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Abstract

The EPR-type strangeness correlation in the K RO system produced in the reaction pp — KK® at rest has been tested
using the CPLEAR detector. The strangeness was tagged via strong interaction with absorbers away from the creation point.
The results are consistent with the QM non-separability of the wave function and exclude a spontaneous wave-function
factorisation at creation (CL > 99.99%). © 1998 Elsevier Science B.V.

1. Introduction

According to Quantum Mechanics (QM), if a pair
of particles is created by any kind of interaction, the
two-particle wave function retains its non-separable
character even if the particles are space-like sepa
rated. This feature leads to puzzling non-loca corre-
lations between the observed properties of the two
particles. A measurement of a given parameter for
one particle, undetermined prior to the measurement,
may predict with certainty the outcome of a mea
surement on the second particle.

This apparent difficulty of QM, pointed out in
1935 by Einstein, Podolsky and Rosen and known as
the EPR paradox [1], gave rise to an animated debate
over the past sixty years. In 1936, Furry [2] dis-
cussed a spontaneous factorization of the two-body
wave function immediately after the creation of the
particle pair. Following an older idea [3], it was
suggested [1,4] that there may exist supplementary
variables (‘hidden variables’) outside the scope of
QM which determine the results of individual mea
surements. In 1964, J.S. Bell [5] showed that the
whole class of local hidden-variables models leads to
an inequality (Bel's inequality) violated by QM
under certain special conditions. This opened the
possibility of experimental tests discriminating be-
tween QM and local hidden-variable models [6].

Numerous experiments were performed, mostly
measurements of polarization correlation within pho-
ton pairs generated in radiative atomic cascade tran-
sitions [7,8], or, more recently, down-conversions
[9,10]. All significant results appear to violate Bell’s
inequality and are generally interpreted as a confir-
mation of QM and as a rebuttal of local hidden-vari-
able models.

In particle physics, the strangeness in the K °K°
system at creation is analogous to the polarization in
the two-photon system. In addition, the strangeness
is time-dependent because of the K° 2 K° oscillar

tion. Owing to the fast decrease of the K° and
Koamplitud%, it is not possible to find an experimen-
tal set-up for testing Bell’s inequality [11]. But the
entanglement of the KK wave function before
measurement can be tested experimentally. The JP¢
=1 KK° antisymmetric state, as pointed out by
several authors[12-16], is well suited for testing this
feature through the measurement of the strangeness
correlation. The pp annihilation at rest into K°K°
alows such a test to be performed in a convenient
way (Section 3).

2. The K °K?° system

A KK® pair, created ina JP¢=1"" dtate, anti-
symmetric under C and P, is described at kaon
proper times t, = t, = 0 by the wave functions ¥':

m«am>=j%hK%m%R%mn

~K°(0)aK°(0))s], o
(00)) = == [Ks(0)uK (0
—IKL(0))alK 5(0))s]. (1)

Here a and b denote either of the two neutral kaons
and CP violation has been neglected. The two neutral
kaons fly in opposite directions in their centre-of-
mass system. The two-body wave function depends
on time as

1

V2

% [IK 5(0))alK  (0) ) e~ (asta* et
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where ag, =mg, —iyg /2, Mg, and yg, being
the K masses and decay widths, respectively. The
time dependence for the intensities of events with
like- and unlike-strangeness particlesis obtained from
Eq. (2), with Am=m —mg,y=(ys+ v, )/2, as
follows:
- JP€=1"", like-strangeness events (K°K° or
KK,
Ilike( ta’tb) = %{e*(htaJr Ysth) 4 @~ (vstat vith)
—2e vt icos] Am(t, —t,)]};
(3)
. JP€ =1, unlike-strangeness events (KK or
K°K9),
Iunlike( ta’tb) = %{e*(hta+ Ysto) + @~ (Ystat vitp)
+2e 7t icos] Am(t, —t,)]}.
(4)
The coherent addition of the two amplitudes from
Eq. (2) generates a time-dependent interference term
which has opposite sign for like- and unlike-strange-
ness states. For identical strangeness at identical
times the intensity vanishes and the interference
becomes entirely destructive. Therefore the two kaons
cannot appear in identical strangeness states at any
equal proper time. This is an EPR-type correlation —
the measurement of the strangeness of one kaon
predicts with certainty the strangeness state of the
other unmeasured kaon.
The following asymmetry derived from Egs. (3)

and (4) is a direct measurement of the interference,
even if CP is violated:

