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Active and passive quantum erasers for neutral kaons
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Quantum marking and quantum erasure are discussed for the neutral kaon system. Contrary to other two-
level systems, the strangeness and lifetime of a neutral kaon state can be alternatively measuredtiwa’an
or a‘“passive” procedure. This offers quantum erasure possibilities. In particular, the operation of a quantum
eraser in thédelayed choice”mode is clearly illustrated.
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. INTRODUCTION entanglecKOE0 pairs as well as to SPDC photon pairs, but,

Scully and Driihl[1,2] in 1982 opened the possibility to dis- Operation can be carried out via two distinct procedures: ei-
cuss some of the most relevant and subtle aspects of quather actively i.e., by exerting the free will of the experi-
tum measurement. Indeed, since the foundation of quantufmenter, orpassively i.e., randomly exploiting a particular
mechanics, one is well aware of the crucial role played byguantum-mechanical property of the meter system. This
measurement devices; a role which, occasionally, is even expens up possibilities for quantum erasure with kaons.
tended to conscious observers, as in the well-known proposal The first specific purpose of this paper is to discuss the
by Wigner. Quantum marking and erasure are useful tools texistence of these two different active and passive quantum
investigate these basic issues. Up to now, experimental teségasure procedures for neutral kaons. A second, twofold pur-
of quantum erasure have been performed with atom interfefpose is to show both the simplicity of the delayed choice
ometerg3] and entangled photon pairs produced via spontamode of quantum erasure and its extension to passive mea-
neous parametric down-conversi@®PDQ [4-9]. The gen-  syrements when operated with neutral kaons. These kaons
eral purpose of the present paper is to extend these quantumyn out to be most suitable for achieving these two purposes.
eraser considerations to entangled massive particles, i.e.,

KK pairs produced inp-resonance decayd0] or proton- Il. MEASUREMENTS ON NEUTRAL KAONS

ant+|c;]rot(k))n f?‘”f?éh"a“g’”ﬁ zg resll). K d . Contrary to what happens with other two-level quantum
e basic idea behind quantum marking and erasure '§ystems, such as spin-1/2 particles or photons, neutral kaons

that two indistinguishable—and  thus potentially oy exhibit two different measurement bagdsh15: the
interfering—amplitudes of a quantum system, thgect can strangeness and the lifetime bases
be made distinguishable thanks to the entanglement between The strangeness basié®, K%} wi;h (K°|K%=0, is the

the object and a second quantum system,ntteter which ; i | i
thus carries a kind of quantum mark. In ordinary two-path@PPropriate one to discuss strong production and reactions of

interferometric devices, the latter marked system is frekaons. If a dense piece of nucleonic matter is inserted along
quently called a “which way” detector. If the information & neutreg kaon beam, the incoming state is projected either
stored in the “which way” detector is even, in principle, ac-iNto a K® by the strangeness conserving strong interaction
cessible, the object system loses all its previous interferendé’®p—K*n or into a K® via K°p—Ax*, Kon—A#°, or
abilities. However, if one somehow manages to “erase” th&n— K-p. These strangeness detections are totally analo-
meter mark and thus the distinguishability of the object am-gous to the projecti\/e von Neumann measurements of two-
plitudes, the original object interference effects can be rechannel analyzers for polarized photons or Stern-Gerlach set-
stored. This is achieved by Correlating the outcomes of tthpS for Spin-1/2 partic|es_ By inserting the piece of matter
measurements on the object system with those of suitablgiong a kaon beam, one induces an active measurement of
erasing measurements on the meter system. strangeness.

