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Abstract

0 0The CPLEAR experiment measured the eigentime-dependent asymmetry in the rates of initially tagged K and K
decaying to p

0
p

0
p

0 in order to study the interference between the CP-violating K and the CP-conserving K decayS L
Ž .amplitudes. Without assuming CPT invariance, we obtain for the CP-violation parameter h the values Re h s0.18"000 000

Ž . Ž . Ž . Ž .0.14 "0.06 and Im h s0.15"0.20 "0.03 . Requiring Re h to be equal to Re e we obtain Im h sstat. syst. 000 stat. syst. 000 000

y0.05"0.12 "0.05 . The corresponding upper limit for the branching ratio of the K ™p
0
p

0
p

0 decay is deducedstat. syst. S

to be B 0 0 0 -1.9=10y5 at the 90% confidence level. q 1998 Elsevier Science B.V. All rights reserved.K ™ p p pS

1. Introduction

The CPLEAR experiment at the Low Energy
0 0Antiproton Ring at CERN uses tagged K and K to

study CP, T and CPT symmetries in the neutral-kaon
system. In this letter we present the measurement of
CP-violation parameters obtained from the decay of

0 0 0 0 0initially tagged K and K decaying to p p p . In
a previous CPLEAR publication the measurement of
the CP parameters of neutral kaons decaying to

q y 0 w xp p p was reported 1 . In contrast to this final
state, the p

0
p

0
p

0 state has a well-defined CP
eigenvalue and the CP-conserving K ™p

0
p

0
p

0
S

decay does not occur. The CP-violation parameter
h is defined as the ratio of K to K decay000 S L

Ž 0 0 0 . Žamplitudes: h ' A K ™ p p p rA K ™000 S L
0 0 0. Ž .p p p . If CPT invariance holds, then Re h is000

a measure of CP violation in the mixing of neutral
Ž .kaons, and Im h is sensitive to a possible direct000

CP violation in the decay amplitudes. Furthermore,
the CP-violation parameters of neutral kaons decay-
ing to three pions provide an important experimental
input to a test of CPT symmetry based on the

w xBell–Steinberger relation 2,3 .

2. Experimental method

The neutral kaons are produced in the annihila-
0 q y 0 y qtions pp™K K p and pp™K K p . Owing to

strangeness conservation in the annihilation process
the strangeness of the neutral kaon is determined on
an event-by-event basis by identifying the simultane-

Ž .ously produced charged kaon tagging . This tech-
nique allows the measurement of differences be-

0 0 0 0Ž .Ž .tween the CP conjugate rates R K ™p p p t

Ž 0 0 0 0.Ž .and R K ™p p p t to be made through the
eigentime-dependent rate asymmetry

Ž .A t000

0 0 0 0 0 0 0 0Ž . Ž .Ž .R K ™p p p t y R K ™p p p tŽ .
s , 1Ž .0 0 0 0 0 0 0 0Ž . Ž .Ž .R K ™p p p t q R K ™p p p tŽ .

which is sensitive to the K –K interference term.S L

The CP-violation parameter h is derived from the000

time dependence of this asymmetry:

A t s2Re e y2 Re h cos DmtŽ . Ž . Ž . Ž .000 000

1
Ž .y 1rt y1rt tS LyIm h sin Dmt e ,Ž . Ž . 2000

2Ž .

where t denotes the decay eigentime of the neutral
kaon, t and t are the mean lives of K and KS L S L

respectively, Dm is the K –K mass difference andL S
0 0e describes the CP violation in K –K oscillations.

3. Detector description

A brief description of the CPLEAR detector is
w xgiven here. More details can be found in Ref. 4 .

