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Abstract 

The time-dependent rate asymmetry of initial K” and p’ decaying into T+T-T” was measured in order to reveal the 

CP-violating amplitude of the Ks + rr+r-# decay. For the real and the imaginary parts of T+_~,, we find Re(v+-,,) = 

(6 4~ 13,,;,,. i: Isyr, ) x IO-’ and Im(v+-0) = ( -2 rt 1 8r,,,. k 3rys,.) x lo-’ which correspond to /~+-,,1 < 0.037 with 90% 
CL. 

1. Introduction 

In this paper, results are presented on the CP- 
violating Ks + rr+r-rr’ decay studied by the 

CPLEAR experiment at the Low Energy Antiproton 

Ring (LEAR) at CERN, where the decay rates of the 
initial K” and ITo into the three-pion final state are 
measured. 

The motivations for a search for the CP-violating 

amplitude of Ks -+ &rr-?r’ decay extend beyond the 
search for CP violation in the Ks decays of the neutral 
kaon system. It is also an important experimental in- 

put to the best indirect test of CPT symmetry, based on 
the Bell-Steinberger relation [ I]. The increasing ex- 
perimental precision in measuring the d+- phase has 

renewed interest in a purely experimental test of CPT. 
For this, the precision in measuring the amplitudes of 
the transitions to the three-body final states is a lim- 
iting factor. Our measurement substantially reduces 
the experimental uncertainty due to the r+g-7r” final 
state, making it negligible compared with the experi- 
mental uncertainty of the other parameters contribut- 
ing to the limit to CPT invariance. 

The search for the CP-violating amplitude in the de- 
cay to r%-7r” is different to that in the more famil- 
iar two-pion channels. The two-pion final states and 
the 7~“~~~~ state each have a well-defined CP eigen- 
value. In contrast. the CP eigenvalue of a rTT+n--@ 
state with zero total angular momentum is given by 
(- I )” ‘, where 1 is the relative angular momentum 
between rTTc and nTT-. Since the sum of the masses 

of the three pions is close to the kaon mass, the de- 
cays of K” and E” into three-pion states with I > 0 

are suppressed by kinematics. Therefore, the process 
KL --f a’7r-7r” is dominated by the CP-allowed de- 

cay amplitude A~*z-nO withf=OandCP=-l.The 

Ks may decay into the kinematics-suppressed and CP- 
allowed final state with I = 1 and CP = + I, or into the 
kinematics-favoured but CP-forbidden final state with 
I = 0 and CP = - 1. This results in a Dalitz plot popu- 

lation which is symmetric with respect to the W+ and 
the 7~~ for the Ks -+ r’rr-7r” CP-violating ampli- 
tude and anti-symmetric for the Ks -+ n-+7r-r” CP- 

allowed amplitude. Thus, in the KL-K~ interference 
term, the CP-allowed contribution of Ks decays van- 
ishes when the decay amplitude is integrated over the 

phase space of the neutral kaon decays [ 21. Therefore 
the parameter r]+__~, defined as 

s 
&A&r-b’ A”‘“-#* 

77+-o = 
ldft ,‘&+2 

(1) 

where the integration is over the entire phase space of 

the K” --f n-‘7r-7r” decay, depends only on the CP- 

violating part of the amplitude Ac’“-TD for the decay 
KS -+ T+w~‘. 

2. Experimental method 

In the CPLEAR experiment, the parameter V+_O 
is determined from the time-dependent K”-Eo decay 
rate asymmetry, which is a direct measurement of the 
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KS-K,> interference term. This asymmetry A+-O(T) is 
prominent in the early decay-time region and is given 

as 

Rt-o(T) - R+-O(T) 
A+-0(~) = _ 

R+-O(T) + R+-O(T) 
= 2Re(E) - 2 [Re(v+_o) cos (Arn~) 

-Im(r]+_o) sin (ALIT)] e-~(rs-rL)7 (2) 

where R+-~(T) and R+_o(T) are the K” and K” de- 

cay rates, Am is the KL-Ks mass difference, r~ and 
r~ ( = I /Q) are the KL and Ks decay widths, respec- 
tively. and E is the CP violation parameter in the K”- 

K” mixing. 
The initial K” and K” are produced in the reactions 

pfi(at rest) --f K-7r’K” 

and 

pp( at rest) ---+ K+r-K’ 

each with a branching ratio of approximately 2 x 10e3. 
The strangeness of the neutral kaon is tagged by the 
sign of the associated charged kaon. The 200 MeV/c 
antiprotons from LEAR are stopped in a target of 

gaseous hydrogen (16 bar) at a rate of lo6 s-‘. The 
detector [ 31 has a cylindrical symmetry and is placed 
inside a solenoid providing a magnetic field of 0.44 

T. Charged particles are tracked using 2 layers of 
proportional chambers (PC), 6 layers of drift cham- 
bers and 2 layers of streamer tubes. A scintillator- 

eerenkov-scintillator sandwich provides input to a 

kaon fast identification system based on energy loss, 
time of flight and Cerenkov light measurements. Pho- 
tons are detected in an electromagnetic calorimeter 

nith 18 layers of lead converters and tubes working 
in a limited-streamer mode. Each of these layers is 

equipped with two layers of pickup strips, allowing a 
three-dimensional reconstruction of electromagnetic 
showers. Fast and efficient event selection is per- 

formed online using a hardwired multilevel trigger 
system. 

