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Abstract

LEAR oIered unique opportunities to study the symmetries which exist between matter and antimatter. At
variance with other approaches at this facility, CPLEAR was an experiment devoted to the study of CP, T and
CPT symmetries in the neutral-kaon system. A variety of measurements allowed us to determine with high
precision the parameters which describe the time evolution of the neutral kaons and their antiparticles, including
decay amplitudes, and the related symmetry properties. Limits concerning quantum-mechanical predictions
(EPR, coherence of the wave function) or the equivalence principle of general relativity have been obtained.
An account of the main features of the experiment and its performances is given here, together with the
results achieved.
c© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The CPLEAR experiment at CERN [1] has performed measurements concerning a vast variety
of subjects, such as symmetry properties of weak interactions (T;CP;CPT), quantum coherence
of the wave function, Bose–Einstein correlations in multipion states, regeneration of the short-lived
kaon component in matter, the Einstein–Rosen–Podolski paradox using entangled neutral-kaon pair
states, and the equivalence principle of general relativity.
To this end, 12 Tbytes of measured information were recorded (on 50 000 magnetic tapes), and

200 million productions and decays of neutral kaons have been reconstructed. In a most general
analysis, the values of more than two dozens of parameters, mainly describing neutral kaons and
their weak and electromagnetic decays, have been deduced, some with unprecedented precision, some
for the Lrst time.
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The main reason that many experiments in nuclear and particle physics have focused on the study
of symmetry properties of physical laws, is, that these properties lead, in a very direct way, to
symmetries in experimentally observable quantities. This is exempliLed in Table 1, below, where
the relation of a particular symmetry of the Hamiltonian of the weak interaction to the corresponding
asymmetry parameter, as measured by CPLEAR, is shown.
The main reason that the CPLEAR experiment has been able to contribute to so many Lelds of

physics lies in the properties of the neutral kaons, paired with the high-intensity antiproton beam at
CERN [2] and with the high-speed detector [3], which is able to visualize the complete event and
to measure the locations, the momenta, and the charges of all the accompanying (charged) tracks,
as well at the production of the neutral kaon, as at its decay. This allows one to know the quantum
numbers of the kaon at its production and, in principle, at its decay.
A neutral kaon has the remarkable property [4,5] that the one physical quantity, strangeness, which

could possibly distinguish it from its antiparticle, is not conserved, owing to the weak interaction.
As a consequence, it becomes a very sensitive two-state system, (|KS〉 and |KL〉), which has a
behaviour analogous to a (slowly decaying) particle of spin 1=2 in a magnetic Leld, with which
an NMR precession experiment is being performed. It is described by a wave function with an
oscillation between the two states of strangeness +1, (|K0〉), and of strangeness −1, (| TK0〉). The
oscillation frequency can conveniently be observed, as it happens to be comparable to the decay
rate of the short-lived state, |KS〉. Its magnitude (! = 5:3 × 109 s−1) and the wave length of the
resulting visible interference pattern in space (some cm, for CPLEAR energies), corresponding to
the interfering wave functions, Lt perfectly well to the technical performances of high-energy physics
measuring equipment.
The tiny energy diIerence between the two states |KS〉 and |KL〉, ˝!=3:5× 10−12 MeV, sets the

scale for the sensitivity of the detection of a possible energy diIerence between |K0〉 and | TK0〉. Such
a diIerence could e.g. occur from a CPT-violating interaction or from a gravitational Leld which
would act diIerently on a particle than on an antiparticle. It has also been conceived that quantum
mechanics might be apparently violated by gravitation in such a way that pure states may develop
into mixed states, which is highly forbidden otherwise. This would reduce the phase coherence of
the wave functions and thus diminish the observable interference eIects. CPLEAR has given limits
to parameters describing these situations.
The neutral kaons used by the CPLEAR experiment are produced by antiproton annihilations in

a high-pressure hydrogen gas. Sometimes, a pair of a neutral kaon and a neutral antikaon, K0 TK0, is
also produced. These happen to be (mostly) in an odd angular momentum state (L=1), and, due to
Bose statistics, are governed by a two-particle wave function, which is antisymmetric with respect
to particle–antiparticle interchange. In this way, quantum mechanics predicts a high correlation in
the behaviour of the two particles, even after they have gone far apart from each other, reminiscent
of the EPR paradox. CPLEAR presents a measurement of this eIect.
CPLEAR results and analyses were published timely [3,6–32]. As a completion of 15-years’ work,

we wish to present here a global and coherent view of the CPLEAR experiment.
The history of symmetry violations, in particular the one of neutral kaons, is full of beautiful

surprises. Appendix A gives a summary of facts and literature [4,5,33–60]. These matters were dealt
with in textbooks, see Refs. [61–65] and the most recent Refs. [66–68], and review papers, see e.g.
[69–71]. The present study is limited to the neutral-kaon states, as encountered in the experiments,
without any attempt to interpret the results at the quark level, see, however, Appendix B.
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2. Description of the neutral-kaon system

