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Abstract

The essential characteristics of the neutral kaon system and the way CP, T, and possible CPT
violations may be observed in it are recalled. The principle of the CPLEAR. experiment is
presented. CPLEAR experimental results in the semi-leptonic decay channels are given and
discussed. It is shown, in particular, that direct time reversal invariance violation will be ex-
perimentally observed for the first time.
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1 INTRODUCTION

CP violation was first observed in the long-lived neutral kaon decaying!)
into 7tw~. We will first recall the essential characteristics of the neutral kaon
system. Then we will show how CP, T, and CPT symmetries come in and
how their eventual violation can be observed. The principle of the CPLEAR
experiment will be explained?. Finally CPLEAR experimental results in the
semi-leptonic decay channels will be given and discussed. We will show, in par-
ticular, that in the CPLEAR experiment, for the first time, direct T violation
will be experimentally observed.

2 NEUTRAL KAON SYSTEM

We first describe the neutral kaon system assuming that CP symmetry
is valid.

Neutral kaons are produced under the form |K%) =
|sd), S = —1 with a well defined strangeness S.

Once strong interaction cannot do anything more to the neutral kaon,
weak interaction has tlme to induce, among other things, AS = 2 transitions
that produce K® <= K° oscillations (see Fig. 1).
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Figure 1: K°, K’ oscillations

The two neutral kaon physical states are Ks and Ky, with very different
lifetimes, due to phase-space conditions. By looking at their decay channels
(see Table 1), they can be shown to be the symmetric and antisymmetric com-
binations of K and K , that i 1s the CP eigenstates K; and K, with eigenvalues
+1and -1, |Ky) = IK"> +[K)/V2, [Ka) = (IK°) - [K*)/V2.

Table 1 Neutral kaon main decay channels

Ks) — |rtm™) 69% CP = +1| Mg ~ 498 MeV
— |7°7%) 31% } 7s = 1/T's ~ 0.09ns
KL) — |rtn—70) 12.4% CP = —1| M|, ~ 498 MeV
— |nO70 °) 21.6% } (6=0) |7 =1/TL~ 52ns
— Tt pTg,), Inpty,) 20%
— |nte ue) |7r etve) 39%
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Once a K° is produced, its Ks and K|, components evolve according to
their masses and widths. The probabilities of finding a K° or a K’ at a time
t after production can easily be calculated.

P(K°t)
=1{exp[—T'st] + exp[—TLt] + 2exp[—(T's + I'L)t/2] cosAmt]}
PR, t)

An interference term clearly shows up between the Ks and Kj decay
terms. The essential characteristics of the neutral kaon system is that the
Am = M — Ms term that drives this interference is about the same as
the decay constant I's/2. This means that this interference pattern has time
to show up before it is killed by the decay. We will see that this effect is
experimentally observable in the semi-leptonic decay charge asymmetry of a
K (or a KO) beam because of the AS = AQ rule that relates directly the
charge of the lepton to the strangeness of the kaon (see Fig. 2).
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Figure 2: KO, K’ semileptonic decay

3 CP, T, AND CPT VIOLATION
The fact that 2 x 102 Ky, also decayed into 7t 71 showed that CP was

violated somewhere. This can happen in two places:

CP +1=+1 +1 # -1
@rHKL) = eu@nHK) + (27[HK>)
(I (I1)

(I) In the production: Ks and Ki, may no longer be the CP eigenstates K;
and Ks but there could be a small admixture of the other component.
|Ks) = [K1)+es|Ka); [KL) = eL|Ki) +[K2); les], leL] < 1; es = e+6; e, =
€ — 6; € and 6, sometimes referred to as et and 8cpr, can be shown? to
correspond to T and CPT violations respectively.

(II) In the decay: The main component Kj of K, can also decay directly into
2 through a CP violating transition (penguin diagram). This
direct CP violating term is parametrized through a coefficient ¢/, which
is measured*® to be at most a few 1073 of €.
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3.1 CP-violating amplitude measurements

The CP-violating amplitude to a final CP eigenstate F is parametrized
by a complex number 7y which is its ratio to the CP conserving amplitude.
The decay rate of a KU(K“) beam into F = 27 shows again an interference
term between the allowed Kg decay and the CP forbidden Ky, decay:
R(K% F;t)
")‘e_r“‘ + 2[7]1?

= Cx(e™ I + |y e~ T2 o Amt — ¢r))

R’ F;t)
where Cy = 2T 2B Eypmkg) 2

A first method to get information about ny is to compare the Kg and K,
decay rates. It gives |nr|? and has been used by NA31Y at CERN and E731%)
at Fermilab to measure €' /¢.