Iunlike(tevtb) - Ilike(ta'tb)
Liniike( tarts) + like(tasts)

2e 7t icos Am(t, —t,)]
= e_(YLta"' Ystb) + e_(ysta+7Ltb) ' (5)

A(ta!tb) =

The aim of the present experiment is to measure this
asymmetry in order to prove the existence of the
interference and, therefore, that the two particles
remain correlated despite their distance. The intensi-
ties of Egs. (3) and (4) can be expressed as

enyt

Like(tasty) = {e‘ Yslta=tol 4 @~ yilta=tl

—2e 7l blcos] Am(t, — t,)]},  (6)

—2yt

Iunlike( tavtb) = {e‘ Yslta=tol 4 @~ Yilta™ byl

+2e I blcos] Am(t, — t,)]},
(7)
with t=t, (for t,<t,) or t=t, (for t,>t,); their
dependence on (t,- t,) is shown in Fig. 1.

Similarly, for a JP¢=0%" or 2** symmetric
state, one writes:
1

¥(00)) = —=[IK(0)%K"(0))s

+K’(0)aK°(0))s], o
1
E['KS(O)>3|KS(O)>D
— K (0))aK (0))b] . (8)
The intensities become:
- JPC=0"" or2*, like-strangeness events (K °K ©
or K’K),
Ilike( ta’tb) = %{e_'ys(ta"'tb) + e 7(tatty)
—2e 7t o[ Am(t, +t,)]};
(9)

- JPC=0"* or 2**, unlike-strangeness events
(KK° or K°K9),

_ 1 a—ys(tatt —yL(ta+t
Iunlike(tavtb)_g{e 7slta b)+e TLat )

+2e 7t eos[ Am(t, + )]}
(10)

|¥(0,0)) =

4F .
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Fig. 1. QM correlation for JP¢=1"""like- and unlike-strange-
ness final states as a function of (t, — ty).



342 A. Apostolakis et al. / Physics Letters B 422 (1998) 339-348

Egs. (9) and (10) can be compared with Egs. (3) and

(4). Again, there is an interference term with oppo-
site sign for the two cases (unlike and like), but it
oscillates with (t,+t,) instead of (t,—t,) and
rapidly becomes negligible. These intensities never
vanish after the K°K" creation.

3. Experimental method
3.1. Apparatus

The measurement was performed at the Low-En-
ergy Antiproton Ring (LEAR) at CERN with the
CPLEAR detector [17], shown in Figs. 2a—2d. The
200 MeV /c antiprotons were extracted from LEAR
with an intensity of 10° particles per second and
stopped inside a 27-bar hydrogen gas target. A cylin-

carbon
copper

H, target, PCO

PC1, PC2
Drift chambers
Streamer tubes

Scintillator S1
Cherenkov C

Scintillator S2
Calorimeter

drical tracking detector was located inside a solenoid
(1 m radius, 3.6 m long) providing a 0.44 T mag-
netic field parallel to the beam. It consisted of two
layers of MWPCs (PC1, PC2), six layers of drift
chambers and two layers of streamer tubes. A ho-
doscope of 32 threshold Cherenkov counters sand-
wiched between two scintillator hodoscopes (S1, S2)
provided charged-particle identification (Cherenkov
light, time of flight and energy loss). The cylindrical
target (11 mm radius) was surrounded by a small
cylindrical proportional chamber PCO (15 mm ra
dius, 1 mm pitch, > 99.5% efficiency), see Fig. 2c.
A thin silicon detector in front of the target entrance
window (Fig. 2d) ensured the presence of an incom-
ing antiproton, thus rejecting background events re-
sulting from interactions in the target support struc-
ture.

The K°K° pairs are produced by pp annihilation

d)

Carbon

Fig. 2. The CPLEAR detector (the magnet is not shown): full transverse view displaying @ a AK™ event, b) a AA event where one A
extrapolates back to carbon and the other to copper (the extra 7" is produced together with the A in carbon), and expanded c) transverse
and d) side view of the central region showing the geometry of the absorbers.
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at rest with a branching fraction of 0.7% [18] and
evolve in vacuum either as KgKg or K K, or
KK (Section 2). The kaons have a momentum of
800 MeV /c, corresponding to a K5 mean decay
length of 4 cm.

