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Abstract

The CP-violation parameter 7700 is determined through the eigentime-dependent asymmetry in the rates of initially tagged
K° and K° decayl ngto w° w° From the analysis of the complete data set we obtain the values |nq| = [2.47 + 0.314, +

0.244,41x 1073 and ¢y = 420°i56gat,119°.

© 1998 Elsevier Science B.V.

CP violation in the mixing of neutral kaons decay-
ing to w°m° has previously been observed using K
and Ky beams [1]. We report here results of a
different approach, where CP violation is observed
by measunng the asymmetry between the rates of
initially pureK or K° states decaying into w°x®. In
a previous CPLEAR publication, the first observa-
tion of a particle—antiparticle asymmetry in the de-
cay of neutral kaonsto w° w° [2] was reported with
partial statistics, where the details of the experimen-
tal method and the analysis were discussed. In this
letter the measurements of |7y, and ¢, based on
the full statistics are presented.

The neutral kaons are produced in the annihila
tions pp » K°K* @~ and pp — K°K 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 simultane-
oudly produced charged kaon. This technique allows
the measurement of any difference between the CP
conjugate rates REK’ - 7%w)(r) and R(K°—

97 %)(7) to be made through the eigentime-depen-
dent rate asymmetry

An(T)

%) (r) —R(K® = m°n°)(7)

R(Koﬁwono)(T) +R(K®—> m° 11'0)(7')
®)

which provides a direct proof of CP violation inde-
pendently of phenomenological descriptions. The CP

violation parameter m,, is derived from the time
dependence of this asymmetry:

Aw(7) =2Re( €)

1
2|T’00|e* 5(1/TL71/’TS)TCOS( Amr — ¢00)
1+ |noolze—(1/TL_l/Ts)T

. (2

where 7 denotes the decay eigentime of the neutral
kaon, 75 and 7 are the mean lives of K and K
respectively, Amisthe K -Kg mass dlfference and
€ describes the CP V|0Iat|0n |n K°—K° oscillations.

A detailed description of the CPLEAR experiment
can be found elsewhere [3]. Antiprotons of 200
MeV /c are delivered by LEAR and are stopped
inside a high-pressure gaseous-hydrogen target at a
rate of about 10° per second. The cylindrical detec-
tor is placed inside a solenoid of 1 m radius and 3.6
m length, which provides a magnetic field of 0.44 T.
The tracking system consists of two proportional
chambers, six drift chambers and two layers of
streamer tubes. Fast kaon identification is provided
by a threshold Cherenkov counter sandwiched be-
tween 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 procrs

The decay K°(K®) — w0m° — 4y is selected by
requiring exactly two charged tracks that have been
identified as a kaon and a pion, and exactly four
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electromagnetic showers in the calorimeter [4]. The
decay time 7 of the neutral kaon is determined from
a constrained fit to the data using the momenta
obtained from the charged tracks, the K°(K°) pro-
duction vertex, the photon conversion points and the
photon energies in the electromagnetic calorimeter.
The decay-time resolution is equally determined by
the precision of the neutral-kaon four-momentum as
by the precision of the photon conversion-point posi-
tions. Three criteria based on the invariant masses of
al yy-pair combinations, on a detailed study of the
shape of the x2 function of the decay-time distribu-
tion and on the measured shower directions of the
four photons are further applied to the data in order
to improve the experimental decay-time resolution.
The selection criteria have been optimized by provid-
ing the best sensitivity to the measured parameters
and not to the decay-time resolution or background
rejection [6].

Fig). 1 shows the measured decay-time distribution
for K- + K° overlayed with the simulated decay-
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Fig. 1. The measured decay-time distribution for K° + K ° — 7 07©

(dots), overlayed with the result of the simulation of this decay
and the different background channels according to Table 1 (solid
line). The background is shown separately for contributions from
pp-annihilations (dashed line) and K| — w%m%w° decays (dotted
line).