The case in which the meter is a system distinct and spa- The strangeness content of neutral kaon states can be al-
tially separated from the object is of particular interest. In-ternatively determined by observing their semileptonic decay
deed, in this case the decision to erase or not erase the meffbdes. Indeed, these semileptonic decays obey the well-
mark and the distinguishability of the object amplitudes—testedAS=AQ rule which allows the modes
and therefore to observe or not observe interference—can be L .
taken long after the measurement on the object system has K°(sd) — = (ud) + 1" + v, K%sd) — #*(ud) + 1"+,
been completed. Quantum erasure is then performed in the (2.1)
so-calleddelayed choicenode which best captures the es- '
sence and most subtle aspects of this phenomenomherel stands fore or w, but forbids decays into the respec-
[1,2,12,13. This mode of quantum erasure can be applied tdive charge-conjugated modes. Obviously, the experimenter
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cannot induce a kaon to decay semileptonically and not evelifetime. The active measurement of strangeness is monitored
at a given time: he or she can only sort at the end of the daly strangeness conservation while the corresponding passive
all observed events in proper decay modes and time intemeasurement is assured by th§=AQ rule. Active and pas-
vals. We call this discrimination betwed® andK° via the  Sive lifetime measurements are efficient thanks to the small-
identification of the kaon semileptonic decay modes a pasbess of' /I'sande, respectively. The existence of these two
sive measurement of strangeness. procedures is of no interest when testing Bell inequalities
The detection efficiency for both active and passiveWith kaons, where active measurements must be considered
strangeness measurements is rather limited. In the formé#4,13. However, it opens new possibilities for kaonic quan-
case, the detection efficiency is close to 1 only for ultrarelafum erasure experiments which have no analog for any other
tivistic kaons; indeed, by Lorentz contraction the piece oftwo-level quantum system considered up to date.
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 tig andKg semilep-
tonic branching ratios, which are0.66 and=1.1x 1073,
respectively. These limited detection efficiencies, which
originate a serious probleffi4,1§ when discussing Bell- production, atr=0, it is described by the equal superposition

type tests for entangled kaoft5,17-2(, do not introduce of the two lifetime eigenstatesJKO(O)>:{|KS>+|KL>}/\5’§,

any conceptual difficulty here. They simply represent a prac- . . N
ticgl diffichI)ty in obtainiﬁg large staﬁisticgléarr?ples. P and, according to Eq2.2), it starts propagating in free space

The second basis, the lifetime bas$iés, K}, consists of in the coherent superposition:
the short- and long-lived states having well-defined masses 1
Mgy and decay widthd' (g, . It is the appropriate basis to IKO(7)) = ?{e—”\quS) +e MK Y. (3.1
discuss free space propagation, with V2

Ill. SINGLE KAONS: TIME EVOLUTION
AND MEASUREMENTS

Let us start discussing the time evolution of a single neu-
tral kaon which is initially producedsay) as aK®. Just after

Ko() = eMsKg, K (7)) =eMIK,), 2.2) t Note that the ;tr_:lthKO(r)) evol_ves thr_ough a_single spatial
rajectory comprising automatically—i.e., with no need of
and Agy)=mg,~i'g)/2. These states preserve their ownany kind of double-slit apparatus—_the two differently propa-
identity in time, but, sincd's=579, [21], the Ks compo- ~ 9ating components and K,. This generates the well-
nent of a neutral kaon extincts much faster thankheom-  known strangeness oK°-K° oscillations. Note also that
ponent. To observe if a kaon is propagating désar K, at  since I's=579", these two components are intrinsically
(proped time 7, one has to identify at which time it marked by their remarkably distinct decay widths. At0
subsequently decays. Kaons that show a prompt decathis lifetime mark is inoperative and there is no information
i.e., a decay betweem and 7+A7, have to be identified on which componentis actually propagatimg-K interfer-