Antiprotons of 200 MeVrc are delivered by LEAR
and are stopped inside a high-pressure, gaseous-hy-
drogen target at a rate of about 106 per second. The
cylindrical detector is placed inside a solenoid of 1
m radius and 3.6 m length, which provides a mag-
netic field of 0.44 T. Charged-particle tracks are
detected by two proportional chambers, six drift
chambers and two layers of streamer tubes. Fast
kaon identification is provided by a threshold
Cherenkov counter sandwiched between two scintil-
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lators which also provide ionization and time-of-flight
measurements. An electromagnetic calorimeter made
of 18 layers of lead converters and high-gain tubes is
used for photon detection. Fast and efficient online
data selection is achieved with a multi-level trigger
system based on custom-made hardwired processors.

4. Event selection and reconstruction

00 0 0 0Ž .The decay K K ™p p p ™6g is selected
by requiring two charged tracks that have been iden-
tified as a kaon and a pion, and six electromagnetic

w xshowers in the calorimeter 5 . In order to determine
the neutral-kaon decay time, the position of the
annihilation vertex and the four-momentum of the
neutral kaon are calculated from the track parameters
of the charged kaon and pion, whereas the decay
vertex of the neutral kaon along its direction of flight

is determined from the six photon showers measured
in the calorimeter. The average energies of the least
and most energetic photons are f40 and f250
MeV, respectively. The reconstruction of the show-
ers is provided by the shower-pattern recognition

w xalgorithm described in Ref. 5 . To suppress photons
generated by secondary interactions of charged tracks
in the calorimeter, showers are only accepted if their
conversion point is at least 50 or 25 cm from the
charged-kaon or -pion track extrapolation into the
calorimeter, respectively.

The neutral-kaon decay time is determined by a
full geometrical and kinematical reconstruction of

0 0 " .Ž .the annihilation pp™K K K p and the neu-
tral-particle cascade K 0 ™p

0
p

0
p

0 ™6g through a
constrained fit. This fit requires energy and momen-
tum conservation, the missing mass at the annihila-
tion vertex to equal the K 0 mass, and the gg invari-
ant masses of the three gg pairs to equal the p 0

Fig. 1. The decay-time resolution for four different decay-time regions as derived from simulation. The solid line shows the parametrization
of the resolution function.
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mass. The fit assumes that the six photons originate
from a common point located on the flight direction
of the neutral kaon, namely the unknown neutral-kaon
decay vertex. As can be shown by simulation, the K 0

momentum and the precise measurement of the pho-
ton conversion points contribute most of the informa-
tion required to find the neutral-kaon decay vertex.
The photon energies are used in the fit in order to
find the correct association of the six photons to the
three intermediate neutral pions. This is achieved by
application of the constrained fit to all fifteen possi-
ble gg pairings. The pairings with the lowest x 2

values are chosen. The directions of the showers are
not used in the fit. Simulation also shows that the
reconstructed neutral-kaon momentum is entirely de-
termined by the charged-track information, and that
the photons do not contribute to additional useful
information. Therefore the x 2-probability provided
by the fit can be expressed as the sum of two almost
uncorrelated probabilities: one related to the recon-
struction of the K 0 missing mass determined by the

Ž 2 .charged particles x , and one related to thecharged

reconstruction of the p
0 invariant masses deter-
Ž 2 .mined by the six photons x . A cut of 10% onneutral

the x 2 -probability is used for event selection andneutral

for background reduction, but no cut is applied to the

00. Ž .Fig. 2. a The true decay time for reconstructed K K ™
0 0 0 .p p p , derived from simulation. b The reconstructed decay

00 0 0 0Ž .time for K K ™p p p , derived from simulation.

x 2 -probability in order to allow for backgroundcharged

studies with an unbiased missing-mass distribution.
The decay-time resolution obtained for signal

events is determined from simulation. As can be seen
from Fig. 1 the resolution depends slightly on the
neutral-kaon decay time and varies from 4.2 to 4.8

Ž .t RMS between 0 and 20 t .S S
Ž . Ž .Fig. 2 shows a the true and b the reconstructed

00Ž .decay-time distribution for simulated K K ™

p
0
p

0
p

0 events after full reconstruction. Note that,
because of the finite decay-time resolution, the re-
constructed decay time for signal events can become
negative. Therefore, events populating the decay-time
region below zero t also contribute to the decay-S

time asymmetry.