Table 1
Background contributionsto the final data samplein the decay-time
interval 0-20 4. The quoted errors are statistical

Background channel Contribution [%0]

K- 770 0.137+0.005
oK (KOK*7 T + 70 0.065+0.017
ppomta +n-w(n=0 0.511+40.020

time distribution taking into account the acceptance,
the decay-time resolution, and sources of back-
ground. The acceptance for the signal events varies
only very slowly as a function of the decay time and
is constant up to = 10 74. The resolution function
has been determined according to Ref. [2] and gives
avalue of 0.7775 (FWHM). Sources of background
are the kaonic annihilation channels pp
SKUKOK 7T+ and pp— KK~ +n7® (n
> 0), the pionic annihilation channel pp > 7 7~ +
nm® (n>0) and the neutral-kaon decay K, —
w0 %% The contributions from kaons are deter-
mined from simulation, while the contributions from
the pionic annihilation are determined from the data
by studying the energy loss distribution of the charged
particles in the inner scintillator of the particle iden-
tification detector. Table 1 summarizes the back-
ground channels contributing to the final data sample
in the decay-time interval 0-20 7. The contribution
of pp— K"K~ +nw? is negligible. In the shorter
decay-time region (< 87g) the pionic annihilation
background dominates, whereas for longer decay
times K, > n°n°w® becomes the main back-
ground. In the interference region the total back-
ground does not exceed 2.5%.

The CP-violation parameters |nyl and ¢, are
obtained from the data by comparing the measured
time-dependent decay-rate asymmetry with the
asymmetry given by Eq. (2). The measured decay-
rate asymmetry is shown in Fig. 2. The oscillation of
the CP-violation interference term, Eq. (2), can be
clearly seen, diluted by the decay-time resolution and
by the K, - w°w°w® background at large decay
times. As discussed in Ref. [2], the relative effi-
ciency ¢ 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 detector material depend-
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Fig. 2. The measured asymmetry Aqy (7). (The solid line shows
the result of the fit.)

ing on their charge and momentum. Since the theo-
retica asymmetry of Eq. (2) has a constant term of
2Re(e), the total offset of the measured asymmetry
in Fig. 2 is (a—1)/(a+1), where a=£[1+
4Re(€)]. Owing to the finite decay volume of the
detector, a correlation is introduced between the
neutral-kaon kinematics and its acceptance as a func-
tion of decay time, thus leading to a dependence of
the relative tagging efficiency on the neutral-kaon
decay time. To avoid a decay-time dependent &
value, we divided the full data set into subsamples as
a function of the momentum of the neutral kaon in
such away that the influence from avarying ¢ and a
varying decay-time acceptance within each subsam-
ple became negligible. The values of |1yl and ¢q,
are extracted from a global likelihood fit to the
asymmetries corresponding to these different data
samples. The decay-time resolution, the remaining
background contributions and the regeneration cor-
rection are taken into account individually for each
neutral-kaon momentum interval. The a-values of
the K°(K ®) momentum subsamples are free parame-
tersin the fit. The values for the mass difference and
the K¢ mean life are fixed at Am=(530.7 + 1.3) X
10" 4s™Y, and 75 = (89.22 + 0.10) ps as determined
in Ref. [5]; the value for the K| mean lifeis fixed at

7, =(51.7+ 0.4) ns as given by Ref. [1]. The fit
yields
Mool = (2.47 + 031, ) X 1072,

The result of the fit is shown as a solid linein Fig. 2.

The correlation coefficient between ¢y, and |ny|

given by thefit is0.03. The a-values have aweighted

average of {(a) = 1.178 + 0.003, where the error is
statistical.

The contributions to the systematic uncertainties
in the determination of ¢y, and |n,,| are discussed
below and are summarized in Table 2.