as Kss, while those decaying later than+Ar have to be  ence and thu&®-K° oscillations are maximal aroungk0.
identified asK,'s. The probabilities for wrongKs or K. However, for kaons surviving after some timeKs propa-
identification are then given by etd'sA7) and 1  gation is known to be less likely tha and partial “which
—exp(-T' A7), respectively. WithA7=4.875, bothKsandK_  width” information is obtained; interference and oscillation
misidentification probabilities are equal and reduce tophenomena are thus diminished. This happens in the same
=0.8% [14,18,22. Such a procedure, in which the experi- way as when one obtains “which way” information in two-
menter chooses to allow for free space propagation, reprepath interferometric devices, as recently discussed in Ref.
sents an active measurement of lifetime. [24] in terms of quantitative complementarity. This dedicated
Since the 1960s, it has been known that the neutral kaoanalysis shows that a variety of double-slit experiments with
system violate<CP symmetry. Among other things, this im- photons or neutrons, as well as Mott scattering experiments
plies that the weak interaction eigenstates are not strictlwith identical nuclei, admit the very same description as the
orthogonal to each othetKs|K )=2(Ree)/(1+[e[2)=3.2  present oscillations of the neutral kaon system. But two ad-
X102 [21,23. However, by neglecting these small vantages of the latter system are obvious: it does not need
CP-violation effects one can discriminate betwdegs and  any kind of double-slit device nor any marking procedure;
K.'s by leaving the kaons to propagate in free space anihdeed, both features are inherently supplied by nature.
observing their distinctive nonleptoni¢s— 27 or K, — 37 Active and passive measurements of strangeness or life-
decay modes. This represents a passive measurement of liféme on single kaon states evolving, for instance, as in Eg.
time, since the type of kaon decay modes—nonleptonic i3.1), offer no difficulties and have been performed for a
the present case, instead of semileptonic as before—canniaing time.
be in any way influenced by the experimenter. The measure- For the two possible active measurements one either in-
ment procedure is determined by the quantum dynamics dferts or does not insert a dense piece of matter(tma-of-
kaon decays. flight) distancer along the kaon trajectory. The correspond-
Summarizing, we have two conceptually different experi-ing quantum-mechanical probabilities are simply derived by
mental procedures—active and passive—to measure eaghojecting Eq.(3.1) either into the strangeness or into the
one of the only two neutral kaon observables: strangeness tifetime basis. By properly normalizing E¢3.1) to unde-
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cayed kaons, the following oscillating probabilities fisP

(K — HI'
andK?O detection at timer are obtained:

B
I'(Ks— f) = [ dQg(f|TIKp)|? =
( f ) f f|<| | f>| |<Kf|K|_>|2

1 _ B(KS—> f)FS
P[KO(T)] = 5[1 + Vo(’T)COS(AmT)], (32) - |<Kf|K3>|2 ) (3.10

where the seconghird) equality is only defined for nonva-
o 1 nishing values ofK¢|K.) ((K¢|Kg) and B(K g —f) is the
P[K%(7)]= 5[1 —Vo(7)cogAm7)]. (3.3 branching ratio for the decal, — f.
The experimental equivalence of both measurement pro-
cedures and the agreement with quantum-mechanical predic-

In these expressions tions have already been prov§2il,25,286.

1
Vo(7) = coSHAT72) (3.4 IV. ENTANGLED KAON PAIRS: TIME EVOLUTION
AND MEASUREMENTS

is the time-dependent visibility of the strangeness oscilla- | et us now consider two-kaon entangled states which are
tions, Am=m_-mg and AI'=TI" -T's. Instead, no oscilla- analogous to the standard and widely used two-photon en-

tions are predicted for lifetime measurements, tangled states produced by SPDC. From hptmeson reso-
nance decay§l0] or Swave proton-antiproton annihilation
1 11], one starts at time=0 with the state
P[KL(T)] = 1 +e+AF7.a (35) [ ]
1 J— J—
|4(0)) = TE[|KO>I|KO>r = [KOUIKO)]
v
1
PIKs(D]= —=- (3.6) 1
S 1+e4f = ,_E[|KL>I|KS>r — [KonlKLi], (4.1
\J