5. Signal and background determination

Sources of background are the kaonic annihilation
0 0 " . 0Ž .channels pp™K K K p qp , the pionic anni-

q y 0 Ž .hilation channel pp™p p qnp nG0 with a
charged pion mistaken for a charged kaon, and the
neutral-kaon decay K 0 ™p

0
p

0 ™4g with two ad-
ditional photons that originate from the strong inter-
action or the decay of the accompanying charged
particles in the calorimeter.

00 0 0 0Ž .The number of K K ™p p p events and
the contribution of background to the data are deter-
mined from the reconstructed decay-time distribution
and from the K "

p
. missing-mass spectrum, by

fitting reference distributions for signal and back-
ground to the measured ones. The reference distribu-
tions are obtained from simulations of the signal and
of the background with neutral-kaon decays. For the
pionic-annihilation background these distributions are
obtained from data by studying the energy-loss dis-
tribution of the charged particles in the inner scintil-
lator of the particle-identification detector. The pro-
portion of signal to background events in the data is
determined from a simultaneous fit of the reference
distributions to the measured missing-mass and de-
cay-time distributions, leaving the number of events
for each contribution as a free parameter in the fit.

Figs. 3 and 4 show the measured missing-mass
and decay-time distributions, respectively. The mea-
sured distributions are compared with the result of
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Fig. 3. The measured missing-mass squared of K "
p

. emerging
from pp annihilation. Only events with a neutral kaon detected
within a decay-time interval of y1 to 20 t are retained. Over-S

layed are the signal and background contributions resulting from
Ž .the fit see text . One can distinguish the signal events, that

correspond to the neutral-kaon mass, from the kaonic-annihilation
channels with an additional p

0, which populate the high-mass
region, and from the pionic annihilations, which contribute to the
low-mass region.

the fit. Also shown are the individual contributions
of signal and background. The correlation coeffi-
cients between the signal and the different back-
ground contributions given by the fit vary between
0.04 and 0.32. Those for the background channels
relative to each other vary between 0.02 and 0.68.
The biggest correlation is observed between the
backgrounds from pionic annihilations and from sec-
ondary interactions generating photons.

Fig. 4. The measured neutral-kaon decay-time distribution in the
missing-mass squared interval 0.15 to 0.35 GeV2rc4. Overlayed
are the signal and background contributions resulting from the fit
Ž .see text . At positive decay times most of the events are signal
events, while events reconstructed at negative decay times are
mainly background.

" . Ž .In the K p missing-mass spectrum Fig. 3
one can distinguish the signal events, that correspond
to the neutral-kaon mass, from the kaonic-annihila-
tion channels with an additional p

0, which populate
the high-mass region, and from the pionic annihila-
tions, which contribute to the low-mass region. In
order to reject background, only events in the miss-
ing-mass square interval of 0.15 to 0.35 GeV 2rc4

Ž .are accepted. In the decay-time distribution Fig. 4 ,
most of the events at positive decay times are signal
events, while events reconstructed at negative decay

Table 1
Contributions of signal and background to the final data sample in the decay time interval y1 to 20 t and within a missing-mass squareS

interval of 0.15 to 0.35 GeV2rc4. The quoted errors are statistical

w xContribution %

0 0
0 " . 0 0 0 0Ž . Ž .Signal pp™K K K p ; K K ™p p p 50.0"0.8

0 0
0 " . 0 0 0 0 0Ž . Ž .Background pp™K K K p qp ; K K ™p p p 4.9"0.2

0 0
0 " . 0 0 0 0Ž . Ž .pp™K K K p qp ; K K ™p p 3.7"0.2

0 0
0 " . 0 0 0Ž . Ž .pp™K K K p qsecondary photons; K K ™p p 16.5"0.3

q y 0 Ž .pp™p p qnPp nG0 24.9"0.5
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times are mainly background. In order to retain most
of the signal events and to reject a significant amount
of background, a decay-time interval of y1 to 20 tS

00 0 0 0Ž .is selected. The events K K ™p p p with an
additional p

0 are treated as background, because the
reconstruction of their decay time is affected by the
presence of the additional p

0. Kaon decays that are
accompanied by additional photons from secondary
interactions are suppressed, by requesting that the
minimal gg invariant mass of all possible gg com-
binations be larger than 12 MeVrc2.

