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Abstract

The CPLEAR experiment measured the eigentime-dependent asymmetry in the rates of
initially tagged K" and K decaying tor’z%z" in order to study the interference be-
tween the CP-violatind{s and the CP-conserving;, decay amplitudes. Without assum-

ing CPT invariance, we obtain for the CP-violation parametgs the values R@jyp0) =
018ﬂ:014statﬂ:0063ystand "T(’f]()[)()) = 015ﬂ:0203tatﬂ:003syst ReqUiring Ré’f]ooo)

to be equal taRe(e) we obtain Infnoy) = —0.05 £ 0.12stat. = 0.05gyst. The corre-
sponding upper limit for the branching ratio of the — 7°7°7° decay is deduced to be

By snoq000 < 1.9 x 10~° at the 90% confidence level.
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1 Introduction

The CPLEAR experiment at the Low Energy Antiproton Ring at CERN uses tagfed
andK? 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 initially t&jged
andK° decaying tor’7%z°. In a previous CPLEAR publication the measurement of the CP
parameters of neutral kaons decaying tor—7° was reported [1]. In contrast to this final state,
ther7%7° state has a well-defined CP eigenvalue and the CP-consédfying 77 7" decay
does not occur. The CP-violation paramejgy, is defined as the ratio dfg to K;, decay am-
plitudes:ng = A(Ks — 7°7%7°)/A(Ky, — 7°7%7%). If CPT invariance holds, then Req)
is a measure of CP violation in the mixing of neutral kaons, ands) is sensitive to a pos-
sible direct CP violation in the decay amplitudes. Furthermore, the CP-violation parameters of
neutral kaons decaying to three pions provide an important experimental input to a test of CPT
symmetry based on the Bell-Steinberger relation [2, 3].

2 Experimental method

The neutral kaons are produced in the annihilatigns+ K°K+7— andpp — KK 7.
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 simultaneously produced
charged kaon (tagging). This technique allows the measurement of differences between the
CP conjugate rateR(K° — 7'7%°7%)(r) and R(K® — 7%7°7%)(7) to be made through the
eigentime-dependent rate asymmetry

R(K® — 77%7%) (1) — R(K® — 7°7%7%)(7)

Agoo(T) = R(K® — w07070) (1) + R(K® — m07070)(7)

: (1)

which is sensitive to th&s—K;, interference term. The CP-violation parameijgy, is derived
from the time dependence of this asymmetry:

AOOO (T) = 2Re(€) — Q[Re(nooo) COS(AmT) — Im(?’]o[)o) sin(AmT)]efé(l/Tsfl/TL)T 5 (2)

wherer denotes the decay eigentime of the neutral kagandr;, are the mean lives dfs and
K, respectivelyAm is theK;—Kg mass difference anddescribes the CP violation iK°—K°
oscillations.

3 Detector description

A brief description of the CPLEAR detector is given here. More details can be found
in Ref. [4]. Antiprotons of 200 Me\ are delivered by LEAR and are stopped inside a high-
pressure, gaseous-hydrogen target at a rate of abbyer second. The cylindrical detector is
placed inside a solenoid of 1 m radius and 3.6 m length, which provides a magnetic 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 scintillators 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

The decayk’(K°) — n°7°7° — 6+ is selected by requiring two charged tracks that have
been identified as a kaon and a pion, and six electromagnetic showers 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 photonsaré) and~ 250 MeV, respectively. The reconstruction
of the showers is provided by the shower-pattern recognition algorithm 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 re-
construction of the annihilatiopp — K°(K°)K*x¥ and the neutral-particle cascalé —

7% — 6+ through a constrained fit. This fit requires energy and momentum conserva-
tion, the missing mass at the annihilation vertex to equallihenass, and the~ invariant
masses of the thregy pairs to equal the® 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 simulationiKthemomentum and the precise
measurement of the photon conversion points contribute most of the information 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 possilepairings. The pairings with the lowest

x? 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 determined by the charged-track in-
formation, and that the photons do not contribute to additional useful information. Therefore the
x2-probability provided by the fit can be expressed as the sum of two almost uncorrelated prob-
abilities: one related to the reconstruction of tt missing mass determined by the charged
particles ,....q), and one related to the reconstruction of #iénvariant masses determined

by the six photons), .....)- A cut of 10% on the 2, ,,.,-probability is used for event selection

and for background reduction, but no cut is applied toythe, ,.q-probability in order to allow

for background 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 4.85 (RMS) between 0 and 2f}.

The acceptance for reconstructing signal events as a function of the neutral-kaon decay
time is obtained by simulation and is shown in Fig. 2a.

Figure 2b shows the decay-time distribution for simulabk€dK®) — 7°7°7° events
after full reconstruction. Note that, because of the finite decay-time resolution, the reconstructed
decay time for signal events can become negative. Therefore, events populating the decay-time
region below zeray also contribute to the decay-time asymmetry.

