recently discussed in Ref.
[24] in terms of quantitative complementarity. This dedicated
analysis shows that a variety of double-slit experiments with
photons or neutrons, as well as Mott scattering experiments
with identical nuclei, admit the very same description as the
present oscillations of the neutral kaon system. But two ad-
vantages of the latter system are obvious: it does not need
any kind of double-slit device nor any marking procedure;
indeed, both features are inherently supplied by nature.

Active and passive measurements of strangeness or life-
time on single kaon states evolving, for instance, as in Eq.
(3.1), offer no difficulties and have been performed for a
long time.

For the two possible active measurements one either in-
serts or does not insert a dense piece of matter at a(time-of-
flight) distancet along the kaon trajectory. The correspond-
ing quantum-mechanical probabilities are simply derived by
projecting Eq.(3.1) either into the strangeness or into the
lifetime basis. By properly normalizing Eq.(3.1) to unde-
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cayed kaons, the following oscillating probabilities forK0

and K̄0 detection at timet are obtained:

PfK0stdg =
1

2
f1 +V0stdcossDmtdg, s3.2d

PfK̄0stdg =
1

2
f1 −V0stdcossDmtdg. s3.3d

In these expressions

V0std =
1

coshsDGt/2d
s3.4d

is the time-dependent visibility of the strangeness oscilla-
tions, Dm;mL−mS and DG;GL−GS. Instead, no oscilla-
tions are predicted for lifetime measurements,

PfKLstdg =
1

1 + e+DGt , s3.5d

PfKSstdg =
1

1 + e−DGt . s3.6d

Passive measurements of strangeness or lifetime on single
kaon states are slightly less direct. One has to measure the
t-dependent decay rateGsf ,td, which is defined as the num-
ber of decays into the modef occurring betweent and t
+dt divided bydt and by the total number of initialK0’s. Its
formal expression is given by

Gsf,td ; E dV fpsf,td, s3.7d

where the integration is over the phase space of the decay
product statef (f =pp, ppp, p−l+nl, or p+l−n̄l) and

psf,td ;
1

2
ze−ilStkf uTuKSl + e−ilLtkf uTuKLlz2. s3.8d

The decay rateGsf ,td is normalized such thato fedtGsf ,td
=1 and allows one to determine the single kaon detection
probabilities through the relation

PfKfstdg =
Gsf,td

GsKf → fdNstd
, s3.9d

which reproduces the predictions(3.2)–(3.6) of active mea-

surements. In Eq.(3.9), Kf =KS, KL, K0, or K̄0 and Nstd
;fe−GLt+e−GStg /2 is a normalization factor taking into ac-
count the extinction with time of the beam. Moreover, the
decay widthsGsKf → fd, where Kf → f stands for the four
identifying decay modes,KS→pp, KL→ppp, K0→p−l+nl,

and K̄0→p+l−n̄l, are given by

GsKf → fd ; E dV fzkf uTuKflz2 =
BsKL → fdGL

zkKfuKLlz2

=
BsKS→ fdGS

zkKfuKSlz2
, s3.10d

where the second(third) equality is only defined for nonva-
nishing values ofkKf uKLl skKf uKSld and BsKLsSd→ fd is the
branching ratio for the decayKLsSd→ f.

The experimental equivalence of both measurement pro-
cedures and the agreement with quantum-mechanical predic-
tions have already been proven[21,25,26].

IV. ENTANGLED KAON PAIRS: TIME EVOLUTION
AND MEASUREMENTS

Let us now consider two-kaon entangled states which are
analogous to the standard and widely used two-photon en-
tangled states produced by SPDC. From bothf-meson reso-
nance decays[10] or S-wave proton-antiproton annihilation
[11], one starts at timet=0 with the state

ufs0dl =
1
Î2

fuK0lluK̄0lr − uK̄0lluK0lrg

=
1
Î2

fuKLlluKSlr − uKSlluKLlrg, s4.1d

where l and r denote the “left” and “right” directions of
motion of the two separating kaons andCP-violating effects
are neglected in the last equality. Note that this state is anti-
symmetric and maximally entangled in the two observable
bases.