KK and K| K, occur mainly from the pp state
3P, or 3P, (JP¢=0"" or 2*") while KK occurs
from the state S, (J°© = 177). The branching frac-
tions for these channels depend on the hydrogen
density. At 27 bar, the ratio

BR(KsKs)
BR(KsKL)

was measured with the CPLEAR detector [19]. From
that result, a branching fraction of 7.4% is deduced
for the symmetric states JP¢=0"" or 2**. There-
fore the K °K° system is considered to be an antisym-
metric JP¢=1"" state and a correction is applied
to the final result accounting for the 7.4% contamina
tion.

The experiment tests the correlations of Egs. (6)
and (7). In order to determine the strangeness content
of the neutral kaons at a given proper time, two
cylindrical absorbers were placed around the target
behind PCO (Fig. 2¢), each one = 5% of an interac-
tion length. The first was made of carbon, 2.5 cm
thick and 25 cm long at a radius of 7 cm, covering
an azimuthal angle of 115° in the transverse plane; it
had been installed previously for measuring kaon
regeneration in carbon [20]. The second absorber,

= 0.037 + 0.002

Carbon

Asymmetry

343

made of copper, 0.7 cm thick and 10 cm long at a
radius of 2 cm, covered most of the remaining angle
(240°). The trigger required that no charged particles
emerged out of the target (PCO in veto) and that at
least two charged tracks were detected by the track-
ing device.

The strangeness of the neutral kaons at the ab-
sorber position is determined by the strangeness of
the state produced via strong interactions of either
neutral kaons with the bound nucleons of the ab-
sorbers:

K%+ nucleus— K™+ X, (11)
K’ + nucleus —> K~ + X, (12)
K’ +nucleus—> A(—p+m) + X, (13)

thus the two neutral kaon final states considered are
either K* A unlike-strangeness events or K~ A and
A A like-strangeness events. Fig. 3a shows the two
possible experimental configurations. If the two
back-to-back neutral kaons are produced within 30°
of the vertical, both flight-paths cross the copper
absorber. If they are produced within 60° of the
horizontal, then one kaon crosses the copper and the
other the carbon absorber. The first configuration is
called C(0): both kaons have nearly equal proper
times (t,=t,) when they interact in the absorber.
The second configuration is called C(5): the flight-
path difference is 5 cm on average, corresponding to
a proper time difference |t, — t,| = 1.2 75. The inten-

0 s
Al [em]

Fig. 3. Conceptual sketch a) of the experiment with a AK~ event, and QM-predicted asymmetry b) (I qike — hike)/ U untike + Nike) 8 @
function of the flight-path difference Al. In b) the shaded areas are the regions of configurations C(0) and C(5). The horizontal dashed line
is the prediction in the case of separability of the wave function (Furry).
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Fig. 4. pw~ invariant-mass distribution. The arrows indicate the
cut to select A.

sity asymmetry is measured for these two configura
tions. Fig. 3b shows the corresponding QM predic-
tions, Eq. (5), together with the flight-path intervals
covered by the measurements. The C(0) configura-
tion fulfils the conditions for an EPR-type experi-
ment.

3.2. Srange-particle identification

The two-track events recorded are searched for a
1-V topology, i.e. at least one pair of opposite-charge
tracks from a common vertex outside the PCO. The
converted photons are rejected by a cut on the
opening angle. In addition, the direction of the V
momentum must cross one of the absorbers. The
events, which contain at least either aK g » 7"+ m~
ora A—p+m~ candidate, are further searched for
additional A and K * production.

A selection. The A selection requires that the

posmve track of the V has an Sl1-counter hit, that

it gives no signal in the corresponding Cherenkov
counter and that the dE/d x in the S1 counter is
compatible with the particle being a proton. The

Kg— mm contamination is eliminated by an in-

variant-mass cut based on the w7 hypothesis.

Fig. 4 showsthe pm~ invariant-mass distribution.

Events with masses between 1105 and 1125

MeV /c? are retained as As, with only a few per

cent background.