5 Signal and background determination

Sources of background are the kaonic annihilation charfels; K°(K°)K*x¥ 4 7,
the pionic annihilation channgp — 77~ + nx? (n > 0) with a charged pion mistaken for a
charged kaon, and the neutral-kaon deEdy— 7°7° — 4~ with two additional photons that
originate from the strong interaction or the decay of the accompanying charged patrticles in the
calorimeter.
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The number oK°(K°) — 777 events and the contribution of background to the data
are determined from the reconstructed decay-time distribution and froi*thé missing-
mass spectrum, by fitting reference distributions for signal and background to the measured
ones. The reference distributions are obtained from simulations of the signal and of the back-
ground with neutral-kaon decays. For the pionic-annihilation background these distributions are
obtained from data by studying the energy-loss distribution of the charged particles in the inner
scintillator of the particle-identification detector. The proportion of signal to background events
in the data is determined from a simultaneous fit of the reference distributions to the measured
missing-mass and decay-time distributions, leaving the number of events for each contribution
as a free parameter in the fit.

Figures 3 and 4 show the measured missing-mass and decay-time distributions, respec-
tively. The measured distributions are compared with the result of the fit. Also shown are the
individual contributions of signal and background. The correlation coefficients between the sig-
nal and the different background 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
secondary interactions generating photons.

In the K*7T missing-mass spectrum (Fig. 3) one can distinguish the signal events, that
correspond to the neutral-kaon mass, from the kaonic-annihilation channels with an additional
7%, which populate the high-mass region, and from the pionic annihilations, which contribute
to the low-mass region. In order to reject background, only events in the missing-mass square
interval of 0.15 to 0.35 Ge¥/¢* 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 de-
cay 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&fto 207y is selected. The events
K%(K®) — 777 with an additionatr® are treated as background, because the reconstruction
of their decay time is affected by the presence of the additidhdaon decays that are accom-
panied by additional photons from secondary interactions are suppressed, by requesting that the
minimal v~ invariant mass of all possibtey combinations be larger than 12 Me¥/

Table 1 summarizes the contributions of signal and background to the final data sample, in
amissing-mass square interval of 0.15 to 0.35 &eVand a decay-time interval ef1 to 20rs.

6 Determination of nggo

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 Gé\a total of 17’300K°(K°) —
m7%7% events are reconstructed in the decay-time intenmlto 2075. The measured time-
dependent decay-rate asymmetry is shown in Fig. 5a.

The relative efficiency for taggingK® andK° in the experiment deviates from unity,
since the charged particles used to determine the strangeness of the neutral kaon interact differ-
ently with the detector material depending on their charge and momentum. Since the theoretical
asymmetry of Eq. (2) has a constant tern2BE(¢), the total offset of the measured asymmetry
in Fig. 5ais(a — 1)/(a + 1), wherea = £[1 + 4Re(e)].

The values of R@jyo) and Im(ng0) are extracted from a likelihood fit of the asymmetry
given by Eq. (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.
Thea-value is left as a free parameter in the fit, assuming that the tagging efficiency is the same
for all kaonic annihilation channels. The relative contribution of pionic background t&the

3



Signal Contribution [%)]

pp — KO(KOK*r7 ; KO(K) — n0x070 50.0 0.8
Background Contribution [%)]
pp — KO(KOK* 7 + 70 ; K°(K) — x'x°7° 19:£02
pp = KO(KO)K* 7% + 70 ; K(K°) — 7n°7° 3.7£02

pp — K°(K")K*x T + secondary photons K°(K?) — 7%7° 16.5 4 0.3

pp—=tr” +n-70(n>0) 24.9+0.5

Table 1: Contributions of signal and background to the final data sample in the decay time
interval —1 to 2075 and within a missing-mass square interval of 0.15 to 0.35%3€V The
quoted errors are statistical.

andK? signal is determined from the study of the energy-loss distribution in the scintillator and
is fixed to1.18 £ 0.02. The values for the mass difference and khgemean life are fixed at
Am = (530.7 + 1.3) x 107 as™!, and7s = (89.22 + 0.10) ps as determined in Ref. [6]; the
value for theK;, mean life is fixed at;, = (51.7 £+ 0.4) ns as given by Ref. [7]. The fit yields

Re(T]()O()) = 0.18 & 0]_4stat

with o = 1.10 £ 0.03, where the error is statistical. The result of the fit is shown as a solid line
in Fig. 5a. The correlation coefficient between(Rg,) and Im(nyy) given by the fit is 0.79.
The correlations ofv with Re(1y99) and Im(ny,) are—0.09 and—0.56, respectively.