After production, the left and right moving kaons evolve
according to Eq.(2.2) up to timestl andtr, respectively, thus
leading to the state

ufstl,trdl =
1
Î2

he−islLtl+lStrduKLlluKSlr

− e−islStl+lLtrduKSlluKLlrj. s4.2d

By normalizing to kaon pairs with both members surviving
up to stl ,trd, one obtains the state

ufsDtdl =
1

Î1 + eDGDt
huKLlluKSlr − eiDmDtes1/2dDGDtuKSlluKLlrj,

s4.3d

whereDt;tl −tr, or, equivalently,

ufsDtdl =
1

2Î1 + eDGDt
hs1 − eiDmDtes1/2dDGDtd

3fuK0lluK0lr − uK̄0lluK̄0lrg

+ s1 + eiDmDtes1/2dDGDtd

3fuK0lluK̄0lr − uK̄0lluK0lrgj s4.4d

in the strangeness basis.
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Thanks to this normalization, one works with bipartite
two-level systems as for photon or spin-1/2 entangled pairs.
For a detailed description of the time evolution of entangled
neutral kaon pairs, see Refs.[17,20]. The analogy between
state(4.3) and the polarization-entangled two-photon[idler
sid plus signal ssd] state uCl=fuVliuHls−eiDfuHliuVlsg /Î2,
where Df is a relative phase under control by the experi-
menter, is obvious.

A. Active measurements on both kaons

Active joint measurements on two-kaon states are again
quite obvious. Active strangeness measurements on both
sides require strangeness detectors inserted attl andtr. This
corresponds to act with the projectorsPi

lPj
r, where Pis jd

= uK0lkK0u or uK̄0lkK̄0u, on the state(4.4). The probabilities to
observe like- and unlike-strangeness joint events are

PfK0stld,K0strdg = PfK̄0stld,K̄0strdg

=
1

4
f1 −VsDtdcossDmDtdg, s4.5d

PfK0stld,K̄0strdg = PfK̄0stld,K0strdg

=
1

4
f1 +VsDtdcossDmDtdg, s4.6d

respectively, where

VsDtd =
1

coshsDGDt/2d
. s4.7d

First, we note that forDt=0 we have perfect Einstein-
Podolsky-Rosen(EPR) correlations: sinceVs0d=1, the like-
strangeness probabilities vanish and the unlike-strangeness
probabilities take the maximum value. Second,DmDt plays
the same role as the relative orientation of polarization ana-
lyzers for entangled photon pairs. The kaon mass difference
Dm automatically introduces a time-dependent relative phase
between the two kaon amplitudes of Eq.(4.3). However,
opposite to the photon case, the visibility of Eq.(4.7) de-
creases asuDtu increases.

If one wants to measure, actively, strangeness on the left
and lifetime on the right, one has to remove the piece of
matter on the right to allow for free kaon propagation in
space. One then measures the following nonoscillating joint
probabilities:

PfK0stld,KSstrdg = PfK̄0stld,KSstrdg =
1

2s1 + eDGDtd
,

s4.8d

PfK0stld,KLstrdg = PfK̄0stld,KLstrdg =
1

2s1 + e−DGDtd
,

s4.9d

which are directly obtained from state(4.3) by acting with
the projectorsPi

lPj
r, wherePis jd= uKSlkKSu, uKLlkKLu, uK0lkK0u,

or uK̄0lkK̄0u.

B. Passive measurements on both kaons

Passive joint measurements are somewhat more involved.
In this case, one allows the entangled kaon pairs to propagate
freely in space and identifies the kaon decay times and
modes. As discussed in detail in Ref.[15], one has to mea-
sure the(tl- andtr-dependent) joint decay rate

Gsf l,tl ; f r,trd ; E dV f l
dV fr

psf l,tl ; f r,trd, s4.10d

which is the obvious generalization of the previously defined
single kaon decay rateGsf ,td, with

psf l,tl ; f r,trd ;
1

2
ze−islLtl+lStrdkf luTuKLllkf ruTuKSlr

− e−islStl+lLtrdkf luTuKSllkf ruTuKLlrz2.

s4.11d

The joint decay rateGsf l ,tl ; f r ,trd is normalized such that
o f l,fr

edtldtrGsf l ,tl ; f r ,trd=1 and supplies the joint detection
probabilities through the relation[15]

PfKfl
stld,Kfr

strdg =
Gsf l,tl ; f r,trd

GsKfl
→ f ldGsKfr

→ f rdNstl,trd
,

s4.12d

whereNstl ,trd;e−sGL+GSdstl+trd/2coshfDGstl −trd /2g is a nor-
malization factor depending on bothtl andtr which accounts
for the extinction of the beams, whileKfl

, Kfr
=KS, KL, K0, or

K̄0.
In the good approximation ofCP conservation and the

validity of the DS=DQ rule, it is then easy to see that the
physical meaning and the quantum-mechanical expressions
for the probabilities obtained through Eq.(4.12) coincide
with the results(4.5)–(4.9) corresponding to active joint
measurements. However, while the latter probabilities are
measured either by actively inserting or removing a piece of
nucleonic matter in the beams, the measurement method via
Eq. (4.12) is completely different: a quantum-mechanical
process alone(namely, the dynamics of kaon decays) decides
if each one of the two kaons of a given pair is going to be
measured either in the strangeness or in the lifetime basis.
The experimenter remains totally passive in such measure-
ments.

