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Abstract
The CP violation parameter v+- is determined through the eigentime-dependent asymmetry in the rates of initially tagged
K” and p decaying to ~T+T-. The obtained values are (v+_ 1 = (2.3 12 f 0.043,,,, f 0.030,,,,. f 0.011 TS) x IO-” and
4+- = 42.7” f 0.9& f 0.6& f 0.9’&, with Am = (527.4 k 2.9) x IO’hs-’ measured in the same experiment using the
semileptonic decay channel.

1. Introduction

Thirty years after the discovery of CP violation in
the neutral kaon decays, systematic and precise studies of discrete symmetries in the neutral kaon system are still of great interest and may reveal physics
beyond the Standard Model. For example, a comparison of the phase 4+_ with the superweak phase
4s~ provides the most sensitive test of CPT invariance [ I]. Such tests probe interactions at very high
energy scales [ 21, and are one of the main objectives
of recent and planned experiments [ 3-71.
The magnitude and phase of the CP violation parameter v+_ are obtained by measuring the interference between KL and Ks decay amplitudes into two
charged pions. In the CPLEAR experiment this interference is directly measured using the asymmetry between the rates of K” and ji(’ decays. In contrast to other interference experiments [ 3-61 the initial strangeness of the neutral kaon is known event by
event using this approach 181. In this paper we present
a new precise measurement of IT+- 1 and #+_ from
data collected up to mid 1994.

2. Overview of the method
The CPLEAR experiment uses initially pure K”
and E” states produced concurrently in the annihilation channels (P~T)~~,~
- K’K-GT+ and (p@rest -+
F’K+rr-, each with a branching ratio of w 0.2%. The

strangeness of the neutral kaon is tagged by the charge
sign of the accompanying kaon. The rates for initially
pure K” and E” decaying into the T+~T- final state,
R(T) and ??( 7) , respectively, can be expressed as a
function of the decay eigentime T by

R(7)

1 T 2Re(&)

R(7) c(
f

2

-r/7s

[e

+ l~+_12e-7/‘L

cos(Am7
2lrl+-le--5(T/7L+7/7S)

_

++_)I

(1)

where Am is the KL-K~ mass difference, G-L(Q) is
the KL( Ks) mean life and B describes CP violation in
the kaon mixing matrix. Since R(T) and E(T) are the
decay rates of CP conjugate processes, any difference
between the two is a sign of CP violation. In Fig. 1 the
decay rates for K” and E” measured by our experiment
are shown separately, demonstrating the expected CP
violation effect.
The KL-Ks interference term in Eq. ( 1) is isolated
by forming the asymmetry of the observed number of
K” and i?’ decays to r+r-,
N( 7) and P(T), as a
function of the decay time:
N(7) - &N(7)
A+__(T) = _
N(7) + aN(7)
= _21~+-le~(‘/rS-rlTL) cos(Am~ - ++_)
1 + jr]+_12e(7/Q-T/7L)

(2)

The acceptances common to K” and F” cancel in the
asymmetry, thus reducing the systematic uncertainties.
The normalization factor LYincludes the tagging efficiency 5 of K” relative to K”, cy N [ 1 + 4Re(&) I x 5,
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4. Data analysis
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Fig. I. Acceptance corrected decay rate of K”( 0) and ?T”(0)
into T+v-. The linesare the expected rates (Eq. ( 1)) when the
PDG-94 values are used for Am, TS, 7~ and g+_ . Only the data
accumulated with the full trigger are shown (see Section4).

and is determined from the data together with the CP
violation parameters IT+- 1and #J+_.

3. The detector
The CPLEAR experiment uses an intense 200
MeV/c antiproton beam (z 106p/s) from the Low
Energy Antiproton Ring (LEAR) at CERN. A detailed description of the detector can be found elsewhere [9] and only a brief outline is presented here.
Viewed from the centre to the outside, the detector consists of a spherical gaseous hydrogen target
( 16 bar pressure and 7 cm radius), cylindrical tracking devices (two proportional, six drift chambers
and two streamer tube layers), a threshold Cerenkov
counter sandwiched between two layers of scintillator
to provide charged particle identification (Cerenkov
light, time of flight and energy loss), and an electromagnetic calorimeter ( 18 layers of lead converters
and streamer tubes). All components are situated
in a 0.44T solenoid (1 m radius x 3.6m length).
A fast background rejection is achieved online by a
multilevel trigger system.