7 Systematic uncertainties
The contributions to the systematic uncertainties in the determination (@fdreand
Im(n900) are discussed below and are summarized in Table 2.
e 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 errors in the values 0foR¢ and Im(7y) the
width of the resolution function has been increased by 10% compared to the one extracted
from the simulation (see Fig. 1). Furthermore, possible deviations in the decay-time de-
pendence of the resolution function from the simulation have been considered by fitting
the asymmetry with a resolution function of%(RMS) for all decay times.
The effect of different parametrizations of the resolution function has been studied, and
found to be negligible.
e The amount of background contributing to the surikéfandK®.
Systematic uncertainties in the amount of signal and background in the data were esti-
mated 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 proportions of signal and background
obtained from the different fits agree within better than 3%. The amount of pionic anni-
hilations was also estimated from a study of the energy-loss distribution of the charged



Source AR€(mo00)  AlM(17000)
K°(K°) decay-time resolution 0.01 0.01
Amount of background ifiK’+ K° 0.02 0.02
Difference in background contribution #&° andK° 0.05 0.01
Regeneration < 0.01 < 0.01
Am , 75 [6] andr, [7] < 0.01 < 0.01
Total 0.06 0.03

Table 2: Contributions to the systematic errors offulgg) and Im(7ggp)-

particles in the scintillators, and gives a value that is 7% smaller than the result of the fit.
The systematic errors on Rgoy) and Im(nn0) were determined by varying the amount
of signal and background from kaon decays43/%, and by reducing the pionic anni-
hilations by 7% compared to the mean values given in Table 1, taking into account their
correlations.

e The relative contribution of background to & andK" signal.
The relative contribution of background to th¢ andK" signal can be different from
the relative tagging efficiency df® andK°. The tagging efficiency as well as the rela-
tive 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-value resulting from the asymmetry fit. The relative
contribution of pionic background to thi€” andK" signal is determined from the study
of the energy-loss distribution in the scintillator and yield$8 + 0.02. The system-
atic errors on Rej00) and Im(nyg) are evaluated by varying the relative contribution of
background td<® and toK" within +5% for each background channel.

e Uncertainties due to regeneration effects.
It was evaluated that, taking into account the regeneration amplitudes as measured by
CPLEAR [8], the effect of neutral-kaon regeneration is negligible at short decay time
where the asymmetry is maximal.

e Uncertainties related thm , 1, andrs.
The experimental uncertainties on the valuedof andrg as determined in Ref. [6], and
of 71, as given in Ref. [7], have a negligible influence on the results of the fit.

8 Final results and conclusions B
Our final result from 17°300 reconstructéd (K°) — #%7°7° events is,

Re(nop0) = 0.18 & 0.14gtat, = 0.06yst,
|m(7’]0()0) = 0.15+ 0205tat:|: Oogsyst .

These results are independent of any assumption on CPT invariance. This is the first determina-
tion of 199 Using the rate asymmetry of initially puk€’ andK° decaying tar’7°7°. We have
obtained an improved sensitivity fgs,, compared to the previous measurement [9], as shown

in Fig. 5b.



By fixing Re(nyg) 1o Re(e) = 1.635 x 1073 [7] in the fit, we obtain
IM(noe) = —0.05 % 0.12gtat. = 0.05syst..

Using the definition ofjypy and By, o000 = (21.12 + 0.27)% from Ref. [7], an upper limit
for the branching ratio of thKgy — 7°7°7° decay is deduced to be

B sn07000 < 1.9 x 1077

at the 90% confidence level, which is an improvement by a factor of two compared to the
measurements of Ref. [9].
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Figure 3: The measured missing-mass squardd‘ofT emerging fronpp annihilation. Only

events with a neutral kaon detected within a decay-time intervallofo 207y are retained.
Overlayed are the signal and background contributions resulting from the fit (see text). One
can distinguish the signal events, that correspond to the neutral-kaon mass, from the kaonic-
annihilation channels with an additiondl, which populate the high-mass region, and from the
pionic annihilations, which contribute to the low-mass region.



22500

c
= | — K% =31
5 T K°—=2n’+sec. v's
@ 20000 -~ K% 3
i I ™ , K®—2r°
17500 ‘ | pionic
I |
# —@— e daa
15000~ I result of thefit
12500 -
10000
= :¢:
7500
I - T
5000 - % ]
i co } o=
e A |
2500~ o[ .. |
N o e e e
40 -30 -20 -10 0 10 20 30 40 50 60

Neutral-kaon decay time [1g]

Figure 4: The measured neutral-kaon decay-time distribution in the missing-mass squared in-
terval 0.15 to 0.35 Ge¥/¢*. Overlayed are the signal and background contributions resulting
from the fit (see text). At positive decay times most of the events are signal events, while events
reconstructed at negative decay times are mainly background.

10



.l %H %ﬁ#gﬁ% T l

_02klllllllllllllllllllllllllllllllllllllllll

0 25 5 75 10 12.5 15 175 20
Neutral-kaon decay time [t4]

Im(N go0)

| | l | | | l | | | l | | | l | | | l | |

Re(N gg0)

Figure 5: a) The measured time-dependent CP asymmetry betwieand 20r5. The solid line

shows the result of the fit of Eq. (2) to the data, taking into account the decay-time resolution,
and the background contributions as listed in Table 1. b) The contour plot fepReand
Im(n00) Obtained in this analysis; the error bars represent the statistical and systematic uncer-
tainties added in quadrature. For comparison, the result of Barmin et al. [9] is also shown; their
error bars are statistical.

11