C. Combining active and passive measurements

One can similarly combine an active measurement on one
side with a passive measurement on the other. Let us con-
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sider, for instance, an active strangeness measurement on the
left with outcomeK0 and a passive lifetime or strangeness
measurement on the right with outcomeKfr

=KS, KL, K0, or

K̄0. One then has to determine the relevant joint probabilities
via the relation

PfK0stld,Kfr
strdg =

GfK0,tl ; f r,trg
GsKfr

→ f rdNstl,trd
, s4.13d

where

GfK0,tl ; f r,trg ; E dV fr
pfK0,tl ; f r,trg, s4.14d

pfK0,tl ; f r,trg ;
1

4
ze−islLtl+lStrdkf ruTuKSlr

− e−islStl+lLtrdkf ruTuKLlrz2, s4.15d

and the normalization factor, Nstl ,trd
;e−sGL+GSdstl+trd/2 coshfDGstl −trd /2g, has the same expres-
sion of the previous case with passive joint measurements.
The normalization of the decay rateGfK0,tl ; f r ,trg reads
o fr

edtrGfK0,tl ; f r ,trg=Nstl ,0d /2. As expected, the
quantum-mechanical results of Eqs.(4.5)–(4.9) are again re-
produced.

V. QUANTUM ERASER EXPERIMENTS FOR KAONS

Several quantum eraser experiments have already been
performed[4–9]. They used SPDC to produce a two-photon
maximally entangled state that is the analog of the kaon state
of Eq. (4.3). One photon of the pair is considered as the
object system. On this photon one may obtain “which way”
sWWd information by a suitable measurement on the other
photon, the meter. Different strategies—quite often by ex-
ploiting photon polarizations, as in Refs.[4,7–9]—are used
for marking and subsequently erasing the meter WW infor-
mation. But all these photon experiments need a kind of
double-slit mechanism in order to allow for a “wavelike”
behavior of the object system. Moreover, they also require a
meter marking procedure.

By contrast, the two-kaon entangled state of Eq.(4.3) is
given by nature evolving through two amplitudes which are
automatically marked. One can then play the game of the
quantum marking and erasure experiments. Four possible ex-
periments are illustrated in Fig. 1 and discussed in the fol-
lowing. In the first three cases, Secs. V A–V C the left mov-
ing kaon is the object system; on this kaon one performs
active strangeness measurements at differenttl values to
scan for possible strangeness oscillations. The right moving
kaon is the meter system; it carries “which width”sWWd
information which can be actively(passively) erased by a
suitable active(passive) measurement at a fixed timetr

0 (at
times belowtr

0). In the fourth experiment, Fig. 1(d), passive
measurements are performed on both sides. In this case, it is
not clear which kaon plays the role of the meter.

A. Active eraser with active measurements

In the first setup, strangeness detectors are actively in-
serted along each beam. Only kaon pairs that survive up to
both detectors are considered in this case. We clearly observe
KS-KL interference in the coincident counts of the object-
meter system with a visibilityVstl −tr

0d given by Eq.(4.7).
More precisely, one expects fringes for unlike-strangeness
joint detections [Eq. (4.6)] and antifringes for like-
strangeness joint detections[Eq. (4.5)]. In a second setup, the
strangeness detector previously placed along the right beam
is removed and only right going kaons that survive up totr

0

are considered. One then observes the lifetime of the meter
and thus obtains WW information for the object kaon as
well. The object-meter coincidence counts do not exhibit in-
terference: they follow the nonoscillatory behavior of Eqs.
(4.8) and (4.9) with Dt=tl −tr

0.
Hence, we have an experiment consisting of two setups in

which the experimenter can erase or not the WW informa-
tion by placing or not placing, at will, the strangeness detec-
tor along the right beam. The first setup reveals the wavelike
behavior of the object kaon: iftl =tr

0, the two propagating
componentsKS andKL of the object are completely indistin-
guishable because their marks are made totally inoperative
by the strangeness measurement on the meter kaon. One gets
interferences with maximal visibility as in conventional
double-slit experiments with indistinguishable paths. How-
ever, for entangled neutral kaons the visibilityVstl −tr

0d of
Eq. (4.7) decreases withutl −tr

0u and vanishes whenutl −tr
0u

→`; correspondingly, almost full WW information is ob-
tained for both kaons ifutl −tr

0u→`. For a discussion on a
quantitative formulation of quantum erasure and the comple-
mentarity principle for neutral kaons, see Refs.[22,26]. The
second setup clearly demonstrates the particlelike behavior
of the object kaon: no interference is observed because the
meter mark is operative and one could gain full WW infor-
mation on the right moving kaon. This situation mimics
double-slit setups with complete WW information.