Passive measurements of strangeness or lifetime on single
kaon states are slightly less direct. One has to measure tigherel and r denote the “left” and “right” directions of
rdependent decay rail&f, 7), which is defined as the num- motion of the two separating kaons a@-violating effects
ber of decays into the mode occurring betweenr and - @re neglected in the last equality. Note that this state is anti-
+dr divided bydr and by the total number of initial®s. Its ~ Symmetric and maximally entangled in the two observable

formal expression is given by bases. . . .
After production, the left and right moving kaons evolve

according to Eq(2.2) up to timesr; and 7;, respectively, thus
I'(f,n) = f dQ¢p(f,7), (3.7  leading to the state

1
— S\ 7 +NgTy)
where the integration is over the phase space of the decay (7, 7)) = v’E{e LTAST|K | YKoy

product state (f==m, 7w, 71y, or 7*l7y) and _
— e MK K )y (4.2

p(f,7) = 1|e—ixsr<f|T|KS> +eMTETIKDR. (3.9 By normalizing to kaon pairs with both members surviving
2 up to (7, 7;), one obtains the state

The decay ratd’(f, 7) is normalized such that;[dI'(f, 7) - 1 __jAMATL(1/2)ATA7
=1 and allows one to determine the single kaon detectiorw)(AT)> V1 +eAFAT{|KL>I|Ks>r e KK,
probabilities through the relation 4.3
I'(f,7) whereAr= 7,— 7, or, equivalently,
P K =, 3.9
[K¢(7)] I'(K; — HN(?) (3.9 )
|¢(AT)> — —rAT{(l _ eiAmAre(llz)AFAr)

which reproduces the predictiori8.2~3.6) of active mea- 2\1+e
surements. In Eq(3.9), Ki=Kg, K., K° or K® and N(7) X|KO KO _|Eo>||go>]
=[eTi7+eT's7]/2 is a normalization factor taking into ac- ,AmAr s '
count the extinction with time of the beam. Moreover, the +(1+€%M7€ ")
decay widthsI'(K;— f), where K;—f stands for the four — —

g 0 f X[IKO[KD), - [KO[K9), ] (4.4

identifying decay modeXs— 7, K. — 77, KO— 1%y,
andK®— 7*17y, are given by in the strangeness basis.
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Thanks to this normalization, one works with bipartite o 5 1
two-level systems as for photon or spin-1/2 entangled pairs.  PLK™(7),K ()] =P[K™(7),KL(7)] = 2L+e A’
For a detailed description of the time evolution of entangled
neutral kaon pairs, see Refd.7,20. The analogy between (4.9)

state(4.3) and the polarization-entangled two-photfdler  \ich are directly obtained from staté.3) by acting with
(i) plus signal (s)] state [#)=[|V)i[H)s—€*[H)IV)s]/\2,  he projectord|P;, whereP; ;) =[Ke)(Kd, [KUX(KL|, [KO(KT),
whereA¢ is a relative phase under control by the experi-  — —
menter, is obvious. or [KO(KY.

A. Active measurements on both kaons B. Passive measurements on both kaons

Passive joint measurements are somewhat more involved.

Active joint measurements on two-kaon states are agaifn this case, one allows the entangled kaon pairs to propagate

quite obvious. Active strangeness measurements on boffeely in space and identifies the kaon decay times and
sides require strangeness detectors insertegaatd 7,. This  modes. As discussed in detail in R¢f5], one has to mea-

corresponds to act with the projectoR3P!, where Pii) sure the(7- and 7,-dependentjoint decay rate
=|KO(KY| or [K®(K|, on the stat&4.4). The probabilities to
observe like- and unlike-strangeness joint events are r',m;f,n) = f dQy dy p(f, 7;f 7)., (4.10
0 0 — = which is the obvious generalization of the previously defined
PLK™(7),K™(7,)] = PLK™(7),K*(7;)] single kaon decay ratB(f, 7), with
1
=11- 1 .
gt~ Vancosaman], (4.9 P, i 7) = Sl TS TIROATIKS),

— @ OSTAI(F [ TIK 9 (F, [ TIK 2.