3. Data selection 

The results reported in the present paper are based 
on the analysis of data taken during 1992 and 1993. 

The events selected contain four charged-particle 
tracks, with zero total charge and one or more elec- 

tromagnetic showers in the calorimeter, which are 

well away from any charged track. The latter require- 

ment considerably reduces the background from pp 
annihilations to K+K-n-+rr- and also from v+~T- 
and semileptonic decays of neutral kaons. The pp- 
annihilation vertex, reconstructed from the charged 

kaon and a pion of opposite charge (primary pion), 

is required to be within 20 mm of the beam axis 

and well within the target along the beam axis. The 

neutral-kaon decay vertex is reconstructed from the 
remaining 7r+ and 7~~ tracks (secondary pions 1. The 
distance between the two vertices in the transverse 

plane is required to be greater than 1.2 cm. The open- 

ing angle of the secondary pions has to be larger than 
8” in order to remove e+e- pairs from y conversions 
or r” Dalitz decays, and smaller than 172” in order 
to remove events with particles back-scattered from 

the detector’s outer components. 
Events are then selected using constrained fits to sat- 

isfy either pfi( at rest) -+ Kfr-Ko (E” + 7rfrr-ro) 
or the charge conjugate (c.c.) process, with the fol- 
lowing requirements: 

- conservation of energy and momentum with the 
constraints that the missing mass at the primary ver- 

tex is the mass of the neutral-kaon, and the total 

missing mass is the r” mass. 
- colinearity of the neutral-kaon momentum vector 

and the vector connecting the primary and decay 
vertices, both in the transverse plane. 

About 250 000 events satisfy this first set of selection 
criteria. Analysis of the possible background events 
contained in this sample is performed using both real 

data and Monte Carlo simulation. 

Mainly due to the effectiveness of the constrained 
fits, the background resulting from Kfr-Eo (K” -+ 
7r+7rTT- ) or the C.C. process is reduced to a negligible 
amount (5 0.02%). The same holds for many other 
annihilation channels, such as multi-pion final states, 
whose contribution is at most 0.002%. The possible 
systematic error caused by this is included in the first 
and second entries of Table 1. 

The contribution from neutral kaons decaying into 
semileptonic final states can be determined from 
Monte Carlo simulation and from the relative branch- 
ing ratios. It amounts to z 4% of the signal events 

and is found to be strongly suppressed at short decay- 
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Fig. I_ The decay-time distribution of initial K” and g’ decaying 

into ST+ rr-# for real (+) and simulated (-) data. The simulated 

distribution (MC sum) results from rr+~-# and semileptonic 

decays of neutral kaons and is normalized to the real data above 

h 7s. The contribution to background from semileptonic events is 

given by the shaded area. 

times, where the decay particles which hit the PCs 

have better momentum resolution, resulting in a more 
efficient rejection by the constrained fits (Fig. 1). 
Due to its decay-time distribution this contribution 
has very little effect on the result. 

At short decay-times, the remaining background 
contributions are the following: 

(a) 

(b) 

(c) 

pp --t ~T~K+~T-~~ (or c.c.) events, where a 

Ks decays into 7r+7rW, but where the primary 
charged-pion is taken as a secondary pion and 
vice versa, even though the vertex resolution in 

the transverse plane is of the order of 1.5 mm. 

This results in ‘combinatorial’ background 

mainly at very short decay-times. 
pp -+ K’K-r+rr- events satisfying the selec- 
tion criteria due to a badly reconstructed track. 

pp + K+r-F” (or CL.) events with a Ks de- 
caying to n-Or’, followed by a r” Dalitz decay 

to e+e-y. 
Background events of type (a) are rejected if they 

fulfil invariant mass assignment and vertex alignment 
consistent with thepfi -+ ?r°Kc~-Ko (Ks --) ~~7.r~) 
or C.C. hypothesis. These cuts have very little effect on 
aenuine three-pion events. c 

Events of type (b) are further reduced by discarding 
events where a four- or three-track vertex-fit probabil- 
ity is high, and where the total missing momentum is 
low. In addition the time-of-flight information of the 
charged particles is used to confirm the primary Kr 

Fig. 2. The total-background fraction JJ( 7). The solid line is ob- 

tained by a parameterization of the difference between decay-time 

distributions of real data and simulated neutral kaons decaying to 

v~+vr-~-(’ (normalized above 6 7s ). 

and secondary rr hypothesis. 