First results based on the data sample taken in 1990,
when only the early stages of the trigger were operational, have already been published [ lo]. Since 1992
the full CPLEAR trigger including reconstruction of
charged tracks and particle identification has been operational, accepting events over all the available decay time region. In the analysis, the desired pp annihilations followed by the decay of a neutral kaon into
two charged pions are selected by demanding events
with four tracks and zero total charge. A good reconstruction quality is required for each track and vertex.
The transverse momentum of the charged kaon has to
be greater than 350MeV/c. In addition to online and
offline event selections, a kinematical and geometrical fit with nine constraints is imposed on the events.
These constraints require conservation of energy and
momentum, the missing mass at the annihilation vertex to be equal to the K” mass, the intersections of
two track helices at the annihilation and decay vertices, respectively, and the K” momentum to be colinear with the line joining the two vertices. The fit improves the signal-to-background ratio and the decaytime resolution. A simulation study of the detector
shows this resolution varying from 4 ps to 10 ps as a
function of the neutral kaon decay radius. The simulation also yields the acceptance for the signal and
residual background events as a function of the decay time. The only remaining background source consists of semileptonic decays, which are further reduced
by using electron identification [ 91. Fig. 2 shows the
sum of the decay-time distributions of K”‘s and ‘i(“s
in which the Ks-KL interference cancels. A fit of the
expected kaon decay rate and the background shape
(Fig. 2, open circles) yields a value for the Ks mean
life in agreement (within 1%) with the world average value [ 11. The background level obtained with
this fit is in good agreement with Monte Carlo calculations based on known branching ratios. A total of
1.6 x lo7 K”(Ko) --) ~T+T- events remain after background subtraction (only a fraction of the data with
decays below 1 rs has been analysed since these decays do not contribute to the statistical significance of
the final results).
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Fig. 3. Ratios of K”/Ko

events as a function of the charged kaon momentum for positive (0)

dependence, resulting from different strong interactions of K-s-+

and K+rr-

and negative (

v

) curvatures. The momentum

pairs used to tag the neutral kaon, is the same for both

curvatures.

the kinematics is identical for K” and K” decays to
~+IT-. However, the detection efficiency of (K+r- )
and (K-m+) pairs, used to tag K” and K”, respectively, differs due to the geometrical imperfections of
the detector and strong interactions of kaons and pions
with the detector material (mainly in the scintillator
and cerenkov counters).
In order to eliminate geometrical biases causing a
different detection efficiency for particles with opposite curvature sign, the magnetic field polarity is frequently reversed (approximately three times per day).
Fig. 3 shows the ratios between the numbers of tagged
E” and K” events corresponding to the same curvature
sign of the associated charged kaon as a function of
its momentum. The momentum dependence of these
ratios, which are free from geometrical biases, is only
due to strong interactions and therefore the ratios are
the same for the two curvature signs. Since we average the detection efficiency over the Kr phase space
configuration accepted in each decay time interval, the
relative tagging efficiency between K” and K” varies
when the K7r configuration changes with the decay
time. The radius-dependent decay acceptance, as well
as the limited fiducial volume together with the correlation of the neutral kaon momentum with the Km
configuration lead to this effect. To take this variation
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5.

Normalization

of K” and p

rates

The detection efficiency of the neutral kaon decay vertex cancels in the asymmetry (Eq. (2)), since

CPU

Table1
Systematicerrorsof

the presented d+-

and Iv+-

1values

Source

4+-

)Tj.+_j x10’

backgroundlevel

O.OP

0.02

decay time resolution

o.lo”

0.01

normalization

o.os”

0.005

regeneration

0.60”

0.02

tot&d syst.

0.61’

0.030

g(Am)

0.92’

0.003

U(Q)

0.040

0.011

procedure
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into account, each event is given a weight equal to
the value of LY(see Section 2) corresponding to the
tagging efficiency appropriate to its K?T kinematics.
The weights are measured at low decay times. Applying this correction changes the value of 4+_ by 0.2”
while IT+- ( remains the same with the systematic uncertainty given in Table 1.
This weighting procedure leads to a normalization
factor cyequal to one. To accommodate possible residual effects and to include the correlations between LY
and the CP-violation parameters, the value of (Yis left
free in the fit of Eq. (2) to the data, where it is determined to be cy= 1.OOOlZ?0.0006.

d

7 I 7s

Fig. 4. Decay rate asymmetry as a function of the decay eigentime.
The solid line is the result of our fit. The inset displays the data
at short decay times with a refined binning. Only part of the data
below 1 7s was analyzed

(see Section

4).

respectively, when the magnitude and phase of the
scattering amplitudes are varied within our estimated
uncertainties. Diffractive regeneration and absorption
are found to be negligible in our experimental set-up.

6. Regeneration
7. Fit of the asymmetry

and final results

The effect of coherent regeneration on the K” and

K” rates, mainly caused by the interference of the inherent Ks amplitude of the neutral kaon with the Ks
amplitude regenerated by scattering in the detector material, needs to be considered. In the absence of experimental data for the difference between the forward
scattering amplitudes of K” and K” in the momentum
region of the present experiment (< BOOMeV/c), we
have used the values calculated recently by Eberhard
and Uchiyama [ 1 1 ] . The values used for hydrogen as
input to their calculation on heavy nuclei are consistent with others [ 121, from which we estimate an average uncertainty smaller than 13% on the magnitude
and 9’ on the phase for hydrogen and for heavy nuclei [ 131. We have corrected our data on an event-byevent basis depending on the measured momentum of
the neutral kaon as well as on the detector materials
traversed (see [ 131). The values for 4+_ and Iv+_ (
do not change by more than f0.6” and *0.02 x IO-‘,