PIKO(m), KO(7)] = PIKO(),K%(7;)] 411
1 The joint decay ratd'(f|, 7;f,,7,) is normalized such that
= 4_1[1 +V(A7)cogAmA7)],  (4.6) 3 5 Jdnd7 T (fy,7;f,, ) =1 and supplies the joint detection
probabilities through the relatiofi5]

. I‘I(flaTl;frrTr)
respectively, where P[K: (7),K: (7)] = ,
3 (K ()= T =T (K, — TN )
1 (4.12
V(A7) = —cosr(AFAT/Z)' (4.7 Wwhere N(7, 7,) = e LT+ m/2cosH AT (- 7,) /2] is a nor-

malization factor depending on bothand , which accounts

for the extinction of the beams, whikg;, K; =Ks, K, K° or
First, we note that forA7=0 we have perfect Einstein- o
Podolsky-RoseEPR) correlations: sincé’(0)=1, the like- In the good approximation o€P conservation and the
strangeness probabilities vanish and the unlike—strangene§§"dity of the AS=AQ rule, it is then easy to see that the
probabilities take the maX|_mum_vaIue_. SECOAmA_T pl_ays physical meaning and the quantum-mechanical expressions
the same role as the relative orientation of polarization anag),” iha probabilities obtained through E#.12) coincide
lyzers for entanglgd photon pai_rs. The kaon mass Qiﬁerenc&,ith the results(4.5—4.9) corresponding to active joint
Am automatically introduces a time-dependent relative phasg, e 5o ,rements. However, while the latter probabilities are
between thehtwo hkaon amplltu:es of .F(@“'S)]; However,  measured either by actively inserting or removing a piece of
opposite to the photon case, the visibility of B4.7) de-  ,cjeonic matter in the beams, the measurement method via
creases ag7 increases. _ g. (4.12 is completely different: a quantum-mechanical

If one wants to measure, actively, strangeness on the le rocess alonenamely, the dynamics of kaon decagecides

and lifetime on _the right, one has to remove the PIECE Ol each one of the two kaons of a given pair is going to be
matter on the right to allow for free kaon propagation in yeaqred either in the strangeness or in the lifetime basis.

space. One then measures the following nonoscillating joinfe experimenter remains totally passive in such measure-
probabilities: ments.

P[KO(7),Kg(7)] = P[Eo(ﬂ),KS(Tr)] - C. Combining active and passive measurements

1
A7y’
2(1+e) One can similarly combine an active measurement on one
(4.8 side with a passive measurement on the other. Let us con-
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sider, for instance, an active strangeness measurement on the A. Active eraser with active measurements
left with outcomeK™ and a passive lifetime or strangeness | the first setup, strangeness detectors are actively in-

measurement on the right with outcori(g =Ks, Ky, K% or  ggreq along each beam. Only kaon pairs that survive up to
KC. One then has to determine the relevant joint probabilitiedoth detectors are considered in this case. We clearly observe
via the relation Ks-K, interference in the coincident counts of the object-
meter system with a visibilitp(n—1°) given by Eq.(4.7).
More precisely, one expects fringes for unlike-strangeness
joint detections [Eq. (4.6)] and antifringes for like-
strangeness joint detectioftsg. (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'to
are considered. One then observes the lifetime of the meter
LK, 75, 7] = f dQ; p[K% 7;f,.%],  (4.14  and thus obtains WY information for the object kaon as
' well. The object-meter coincidence counts do not exhibit in-
terference: they follow the nonoscillatory behavior of Egs.
1. (4.8) and(4.9) with A7=7—17°,
pIKO, 7 f,, 7] = ~ e AT [ TIK ), Hence, we have an experiment consisting of two setups in
4 which the experimenter can erase or not th&Wihforma-
- e smT(f TIK ), [2,  (4.15  tion by placing or not placing, at will, the strangeness detec-
tor along the right beam. The first setup reveals the wavelike
and the normalization factor, N(7,7) behavior of the object kaon: if-,:r?, the two propagating
=g 9+ mI2 cosHAT(7-17,)/2], has the same expres- componentKs andK, of the object are completely indistin-
sion of the previous case with passive joint measurementguishable because their marks are made totally inoperative
The normalization of the decay ralg K, 7;f,, 7] reads by the strangeness measurement on the meter kaon. One gets
3¢ [d7I[KO, 7 f,, 7, ]=N(7,0)/2. As expected, the interferences with maximal visibility as in conventional
qurantum-mechanical results of E@4.5~4.9) are again re- double-slit experiments with indistinguishable paths. How-
produced. ever, for entangled neutral kaons the visibilityz— 1) of
Eq. (4.7) decreases withr— 7| and vanishes whefr;— 17|
—o0; correspondingly, almost full WV information is ob-
V. QUANTUM ERASER EXPERIMENTS FOR KAONS tained for both kaons ifr,— 77| — . For a discussion on a
uantitative formulation of quantum erasure and the comple-
entarity principle for neutral kaons, see R¢f2,26. The