- K* sedlection. A charged track, in order to be
identified as K *, has to give an S1-S2 coinci-
dence with no signal in the corresponding
Cherenkov and has to cross one of the absorbers,

see Fig. 2a. A lower momentum cut of 350
MeV /c ensures that a charged particle with a
mass lower than a kaon has a velocity well above
the Cherenkov threshold. Moreover this cut helps
to reject charged kaons produced by low-
momentum K © (non back-to-back) and also single
pions from unreconstructed K ¢ decays.

4, Data analysis and results

A total of 8 x 107 events was recorded and anal-
ysed.

41. AK*, AK ~ final states

In order to obtain the AK* and AK™ fina
states, Egs. (11)—(13), the A and K* selection
mentioned in Section 3.2 is applied. The intersec-
tions of the A and K * trgjectories with the absorber
median planes determine the two corresponding in-
teraction points, thus the directions of the two neutral
kaons. A cut on the opening angle of the two recon-
structed directions in the transverse plane selects the
back-to-back kaon pairs. From the event distribution
outside the cut, the contamination of non back-to-
back events is evaluated to be = 15%.

When comparing the yield of AK* and AK~
events, it is necessary to know the efficiency ratio
n=_(oc+X &¢+)/(o-X g¢-) where o+ and oy -
are the cross-sections for reactions (11) and (12), and
e+ and g,- the corresponding detection efficien-
cies. To measure n, a calibration data sample was

480 [ 1T

Invariant mass (ntn—) [MeV/2]

470 F

Al S R A TR B I At B IR
200 300 400 500 600 700 800 900 1000

[MeV/c]

Momentum (xt —)

Fig. 5. 777~ invariant mass vs. momentum. The solid lines
show the cuts to select 800 MeV /¢ K.



A. Apostolakis et al. / Physics Letters B 422 (1998) 339-348

used, consisting of pp — KK® events where one
neutral kaon was an 800-MeV /c Kg(— 7 a)
and the other kaon (always 50% K° and 50% K°)
produced a charged kaon in the absorber. In Fig. 5
the scatter plot of the 7r7r invariant mass versus the
momentum shows an accumulation around the K°
mass with a mean momentum of 800 MeV /c corre-
sponding to the back-to-back two-kaon production.
A strong mass—momentum correlation can be seen
as a result of momentum resolution. Events within
the enclosed area were retained as K ¢ from back-to-
back K °K° events. For each absorber the ratio of the

345

number of detected K* to K~ events associated
with these K¢ is a direct measurement of the effi-
ciency ratio 7.

The K* mass squared M? is determined from
the measured dE /d x and momentum, and its distri-
bution is shown in Fig. 6a for the calibration data
sample. The few remaining pions are tracks which
escaped the Cherenkov counter. The large (recoil)
proton signal is related to neutral-kaon quasi-elastic
scattering in the absorbers. By cutting on the time of
flight, most of the protons and pions are rejected
(Fig. 6b). Fig. 6¢ shows the same distribution with a

Entrics

M [(GeViEY |

P
2
s
=

1.5
M [(GeVIEY |

Entrics

300

100
|, proton

% 1

b2, m

00.‘ U rf’kn\ﬂwuqn“
. ﬁ-

Entrics

i
|
|
1
|
|
|
|
|
|

proton

D_g‘fﬂ h:

M ((GeVic ) |

o 0.5 1 1.5

1 1.5
MY [(GeVIEY ]

Entrics

300 -
200

100 |-

b 111
proton

Entrics

20

proton

0 1

0 o]
0 0.5 1

M*  [(GeViet) ]

15

o 0.5 1 1.5
M?  [(GeVIE) )

Fig. 6. K* mass-squared distributions for the K sK * calibration events: @ all candidates, b) time-of-flight cut, ¢) dE/dx-x? cut. Also
shown are the distributions for the AK * events, with the same cuts: d)—f).
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Entries
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Entries
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c(5)

i K‘
BK

1 1.5

{(Gev/c?))

Fig. 7. K* mass-squared distribution of the AK * fina sample for @) C(0) and b) C(5) configurations.

cut on the y? of dE/dx. Theratio of the number of
K™ events to the number of K~ events, when all
cuts are included, gives 7, = 1.64 + 0.06 for copper
and n. = 1.60 + 0.08 for carbon.