Table 1 summarizes the contributions of signal
and background to the final data sample, in a miss-
ing-mass square interval of 0.15 to 0.35 GeV 2rc4

and a decay-time interval of y1 to 20 t .S

6. Determination of h000

The results reported here are based on all events
collected by the CPLEAR experiment. Selecting the
missing-mass square region of 0.15 to 0.35 GeV 2rc4,

00 0 0 0Ž .a total of 17’300 K K ™p p p events are
reconstructed in the decay-time interval y1 to 20
t . The measured time-dependent decay-rate asym-S

metry is shown in Fig. 5a.
0 0The relative efficiency j for tagging K and K

in the experiment deviates from unity, since the
charged particles used to determine the strangeness
of the neutral kaon interact differently with the de-
tector material depending on their charge and mo-

Ž .mentum. Since the theoretical asymmetry of Eq. 2
Ž .has a constant term of 2Re e , the total offset of the

Ž . Ž .measured asymmetry in Fig. 5a is ay1 r aq1 ,
w Ž .xwhere asj 1q4Re e .

Ž . Ž .The values of Re h and Im h are extracted000 000

from a likelihood fit of the asymmetry given by Eq.
Ž .2 to the measured decay-rate asymmetry, taking
into account the parametrized decay-time resolution
as shown in Fig. 1, and the background contributions
as listed in Table 1. The a-value is left as a free
parameter in the fit, assuming that the tagging effi-
ciency is the same for all kaonic annihilation chan-
nels. The relative contribution of pionic background

00to the K and K signal is determined from the study
of the energy-loss distribution in the scintillator and
is fixed to 1.18"0.02. The values for the mass

.Fig. 5. a The measured time-dependent CP asymmetry between
Ž .y1 and 20 t . The solid line shows the result of the fit of Eq. 2S

to the data, taking into account the decay-time resolution, and the
.background contributions as listed in Table 1. b The contour plot

Ž . Ž .for Re h and Im h obtained in this analysis; the error bars000 000

represent the statistical and systematic uncertainties added in
w xquadrature. For comparison, the result of Barmin et al. 9 is also

shown; their error bars are statistical.

difference and the K mean life are fixed at DmsS
Ž . 7 y1 Ž .530.7"1.3 =10 "s , and t s 89.22"0.10S

w xps as determined in Ref. 6 ; the value for the K L
Ž .mean life is fixed at t s 51.7"0.4 ns as given byL

w xRef. 7 . The fit yields

Re h s0.18"0.14Ž .000 stat .

Im h s0.15"0.20Ž .000 stat .

with as1.10"0.03, where the error is statistical.
The result of the fit is shown as a solid line in Fig.

Ž .5a. The correlation coefficient between Re h and000
Ž .Im h given by the fit is 0.79. The correlations of000
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Ž . Ž .a with Re h and Im h are y0.09 and y0.56,000 000

respectively.

7. Systematic uncertainties

The contributions to the systematic uncertainties
Ž . Ž .in the determination of Re h and Im h are000 000

discussed below and are summarized in Table 2.
Ø The resolution in reconstructing the neutral-kaon

decay time. Uncertainties in the reconstruction of
the neutral-kaon decay time have been studied
using simulation. To evaluate the systematic er-

Ž . Ž .rors in the values of Re h and Im h the000 000

width of the resolution function has been in-
creased by 10% compared to the one extracted

Ž .from the simulation see Fig. 1 . Furthermore,
possible deviations in the decay-time dependence
of the resolution function from the simulation
have been considered by fitting the asymmetry

Ž .with a resolution function of 5 t RMS for allS

decay times.
The effect of different parametrizations of the
resolution function has been studied, and found to
be negligible.