F[KoiTI;fr:Tr]
I‘(Kfr — f)N(7,7) ’

PIKO(7), Ky, (7)1 = (4.13

where

Several quantum eraser experiments have already be
perfqrmed[4—9]. They used SPDC to produce a tV"O'phc’tonsecond setup clearly demonstrates the particlelike behavior
maximally entangled state that is the_ analog Of the kaon Stal§t the object kaon: no interference is observed because the
of .Eq. (4.9. One phpton of the pair is con§|dereq as themeter mark is operative and one could gain fulWMnfor-
object 'system.'On this phqton one may obtain “which way mation on the right moving kaon. This situation mimics
(WW) information by a suitable megsureme_znt on the othety ) \pie-slit setups with complete WW information.
photon, the meter. Different strategies—quite often by ex- 1his kaon experiment is analogous to the photon experi-
ploiting photon polarizations, as in _Rei[sl,?—%—are_ used  ments of Refs[4,6,7, as discussed in detail in Ref22].
for marking and subsequently erasing the meteNWifor- — nte ‘however, that in the kaon case the amplitudes are au-

mation. But all these photon experiments need a kind of,matically marked and no double-slit device is needed.
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 Eg3) is In this case, a strangeness detector is always placed along
given by nature evolving through two amplitudes which arethe right beam at a fixed time?. However, the experiment
automatically marked. One can then play the game of thalso detects and considers eventual decays of the right propa-
guantum marking and erasure experiments. Four possible egating kaon occurring between the origin eu{?dln this way,
periments are illustrated in Fig. 1 and discussed in the folit is the right moving kaon—the meter—that eventually
lowing. In the first three cases, Secs. V A-V C the left mov-makes the “choice” to show W information by decaying
ing kaon is the object system; on this kaon one perform$efore . If the meter kaon does indeed decay in free space,
active strangeness measurements at differgntalues to  one measures its lifetime actively, i.e., via a decay time
scan for possible strangeness oscillations. The right movingnalysis, and obtains W information. If no decay is seen,
kaon is the meter system; it carries “which widtbiv)V) the incoming kaon is projected into one of the two strange-
information which can be activelypassively erased by a ness states at timé’ by an active strangeness measurement.
suitable activgpassivé measurement at a fixed timé (at With this single experimental setup one observes the ob-
times belowr?). In the fourth experiment, Fig.(d), passive ject wavelike behavioKi.e., interference for some events
measurements are performed on both sides. In this case, itéad the particlelike behavigr.e., WV information) for oth-
not clear which kaon plays the role of the meter. ers. The choice to obtain or not obtainyWinformation is

B. Partially active eraser with active measurements
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(a)An active eraser with active measurements: T, 7,

Source
®

S measurement:
on the left: active
on the right: active
0, ¥ | T measurement:

e On the right: active

|-

(b)A partialy active eraser with active measurements:

Source e
® B S measurement:
T

D on the left: active
S, tr° on the right: active

T measurement:

I oo the xights aetive

D ............ S measurement:
‘ T g i T on the left: active
""""" on the right: passive
S 7, T measurement:
IR, on the rignt: passive

(d)A passive eraser with passive measurements:

Source

* S measurement:

on the left: passive

S : S e o T on the right: passive
e T measurement:

on the left: passive

I on the right: passive

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 variausTiiraaseter
system is on the right-hand side. For the last experir@nit is not clear which side plays the role of the meter since it is totally symmetric
and it involves only passive measurements.

naturally given by the instability of the meter kaon. How- respond to rightKs decays showing no oscillation and the
ever, the experimenter can still choose when—the timether half will show oscillations and antioscillations in joint
T?—he or she wants to detect the strangeness of the survivingfrangeness detections.
meter kaons, i.e., to erase the object kaomMhformation.
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. In this experiment one looks for the different decay modes
This experiment is analogous to the eraser experimerit order to identify the right moving meter kaon. This corre-
with entangled photons of Ref5]. The role played by the sponds to a passive measurement of either strangeness or
different beam-splitter transmittivities in the photonic experi-lifetime on the meter. Now one clearly has a completely
ment is played by the differenf’s in the kaon case. If one passive erasing operation on the meter, and the experimenter
chooses, for instance’=4.875, one-half of the events cor- has no control on the operativeness of the lifetime mark.

C. Passive eraser with passive measurement on the meter
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Only the object system is under some kind of activethe object strangeness measureme?a;etensn(objecb.

control—one still makes an active strangeness measurement |_et us consider now the delayed choice case in which at a
on the object and considers only kaons surviving up to thigjiven 7, such thatrn < 7°, strangeness is measured actively
detector. Once the decay times of the right kaons are takeph the left moving kaon. Assume, as in our first case, that
into account, one recovers the same joint probabilities as idne chooses to measure strangeness on the righft: att
Secs. VA and V B. This experiment has no analog in anythese given times; and 7 one can momentaneously invert

other considered two-level quantum system. the roles of the object and meter kaons. One then operates as
in the normal Moder;meie) < 7r(opjecy: @Nd thus reobtains the
D. Passive eraser with passive measurements usual oscillations of Eqg4.5—(4.7) where both coAmA7)

In this experiment, both kaons evolve freely in space amf\ng'cosmrAT/Z) are even functions oA7. SinceAr=7
. is a time difference, one can then allow for variations in

the experimenter observes, passively, their decay modes. Ther ! . .
present procedure constitutes the extreme case of a passifie?d thus reconsider the left moving kaon as the object,
quantum eraser. The experimenter has no control over indPScillating system. Assume in a second case that one chooses
vidual pairs, neither on which of the two complementaryto measure, actively, lifetime instead of strangeness on the
observables are measured nor when they are measured. TH! at 7, each one of the four possible joint probabilities

experiment is totally symmetric and thus shows the full pe-Show the nonoscillating feature. In both cases, the normal

havior of the maximally entangled statd.3). However, and delayed choice operation modes predic;t the same results.
since nothing is actively measured nor erased, strictly speak-, |t Should be drawn to the reader’s attention that the above
ing one cannot define this experiment as a standard quantufiScussion applies to both active and passive measurements
eraser. on both the left and right moving kaons. The case in which a
Remarkably, the quantum-mechanical predictions for thE_pass_ive strangeness measurement is p_erformed on the meter
observable probabilities are again in agreement with those dirovides a new concept of delayed choice that we can call a
all the previous experiments. In particular, the joint prob- Passive delayed choice.” _
abilities for like- and unlike-strangeness passive measure- More formally, for active joint measurements we can dis-
ments coincide with those in Eqet.5) and (4.6). They are ~ CUSS again the issue in terms of projectors and time evolution
measured by counting and properly sorting the two types opperators. The various joint probabilities can be computed as
semileptonic decayéAS=AQ=+1) at different values of;  the squared norms of the state
and r,. This experiment also has no analog in any other con- P'PU(7,0)U(7,0)| $(0))
sidered two-level quantum system. PR ’ 6.1)

whereP'" are the four projectors corresponding to the pos-
VI. ACTIVE AND PASSIVE DELAYED CHOICE sible outcomes of eactieft or right) measurement and, ,