This kaon experiment is analogous to the photon experi-
ments of Refs.[4,6,7], as discussed in detail in Ref.[22].
Note, however, that in the kaon case the amplitudes are au-
tomatically marked and no double-slit device is needed.

B. Partially active eraser with active measurements

In this case, a strangeness detector is always placed along
the right beam at a fixed timetr

0. However, the experiment
also detects and considers eventual decays of the right propa-
gating kaon occurring between the origin andtr

0. In this way,
it is the right moving kaon—the meter—that eventually
makes the “choice” to show WW information by decaying
beforetr

0. If the meter kaon does indeed decay in free space,
one measures its lifetime actively, i.e., via a decay time
analysis, and obtains WW information. If no decay is seen,
the incoming kaon is projected into one of the two strange-
ness states at timetr

0 by an active strangeness measurement.
With this single experimental setup one observes the ob-

ject wavelike behavior(i.e., interference) for some events
and the particlelike behavior(i.e., WW information) for oth-
ers. The choice to obtain or not obtain WW information is
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naturally given by the instability of the meter kaon. How-
ever, the experimenter can still choose when—the time
tr

0—he or she wants to detect the strangeness of the surviving
meter kaons, i.e., to erase the object kaon WW information.
Therefore, there is no control over the marking and erasure
operations for individual kaon pairs, but probabilistic predic-
tions for an ensemble of kaon pairs are accessible.

This experiment is analogous to the eraser experiment
with entangled photons of Ref.[5]. The role played by the
different beam-splitter transmittivities in the photonic experi-
ment is played by the differenttr

0’s in the kaon case. If one
chooses, for instance,tr

0.4.8tS, one-half of the events cor-

respond to rightKS decays showing no oscillation and the
other half will show oscillations and antioscillations in joint
strangeness detections.

C. Passive eraser with passive measurement on the meter

In this experiment one looks for the different decay modes
in order to identify the right moving meter kaon. This corre-
sponds to a passive measurement of either strangeness or
lifetime on the meter. Now one clearly has a completely
passive erasing operation on the meter, and the experimenter
has no control on the operativeness of the lifetime mark.

FIG. 1. The figure shows four different experiments illustrating the quantum marking and erasure procedures. In the first three experi-
ments,(a), (b), and(c), the object system propagates along the left, where strangeness is actively measured at various timestl. The meter
system is on the right-hand side. For the last experiment(d), it is not clear which side plays the role of the meter since it is totally symmetric
and it involves only passive measurements.
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Only the object system is under some kind of active
control—one still makes an active strangeness measurement
on the object and considers only kaons surviving up to this
detector. Once the decay times of the right kaons are taken
into account, one recovers the same joint probabilities as in
Secs. V A and V B. This experiment has no analog in any
other considered two-level quantum system.

D. Passive eraser with passive measurements

In this experiment, both kaons evolve freely in space and
the experimenter observes, passively, their decay modes. The
present procedure constitutes the extreme case of a passive
quantum eraser. The experimenter has no control over indi-
vidual pairs, neither on which of the two complementary
observables are measured nor when they are measured. The
experiment is totally symmetric and thus shows the full be-
havior of the maximally entangled state(4.3). However,
since nothing is actively measured nor erased, strictly speak-
ing one cannot define this experiment as a standard quantum
eraser.

Remarkably, the quantum-mechanical predictions for the
observable probabilities are again in agreement with those of
all the previous experiments. In particular, the joint prob-
abilities for like- and unlike-strangeness passive measure-
ments coincide with those in Eqs.(4.5) and (4.6). They are
measured by counting and properly sorting the two types of
semileptonic decayssDS=DQ= ±1d at different values oftl

andtr. This experiment also has no analog in any other con-
sidered two-level quantum system.

VI. ACTIVE AND PASSIVE DELAYED CHOICE

An essential and intriguing feature of the quantum eraser
is that it can be operated in the so-called “delayed choice”
mode [1,2]. If the meter is a system distinct and spatially
separated from the object, the decision to erase or not erase
the distinguishing mark on the meter can be taken even after
the potentially interfering object system has been detected.
The fact that everything works as in the “normal” time-
ordered mode—in an apparently flagrant violation of
causality—has been a source of some controversy[12,13].