A second method used by CPLEAR cousists of measuring the decay rate
asymmetry of K and K’ in the interference region, which provides not only
|7p| but also @p. It can be calculated that this asymmetry can go up to 60% at
t~ 13.5 75, which means that at this lifctime the rate of K" decay to nt7n~ is
four timeslarger than that of K Starting from |gp| ~ 2 x 107 the observable
effect, the ratio of rates between initial particles and antiparticles, goes up to
four, typical of interferometry where a small signal is strongly enhanced by
interfering with a large one. In addition CPLEAR. uses the Kg decay region
to calibrate the respective K and K" detection efficiencies.

Coming back to the semi-leptonic decay charge asymmetry, in addition
to the interference pattern due to K" «—= K oscillations, CP violation adds,
for large decay times, a residual asymetry 2 Re () which has the same sign
for K® and K.

This leads to an absolute definition of what we call matter and antimat-
ter. In a world made of matter this residual asyminetry has the sign of the
nuclei of the chemical elements; in a world made of antimatter it would be
the opposite.

4 CPLEAR EXPERIMENT

The CPLEAR. experiment uses the annihilation at rest of the low-energy
antiproton beam of LEAR at CERN on a hydrogen target. It selects the an-
nihilation channels leading to a neutral kaon and a pair of charged K and
m mesons. By detecting and measuring the momenta of the charged mesons

tagged neutral kaons with known momentum and initial strangeness are pro-
duced.
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Two essential features of the CPLEAR experiment are the following:
K9 and K° are produced with the same rates and they have low momenta
(< 800 MeV/c), which gives a typical decay length of ~ 2.5 cm for the
Kjg so that the interference pattern is fully contained inside the detector.
The simultaneous detection of the K and the K" together with their
decay products to many channels allows for, by using rate asymmetries
between K° and K", the cancellation of many systematic errors.

The decay channels studied are: 2m; 37; semi-leptonic 7t 4~ and 7~ ¢v,.

5 CPLEAR EXPERIMENTAL RESULTS IN THE
SEMI-LEPTONIC DECAY CHANNELS
Four decay rates are measured:

Rt =R (K = n¢tvyt), R =R K = i, t)
R™ =R (K= nt0-i,t), =R K'= 1 0tu,t)
The last two are directly forbidden by the AS = AQ rule implying, to
be non zero, that at least one K & K transition has occured.
A possible violation of this rule is characterized by the parameter:
x = (n= 0ty HIK") /(7= 0 v HKY).
From the four rates the following f0uI asymmemes can be built:

R*-R)-(R' -R~ R-
At) = R 1R T (T TR )andA1( t) = m—4Re (er) for z =0,

are shown in Fig. 3.
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Figure 3: A, Ay semi-leptonic asymmetries
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e A; (t) is sensitive to Am and Re (). Since it is roughly the charge asym-
metry of a K® beam minus that of a K’ beam, the interference pattern adds
up and is clearly visible and the residual asymmetry 2Re(e) cancels out.

e At (t) is expected to be ~ 6 x 1073, If the AS = AQ rule holds it can only
be different from zero through a first K’ <= K’ step. Therefore it is a direct

measurement of T violation.
_(R +R)-(R"+R7)

o Ay(t) = — is sensitive to Re (es) and Im (z).
(t) (ﬂF' R )+ (R R-) (es) (z)

e Acpr(t) = R -R — 4 Re (6) for t > 75 is related to CPT violation
P R‘ + R, ' S ' ‘ '

6 CONCLUSION

Table 2 shows the statistical precision (1o) of the parameters measured
at CPLEAR together with the precision on these parameters quoted by the
Particle Data Group (PDG)® before CPLEAR.

Table 2 Present and future performances of CPLEAR.

Parameter | PDG (192) | 92 | '03 |94 & 95
Am [10%/s] | 0.0024 [0.006|0.003| 0.002
Re (z) [1077] 18 20 | 10 5
Im (z) [1079] 26 8 4 2

Re (es)[1079 - 14 | 07 0.4
Aq[1079 - 4 2 1

It can be seen that at the completion of the experiment in 1995, taking
‘into account systematic errors, the accuracy on Re (z) and Im (z) should
be improved by factors of 3 and 10 respectively. Another striking feature is
. that a non-zero value of time reversal invariance violation should be directly
measured at a four-standard deviation level.
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