Ø The amount of background contributing to the
00sum of K and K . Systematic uncertainties in

the amount of signal and background in the data
were estimated by comparing the results from the
simultaneous fit with the level of signal and
background obtained from independent fits of the
reference distributions to the measured missing-
mass and decay-time distributions. The propor-
tions of signal and background obtained from the
different fits agree within better than 3%. The
amount of pionic annihilations was also estimated

from a study of the energy-loss distribution of the
charged particles in the scintillators, and gives a
value that is 7% smaller than the result of the fit.

Ž . Ž .The systematic errors on Re h and Im h000 000

were determined by varying the amount of signal
and background from kaon decays by "3%, and
by reducing the pionic annihilations by 7% com-
pared to the mean values given in Table 1, taking
into account their correlations.
Uncertainties in simulating the missing-mass and
decay-time reference distributions for the
neutral-kaon background decays are small and

Ž .introduce a negligible error on Re h and000
Ž .Im h .000

Ø The relatiÕe contribution of background to the K 0

0
and K signal. The relative contribution of back-

00ground to the K and K signal can be different
00from the relative tagging efficiency of K and K .

The tagging efficiency as well as the relative
contribution of each background channel has been
determined from simulation for the kaon decays.
The values are all compatible within better than
5% and in agreement, within statistical errors,
with the a-value resulting from the asymmetry
fit. The relative contribution of pionic background

00to the K and K signal is determined from the
study of the energy-loss distribution in the scintil-
lator and yields 1.18"0.02. The systematic er-

Ž . Ž .rors on Re h and Im h are evaluated by000 000

varying the relative contribution of background to
00K and to K within "5% for each background

channel.
Ø Uncertainties due to regeneration effects. It was

evaluated that, taking into account the regenera-
w xtion amplitudes as measured by CPLEAR 8 , the

effect of neutral-kaon regeneration is negligible at

Table 2
Ž . Ž .Contributions to the systematic errors on Re h and Im h000 000

Ž . Ž .Source DRe h DIm h000 000
0

0Ž .K K decay-time resolution 0.01 0.01
0

0Amount of background in K q K 0.02 0.02
0

0Difference in background contribution to K and K 0.05 0.01
Regeneration <0.01 <0.01

w x w xDm, t 6 and t 7 <0.01 <0.01S L

Total 0.06 0.03



( )A. Angelopoulos et al.rPhysics Letters B 425 1998 391–398398

short decay time where the asymmetry is maxi-
mal.

Ø Uncertainties related to Dm, t and t . TheL S

experimental uncertainties on the values of Dm
w xand t as determined in Ref. 6 , and of t asS L

w xgiven in Ref. 7 , have a negligible influence on
the results of the fit.

8. Final results and conclusions

00Ž .Our final result from 17 300 reconstructed K K
™p

0
p

0
p

0 events is

Re h s0.18"0.14 "0.06Ž .000 stat . syst .

Im h s0.15"0.20 "0.03 .Ž .000 stat . syst .

These results are independent of any assumption on
CPT invariance. This is the first determination of

0
h using the rate asymmetry of initially pure K000

and K 0 decaying to p
0
p

0
p

0. We have obtained an
improved sensitivity for h compared to the previ-000

w xous measurement 9 , as shown in Fig. 5b.
Ž . Ž . y3 w xBy fixing Re h to Re e s1.635=10 7000

in the fit, we obtain

Im h sy0.05"0.12 "0.05 .Ž .000 stat . syst .

Using the definition of h and B 0 0 0 s000 K ™ p p pL

Ž . w x21.12"0.27 % from Ref. 7 , an upper limit for the
branching ratio of the K ™p

0
p

0
p

0 decay is de-S

duced to be

B 0 0 0 -1.9=10y5
K ™ p p pS

at the 90% confidence level, which is an improve-
ment by a factor of two compared to the measure-

w xments of Ref. 9 .
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