Two specific features of our kaonic case help in this dis-
cussion:(i) the two-kaon state is left-right(or, equivalently,
object-meter) symmetric, and(ii ) time is not only the char-
acteristic parameter distinguishing the two operation modes
but also the variable in terms of which strangeness oscilla-
tions are observed. The concurrence of these two circum-
stances in quantum erasure for kaons allows for the follow-
ing clarifying discussion.

As previously described in the experiment(a) of the pre-
vious section, on the right moving kaon one has the choice to
perform, actively, either a strangeness or a lifetime measure-
ment; this is the meter system since it is measured at a fixed
time tr

0. For the left moving kaon one measures strangeness
at a variable timetl; this is then the object system. Iftr

0

øtl, one operates in the normal, noncontroversial mode: the
left and right moving kaons are the object and the meter
systems, respectively, and the meter mark is erased prior to

the object strangeness measurement,trsmeterd
0 øtlsobjectd.

Let us consider now the delayed choice case in which at a
given tl, such thattl ,tr

0, strangeness is measured actively
on the left moving kaon. Assume, as in our first case, that
one chooses to measure strangeness on the right attr

0: at
these given timestl and tr

0 one can momentaneously invert
the roles of the object and meter kaons. One then operates as
in the normal mode,tlsmeterd,trsobjectd

0 , and thus reobtains the
usual oscillations of Eqs.(4.5)–(4.7) where both cossDmDtd
and coshsDGDt /2d are even functions ofDt. SinceDt=tl

−tr
0 is a time difference, one can then allow for variations in

tl and thus reconsider the left moving kaon as the object,
oscillating system. Assume in a second case that one chooses
to measure, actively, lifetime instead of strangeness on the
right at tr

0: each one of the four possible joint probabilities
show the nonoscillating feature. In both cases, the normal
and delayed choice operation modes predict the same results.

It should be drawn to the reader’s attention that the above
discussion applies to both active and passive measurements
on both the left and right moving kaons. The case in which a
passive strangeness measurement is performed on the meter
provides a new concept of delayed choice that we can call a
“passive delayed choice.”

More formally, for active joint measurements we can dis-
cuss again the issue in terms of projectors and time evolution
operators. The various joint probabilities can be computed as
the squared norms of the state

s6.1d

wherePl,r are the four projectors corresponding to the pos-
sible outcomes of each(left or right) measurement andUl,r
are the time evolution operators, which are unitary since we
retain and normalize to surviving kaon pairs. It is easy to
show [17,20] that the state

s6.2d

with operators acting successively in the same order as in the
normal modeftrsmeterd

0 øtlsobjectdg, has the same squared norm
as the previous state(6.1). This is so because of(i) the com-
mutativity of the operators acting on different Hilbert spaces,
and (ii ) the properties of unitary time evolution. In the case
of the delayed choice mode, the corresponding state—with
the appropriate ordering of the operators—is

s6.3d

and has again the same squared norm as the previous two
states.

VII. CONCLUSIONS

Under the assumption ofCP conservation and the validity
of the DS=DQ rule, we have shown that kaons admit two
alternative procedures to measure their two complementary
observables, strangeness and lifetime. We call these proce-
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dures active and passive measurements. The first one can be
seen as an analog to the usual von Neumann projection,
while the second one is clearly different and takes advantage
of the information spontaneously provided by neutral kaons
through their decay modes.

In this paper we propose four different experiments com-
bining active and passive measurement procedures in order
to demonstrate the quantum erasure principle for neutral ka-
ons. All the considered experiments lead to the same observ-
able probabilities and—more important for delayed choice
considerations—this is true regardless of the temporal order-
ing of the measurements. In our view, this illustrates the very
nature of a quantum-eraser experiment: it essentially sorts
different events, namely, strangeness-strangeness events rep-
resenting the wavelike property of the object kaon or
strangeness-lifetime events representing the particlelike
property of the object. Time-ordering considerations about
the measurements are not relevant. The same is true for the
measurement methods: active measurements, with the inter-
vention of the experimenter, and passive measurements, with
no such intervention, lead to equivalent results.

Neutral kaon experiments verifying the proposed quantum
marking and eraser procedures has not been performed up to
date. As the only exception, the CPLEAR Collaboration[11]
did part of the job required in our first setup of experiment
(a)—described in Sec. V A—showing the entanglement of
kaon pairs frompp̄ annihilation at rest through a measure-
ment which tested the oscillatory behavior of strangeness-
strangeness joint detections for two values oftl −tr. We think
that the experiments proposed in this paper are of interest
because they offer a new test of the complementarity prin-
ciple and shed new light on the very concept of the quantum
eraser.
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