An essential and intriguing feature of the quantum erase@r€ the time evolution operators, which are unitary since we
is that it can be operated in the so-called “delayed choicefetain and normalize to surviving kaon pairs. It is easy to
mode[1,2]. If the meter is a system distinct and spatially Show[17,2Q that the state
separat.ed fforr_] the object, the decision to erase or not erase PIU(r,, PYPTUL 0)U(7,0)| (0))
the distinguishing mark on the meter can be taken even after > ’
the potentially interfering object system has been detected. G (6.2
The fact that everything works as in the “normal” time- with operators acting successively in the same order as in the

ordered mode—in an apparently flagrant violation ofpormal mode{rf < Ti(object], has the same squared norm

. (metey —
causality—has been a source of some controvEr&y13. as the previous staté.1). This is so because ¢f) the com-

Two specific features of our kaonic case help in this disy ativity of the operators acting on different Hilbert spaces,
cussion:(i) the two-kaon state is left-righior, equivalently,

) ) oo and (ii) the properties of unitary time evolution. In the case
object-metey symmetric, andii) time is not only the char-

Al o G ; of the delayed choice mode, the corresponding state—with
acteristic parameter d_|st|ngwsh|ng the two operation mo_de e appropriate ordering of the operators—is
but also the variable in terms of which strangeness oscilla-
tions are observed. The concurrence of these two circum- PUL7, m)P' Uf7,0U7,0)| $(0))
stances in quantum erasure for kaons allows for the follow- (7)) (6.3
ing clarifying discussion.

As previously described in the experimgaj of the pre-

vious section, on the right moving kaon one has the choice t
perform, actively, either a strangeness or a lifetime measure-

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

ment;othls is the meter system since it is measured at a fixed VIl. CONCLUSIONS
time 7,. For the left moving kaon one measures strangeness
at a variable timer; this is then the object system. l-f Under the assumption @P conservation and the validity

< 7, one operates in the normal, noncontroversial mode: thef the AS=AQ rule, we have shown that kaons admit two
left and right moving kaons are the object and the metenlternative procedures to measure their two complementary
systems, respectively, and the meter mark is erased prior fbservables, strangeness and lifetime. We call these proce-
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dures active and passive measurements. The first one can beNeutral kaon experiments verifying the proposed quantum
seen as an analog to the usual von Neumann projectiomarking and eraser procedures has not been performed up to
while the second one is clearly different and takes advantaggate. As the only exception, the CPLEAR Collaboratjtf
of the information spontaneously provided by neutral kaonglid part of the job required in our first setup of experiment
through their decay modes. (a)—described in Sec. V A—showing the entanglement of
In this paper we propose four different experiments comkaon pairs frompp annihilation at rest through a measure-
bining active and passive measurement procedures in ordement which tested the oscillatory behavior of strangeness-
to demonstrate the quantum erasure principle for neutral kastrangeness joint detections for two values;efr,. We think
ons. All the considered experiments lead to the same obserthat the experiments proposed in this paper are of interest
able probabilities and—more important for delayed choicebecause they offer a new test of the complementarity prin-
considerations—this is true regardless of the temporal ordegiple and shed new light on the very concept of the quantum
ing of the measurements. In our view, this illustrates the vereraser.
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 This work has been partly supported by EURIDICE
property of the object. Time-ordering considerations abouHHPRN-CT-2002-00311, Spanish MCyT, BFM-2002-02588,
the measurements are not relevant. The same is true for thiee Austrian Science FoundatigfWF)-SFB 015 P06, and
measurement methods: active measurements, with the intdiNFN. G. G. wishes to thank Professor R. A. Bertimann and
vention of the experimenter, and passive measurements, withe Institute for Theoretical Physics, University of Vienna,
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