Eq. (2) folded with the decay time resolution is
fitted to the asymmetry shown in Fig. 4 with Iv+_ I,
4+- and LYas free parameters. The values of #+- and
Iv+_1 obtained by the fit, together with their dependence on Am (in units of 1O7fi s-’ ) and 7s (in units
of ps), are
Iv+_/ = (2.312 f 0.043 - 0.001 [Am - 527.41
+ 0.091 [TV - 89.261)

x 1O-3

(3)

c,b+_ = 42.7 f 0.9” + 0.316[Am - 527.41”

+ 0.30[~

- 89.261’

(4)

where we used Am = (527.4 f 2.9) x 107hs-’
measured recently by the CPLEAR collaboration using semileptonic decays [ 141 and 7s =
(89.26 i 0.12) ps [ I 1. The correlation coefficient between 4+_ and Iv+_ / given by the fit is 12%. Floating
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Am in the fit gives Am = (529.5 f 6.7) x 107tis-‘,
in good agreement with the value used. By changing
the background level, the decay time resolution, the
regeneration amplitude, Am and rs within their estimated uncertainties we derive the systematic errors
shown in Table 1. Our results are

and Technology of the Republic of Slovenia, the
Swedish Natural Science Research Council, the Swiss
National Science Foundation, the UK Particle Physics
and Astronomy Research Council (PPARC), and the
US National Science Foundation.

)77+-l = (2.312 f 0.043,,,,. f 0.030,,,,. f 0.01 lTs)
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x 1o-3
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44.5’. The errors remain the same except for the error
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being consistent with CPT symmetry. Our systematic
errors result mainly from the present uncertainty on the
difference between the forward scattering amplitudes
of K” and E” and the uncertainty on the value of Am. In
a separate paper [ 151 we report on the determination
of 4+- and Am from a correlation analysis of different
experiments.

Acknowledgements
We would like to thank the CERN LEAR staff for
their support and co-operation as well as the technical
and engineering staff of our institutes. This work was
supported by the following institutions: the French
CNRS/Institut National de Physique Nucleaire et de
Physique des Particules, the French Commissariat ?I
1’Energie Atomique, the Greek General Secretariat of
Research and Technology, the Netherlands Foundation for Fundamental Research on Matter (FOM) , the
Portuguese JNICT and INIC, the Ministry of Science

111Particle Data Group, Phys. Rev. D 50 ( 1994) 1173.
121J. Ellis, N.E. Mavromatos and D.V. Nanopoulos, Phys. Len.
B 293 (1992) 142;
J. Ellis, J.S. Hagelin, D.V. Nanopoulos and M. Srednicki,
Nucl. Phys. B 241 (1984) 381;
P Huet and M.E. Peskin, Nucl. Phys. B 434 (1995) 3.
l31 R. Carosi et al., Phys. Len. B 237 (1990) 303.
t41 L.K. Gibbons et al., Phys. Rev. Lett. 70 ( 1993) 1199;
B. Schwingenheuer et al., Phys. Rev. Lett. 74 ( 199.5) 4376.
l51 K. Arisaka et al., KTEV (E832) proposal, 1990.
[61 G.D. Barr et al., NA48 proposal, CERN/SPSC/90-22
SPSClP253, 1990.
l71 The DAFNE Physics Handbook, Eds. L. Maiani, G. Pancheri
and N. Paver (LNF, Frascati, 1992).
[81 E. Gabathuler and P Pavlopoulos, Strong and weak CP
violation at LEAR, Proceedings of the Workshop on
physics at LEAR with low energy cooled antiprotons, Eds.
U. Gastaldi and R. Klapisch (Plenum, New York, 1982) p.
747.
t91 R. Adler et al., The CPLEAR detector at CERN, in
preparation.
[lOI R. Adler et al., Phys. Lett. B 286 ( 1992) 180.
[111 PH. Eberhard and E Uchiyama, Nucl. Instrum. and Methods,
Phys. Res. A 350 ( 1994) 144.
1121 1. Antolin, Phys. Rev. D 35 (1987) 122; J. Math. Phys. 31
(1990) 791;
J. Antolin and A. Cruz, J. Phys. G: Nucl. Phys. 12 ( 1986)
297;
l? Baillon et al., Nucl. Phys. B 105 ( 1976) 365; B 107
(1976) 189; B 134 (1978) 31;
A.D. Martin, Nucl. Phys. B 179 (1981) 33.
CPIPHY-034
internal
note,
(1994);
l131 CPLEAR
CERN/SPSLC/95-47, SPSLC/MSBI (1995).
l14 R. Adler et al., Phys. Lett. B 363 ( 1995), previous article.
[15 R. Adler et al., Evaluation of the KL-Ks mass difference
and the phase of the CP violation parameter n+_ from a
correlation analysis of different experiments, to be published.

3