- The resolution in reconstructing the neutral-kaon
decay time. The systematic uncertainties in the
values of ¢, and |nq| due to uncertainties in the
parametrization of the resolution function have
been determined from the decay-time distribution
of Fig. 1 by varying the resolution function so
that the resulting decay curve agrees within statis-
tics with the observed one, and are given in Table
2. A possible variation in the decay-time resolu-
tion as a function of the decay time has also been
studied by simulation. No evidence for such a
dependence has been found and variations within
the statistical limits have a negligible effect on
boo and [ngol- o

- The different efficiencies in tagging K~ and K°.
Systematic uncertainties introduced by a possible
deviation of the relative tagging efficiencies ¢
from a constant and by a different decay-time

Table 2

Contributions to the systematic errors on ¢q, and [ngl
Source Adgy  Alngl[1073]
)

K, (K %) decay-time resolution 0.6° 0.16
K (K°) identification efficiencies 029° 001
Photons from secondary interactions  1.4° 0.13
Backgrounds

ﬁp—>w0+f+n~w°(nzo) 1.1° 0.07
pp—K (KOK £ ¥ + 0 016° 005
K, —3w° 026° 0.6
Regeneration 0.2° 0.07
Total 1.9° 0.24
Am[5] 0.34° 0.003
75 [5] 0.036° {0.001
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acceptance, have been determined within each
neutral-kaon momentum subsample.

- Photons from secondary interactions. In a small
number of events one undetected photon from the
decay of K%(K°) — %0 is replaced by a photon
that originates from the strong interaction or the
decay of the accompanying charged particles in
the calorimeter. For such events the reconstruc-
tion of the neutral-kaon decay time is affected.
According to simulations such events contribute
to about 0.7% of the data and the relative tagging
efficiency for these events is 10% smaller than
for correctly reconstructed events. The uncer-
tainty in determining the number of such events
has been evaluated from a fit to the measured
decay-time distribution of Fig. 1. The systematic
errors as given in Table 2 have been obtained by
varying the number of such secondary photons by
50% and the relative identification efficiency for
K® and K° by 5%.

- The background channels as listed in Table 1.
Uncertainties in the determination of the back-
ground channels have been estimated from vari-
ous fits to the measured decay-time distribution
of Fig. 1. For each background channel the con-
tribution as given in Table 1 has been varied by
up to 50% and the relative contri butlon to the K°

and K° sgnal by 5%. For K| — w°m%x® and for
pp - KAKOK * ™ T+ @O, the relat|ve amount of
background in K° and K° is identica to the
relative tagging efficiency & for the signal events.
However, for the pionic background pp — w* ™
+n-7°%(n>0) it is 15% smaller.

- Uncertainties due to regeneration effects. Coher-

ent and incoherent regeneratlon effects introduced
by the interaction of K° and K° with the detector
material are taken into account when fitting the
asymmetry. The systematic errors on ¢, and
Imeol @re introduced because of uncertaintiesin the
regeneration amplitudes for energies below 1 GeV
that have been measured by CPLEAR [7].

- Uncertainties related to Am and 5. The depen-
dence of ¢y and |mgl on Am (in units of
10" 4s™1) and 74 (in units of ps) is given by

$oo = [42.0+ 0.24( Am— 530.7)
+0.40(75 — 89.22)]°

[Nl = [2.47 — 0.002( Am — 530.7)
+0.015(7¢ — 89.22)] x 102

with correlation coefficients between ¢,, and
Amand |nyl and Am of 0.88 and — 0.25, respec-
tively. The errors on ¢y, and |ngl as given in
Table 2 result from the experimental uncertainties
on Am and 74 as given in Ref. [5].

Our fmal result from 2 x 10 reconstructed K°(K ©)
- 770 eventsis

oo = 42.0° + 5.6%, +1.90
Imgol = [2.47 + 0.314, +0.24, | X 1072,

This mewrement using the rate asymmetry of ini-
tialy pure K® and K° decaying to #%° is in
agreement with previous measurements of these pa-

rameters using K¢ and K| beams [1].
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