The Dali& decays in type (c) events are further 

eliminated using invariant mass and time-of-flight 
techniques. 

After these additional cuts a total of 137 000 events 
remain. The decay-time distributions are denoted by 
N(r) and r(7) for K” and ITo, respectively. The 

decay-time 7 is calculated using the neutral-kaon mo- 
mentum, improved by the constrained fits mentioned 
above. 

Fig. 1 shows the measured decay-time distribution 

N( 7) +N( 7)) together with the simulated decay-time 
distribution, which includes K” and E” + rr+r-~-’ 

decays and the predicted contribution from semilep- 
tonic decays. The simulated data are normalized to the 

real data for decay-times above 6 us, where semilep- 
tonic events are the only source of background. The 
contribution of the semileptonic events is shown in the 
shaded area. 

Fig. 2 shows the total-background fraction distribu- 
tion l( 7)) given by 

!l(Q-) = 
(E’(7) + N(T) 1 - C%AT, + hT(T)) 

E(7) + N(7) 
(3) 

where E3rr(7) + NT,(T) is the normalized number 
of Monte Carlo events for K” and E” decaying to 
&~T-YT’. This total-background fraction is taken into 
account when fitting the asymmetry and evaluating 
the systematic errors by using a parameterization of 
l( 7), which includes the semileptonic contribution 
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and a small residual background, observed at very 
short decay-times (Fig. I). 

The determination of l( 7) is limited by the preci- 
sion to which the Monte Carlo simulation can repro- 

duce the detector and selection acceptances. This pre- 

cision was determined to be better than 1% by compar- 
ing the decay-time distributions from a background- 

free sub-sample of real events with the Monte Carlo 

distributions.This sub-sample consists of signal events 
with a & -+ yy reconstructed using the calorimeter 

information and is too small to be used on its own for 

a measurement of 77+-e. 

4. Decay asymmetries and fitting 

In order to obtain the time-dependent CP- 
asymmetry defined in Eq. (2) from the measured 

rates N( 7) and R(r), their relative normalization 

has to be taken into account as discussed in [4], and 
it is necessary to consider the K” and K” tagging 
efficiencies. These efficiencies E(K’) and e(K”) are 

not identical due to the different strong interaction 

cross-sections of K+ and K-, and of 7r+ and 7rTT-, in 
the detector. A normalization factor 5 is defined as 

E( Ki,~-)/e(K-,rrf), which depends on the mo- 

menta of the primary charged-kaon and pion, and is 
independent of the decay mode. 

The momentum distributionsare related to the radial 

distance of the secondary vertex of the neutral kaons, 
resulting in a small dependence of 6 on the decay-time. 

A look-up table (LUT) has been constructed, using 
the K” and K” decays to rTT+7r- at very short decay- 
times [ 41, in order to map 6 with good precision as a 

function of the momenta of the primary charged-kaon 

and pion, t(~k, p,). The decay-time dependence of 4 
is corrected on an event-by-event basis using this LUT. 
The overall average value of 5 is then determined as 
a free parameter in the fit of the asymmetry. 

Different decay-track topologies may have different 
acceptances. One should however notice that the ac- 
ccptance of events with different topologies cancels in 
the K”-K” asymmetry and that track lengths and mo- 
mentum resolution of the secondary (decay) tracks 
have no influence on the normalization, which is de- 
termined by the primary K’rr tracks. 

Fig. 3 shows the measured asymmetry 

Fig. 3. The measured time-dependent CP-asymmetry between 0.5 

and 20 7s. The solid line is obtained by fitting Fq (4) to the data. 

The broken line shows the asymmetry expected when assuming 

t7+-n = rl+-. 

‘y 5-l ; 46[1 -l(7)]AC_o(7) 
5+1 c5+ I)* 

(4) 

where A+_o(T) is given by Eq. (2). The parameter 

v+_c, as well as the normalization factor 5, were left 
free in fitting Eq. (4) to the data. The numerical values 

for Re( E), I’S and It+ are taken from [ 51. One should 
note that in Eq. (4) the first term in 5 is adding to 

2Re(e) in Eq. (2) and that the 5 dependence of the 
second term is weak. Thus one cannot differentiate in 

this fit between normalization effects and the value of 
Re(.e). The fit result is also very weakly sensitive to 
the choice of the value of Am, which we take from 
our recent publication [ 61. 

The fit yields 

Re(v+-0) = (6* 13,t,t.) x lo--’ 

Im(q+_o) = (-2f 18,mt.) x IO-” 

[= 1.127~0.007. 