For the AK * eventsthe K * mass-squared distri-
butions are shown in Figs. 6d —6f, and indicate that
the AK™ like-strangeness events are largely sup-
pressed. The K* mass distributions with the final
cuts are given in Fig. 7, separately for each configu-
ration, C(0) and C(5). The measured numbers of
AK™ and AK* events, obtained from these plots,

Nyk-=1, Ny += 16 for C(0),
N,k-= 12, Ny += 54 for C(5),

and corrected with the measured efficiency ratios,
lead to the intensity asymmetry values, Eq. (5),

A(0) =0.81 £ 0.17 for C(0),
A(5) =0.48 + 0.12 for C(5).

The QM prediction of the asymmetry, Eq. (5),
was calculated taking account of the variation of the
flight paths due to the absorber thickness and to the
size of the annihilation region inside the target. The
calculation was performed by simulating the stopped
p distribution in space, the isotropic K°K® produc-
tion and the interaction points within the absorbers,
and weighting the events according to Egs. (3) and
(4). The contribution of the 7.4% of K°K® pairsin a
symmetric state was accounted according to Egs. (9)
and (10). The contribution of the estimated 15% of
non back-to-back events was also included.

The calculation results, ARM(0) = 0.93 and
AM(5) =056, are in agreement with the above
measured values. If the wave function were separa-

ble as suggested by Furry [2], then the asymmetry A
would be equal to 0 for both configurations, regard-
less of the amount of background. This value is
excluded with a CL > 99.99%.

4.2. AA final states

Like-strangeness final states are aso produced
when both neutral kaons interact to produce A in the
absorbers (Fig. 2b). Fig. 8 shows the scatter plots of
the two p7~ invariant masses for the C(0) and C(5)
configurations. A significant signal is only seen for
the C(5) configuration. Taking account of the back-
ground estimated from the events outside the se-
lected A mass region, the values of the measured
yield N, , are 1+ 1 for C(0) and 5 + 2 for C(5).

The expected number of AA like-strangeness
events was calculated from the measured number of
single-A events for two different hypotheses: with
interference, according to Eq. (3), and without inter-
ference. The probability for a K° to produce a de-
tectable A was measured by comparing the produc-
tion of As associated with a 800-MeV /c K4 to
single-K ¢ production, and the corrections due to the
topologica differences were evaluated. The calcula
tion included the estimated number of single A
produced by non back-to-back K °K® pairs (an equal
amount of symmetric and antisymmetric states was
assumed).

As a result, if the interference predicted by Eq.
(3) is correct, the values of the expected yield N2V
are 2.1 + 0.4 for the C(0) configuration and 10.2 +
1.5 for the C(5) configuration. In the case of no
interference, these numbers become respectively
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Fig. 8. Invariant-mass scatter plot of one of the p7~ pair vs. the other for @) C(0) and b) C(5) configurations. The lines at (1115 + 10)

MeV /c? correspond to the A mass cuts.

16.8 + 3.1 and 16.0 + 2.7, thus the values of N, ,
reported above strongly favour the QM-predicted
strangeness correlation.

5. Conclusion

Strangeness correlations of K °K® were measured
far away from the production point. The neutra
kaons were produced in pp annihilations at rest
mainly in a J°¢=1"" state. Two experimental
configurations were studied corresponding to 0 and
= 1.2 T4 proper time difference between the two
strangeness measurements. The configuration with
zero time difference fulfils the conditions of an

Asymmetry

o
=

0.6

0.2

Separable wave function

T

Al [cm]
Fig. 9. Asymmetry of the measured AK* vyields after back-
ground subtraction, for the two experimental configurations. The
solid curve is the QM prediction. The dashed line is the prediction
for a separable wave function.

EPR-type experiment. In both cases, the asymmetries
of the yields for unlike- and like-strangeness events
(AK* and AK™, respectively) are consistent with
the values predicted from QM and therefore with the
non-separability hypothesis of the K°K° wave func-
tion. These results are summarized in Fig. 9. The
non-separability hypothesis is also strongly favoured
by the yield of AA events. The probability of
satisfying the separability hypothesis of Furry is less
than 10™%.
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