The statistical correlation coefficient of the parameters 

Re(v+_e) and Im(~+_o) is 66%. 
The solid line in Fig. 3 represents the result of the 

fit. For comparison, the broken line is obtained as- 
suming q+_0 = r)+_. 
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Table I 
Surnrnnry of systematic errors 

Source of systematic error Ret o+-(I) lWV+--Ii) 
x10-3 x10-7 

Amount of background 

Normalization 

of background 

CP-allowed KS decay 

amplitude ” 

Decay-time dependence 

of normalization ” 

Decay-time resolution 

Regeneration 

.h and Ts 

0.4 0.5 

0.5 I.1 

0.1 

0.7 2.8 

0.3 0.4 

0. I 

0.1 0.2 

” Error determination currently limited by statistics. 

5. Systematic errors 

The following systematic errors were investigated: 

- The systematic error introduced by uncertainty in 
the total-background fraction 4’(r) was found to 
he 0.4 x IO-” for Re(v+_a) and 0.5 x 10e3 for 
lm( vi -0). A study of rejected events showed that 

one possible background, namely K+K-r+n-- 

events, could appear to have a normalization differ- 
ent frotn signal events. Taking this as an extreme 
case and varying the background normalization 

within the corresponding limits resulted in sys- 
tematic errors of 0.5 x lo-? for Re(T+_n) and 
I.1 x 10-j for Im(q+_o). 

- The assumption that the contribution from CP- 

allowed Ks -+ 7r+r-r” decays cancels in the 

asymmetry does not hold if there is any difference 
in the detector acceptance for the phase-space re- 
gions ECM (T+) :EcM( T- ). Studies using both 

real and simulated data, for selected phase space re- 
gions, where no asymmetry caused by CP-allowed 

Ks decays is expected, showed no difference in 
acceptance within the present statistical accuracy 
( < 2 x lO-J). This statistical limit translates into 
an error of 0.1 x IO-’ for Re(q+-0). There is no 
effect for Im( ~+-a) since the CP-allowed decay 
amplitude contributes only through the cosine term 
of the interference. 

- The error introduced by the LUT was determined 
hy changing the values in the LUT within their sta- 
tistical errors. Although data were corrected for any 
time dependence of the normalization, a search for a 

residual effect due to different event topologies has 
been carried out using a detailed Monte Carlo sim- 

ulation The accuracy on the determination of the 

normalization time dependence, currently limited 

by the Monte Carlo statistics, leads to a systematic 
error of 0.7 x lo-” for Re(q+_o) and 2.8 x IO-” 
for Im(q+_n). 

- The systematic error due to finite decay-time reso- 
lution and bin size, as well as to the lower limit of 

the decay-time interval used in fitting the asymme- 

try, was studied using Monte Carlo events. The total 

uncertainty is less than 0.3 x IO-’ for Re(q+-0) 
and less than 0.4 x IO-’ for Im(~+_c). 

- The effect of neutral kaon regeneration is expected 
to be negligible at short decay-times, where the 

asymmetry is sensitive to CP violation. Its uncer- 
tainty was found to be less than 0. I x low3 for 
Im( 7+-e) when changing the regeneration ampli- 
tudes by & 13% and the regeneration phases by f9’ 
141, i.e. within the errors extrapolated from higher 

energy data. 
- The experimental uncertainties of the values of Am 

and Ps used in the fit account for systematic errors 

of less than 0.2 x lo-” for both the real and imag- 

inary parts of 7+-o. 
Table I summarizes the systematic errors which may 
affect the determination of 7+-n. 

6. Final results and conclusions 

Our final result is 

Re(r)+-0) = (6 ?C 13,,,,. f lsyst.) x IO-” 

Im(7i+-o) = f-2 * 18,i,i. f 3+) x IO-‘. 

Assuming no correlation between the systematic er- 
rors, we obtain I~+_o] < 0.037 at the 90% confidence 
level. 

This is the first determination of r)+_o using the 
method of measuring the rate asymmetry of tagged 
K” and K” decaying to T+~~-vO. We have obtained 
the best sensitivity for ~+_.a compared to all previous 
measurements [ 51, and also to the recent measurement 
[7], as shown in Fig. 4. 

Our measurement reduces the contribution of the 
error of 7+-o to a negligible level in a test of CPT in- 
variance based on the Bell-Steinberger relation [ 8.91. 



CPLEAR Collaboration/ Physics Letters B 370 (19%) 167-173 173 

A Ref. [7J 
I 

Fig. 4. The contour plot for Re(v+_u) and Im(v+-u) obtained 

in the present work. For comparison, the recent result of Zou et 

al 17 I is also shown. in the absence of the statistical correlation 

coefficients of ( 7 1, the error bars for both experiments represent 

total uncertainties, i.e. statistical and systematic uncertainties added 

in quadrature 
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