2.1. Time evolution

The time evolution of a neutral kaon and of its decay products may be represented by the state
vector

| 〉=  K0(t)|K0〉+  TK0(t)| TK0〉+
∑
m

cm(t)|m〉 (1)

which satisLes the Schr@odinger equation

i
d| 〉
dt

=H| 〉 : (2)

In the Hamiltonian, H=H0 +Hwk, H0 governs the strong and electromagnetic interactions. It is
invariant with respect to the transformations C, P, T, and it conserves the strangeness S. The states
|K0〉 and | TK0〉 are common stationary eigenstates of H0 and S, with the mass m0 and with opposite
strangeness: H0|K0〉=m0|K0〉, H0| TK0〉=m0| TK0〉, S|K0〉= |K0〉; S| TK0〉=−| TK0〉. The states |m〉 are
continuum eigenstates of H0 and represent the decay products. They are absent at the instant of
production (t = 0) of the neutral kaon. The initial condition is thus

| 0〉=  K0(0)|K0〉+  TK0(0)| TK0〉 : (3)

Hwk governs the weak interactions. Since these do not conserve strangeness, a neutral kaon will,
in general, change its strangeness as time evolves.
The symmetry properties of Hwk with respect to the transformations CPT, T, and CP are the

main subjects of the CPLEAR experiment.
Eq. (2) may be solved for the unknown functions  K0(t) and  TK0(t), by using a generalized

Weisskopf–Wigner approximation [41] with the result [39,47]

 = e−i�t 0 (4)

which also satisLes

i
d 
dt

= � ; (5)

where  is the column vector with components  K0(t) and  TK0(t),  0 equals  at t = 0, and
� is the time-independent 2 × 2 matrix (���′). All components refer to the two-dimensional ba-
sis (|K0〉, | TK0〉). Expressed in terms of Hwk (including second order in Hwk), and with the
notation

�=M− i
2
� ; (6a)

M =M†; � = �† ; (6b)
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Table 1
Relation between properties of Hwk and observable quantities

If Hwk has the property called then or

T−1HwkT =Hwk T invariance �K0 TK0 = � TK0K0 AT = 0
(CPT)−1Hwk(CPT) =Hwk CPT invariance �K0K0 = � TK0 TK0 ACPT = 0
(CP)−1Hwk(CP) =Hwk CP invariance �K0K0 = � TK0 TK0 and

�K0 TK0 = � TK0K0 ACP = 0

The last column indicates asymmetries of quantities which are measured in the CPLEAR experiment, as explained
below. The relation �K0 TK0 = � TK0K0 is obtained by adopting a convenient phase convention (see later).

they are

M��′ = m0���′ + 〈�|Hwk|�′〉+P
∑
�

(〈�|Hwk|�〉〈�|Hwk|�′〉
m0 − E�

)
; (7a)

���′ = 2�
∑
�

〈�|Hwk|�〉〈�|Hwk|�′〉�(m0 − E�) ; (7b)

(�; �′ =K0; TK0) :

Eqs. (7a) and (7b) enable one now to state directly the symmetry properties of Hwk in terms of
experimentally observable relations among the elements of �, see Table 1. We remark that CPT
invariance imposes no restrictions on the oI-diagonal elements, and that T invariance imposes no
restrictions on the diagonal elements of �. T invariance implies �K0 TK0 =� TK0K0 within a convenient
phase convention.
A speciality of this experiment is that each neutral kaon is produced with known strangeness,

i.e. as |K0〉, or as | TK0〉. Due to certain rules governing the decay mechanisms or due to properties
of the decay products, information of the neutral kaon state at the moment of its decay becomes
known, e.g. the decay into two pions indicates a CP eigenstate with a positive eigenvalue, or
the semileptonic decay indicates an eigenstate of deLnite strangeness with an eigenvalue equal to
the value of the charge of the accompanying lepton. In order to interpret experimental results, we
thus need to calculate the amplitudes for a strangeness eigenstate to develop into the same or into
another eigenstate of strangeness, or into an eigenstate of CP. The decay processes themselves are
characterized by the amplitudes indicated in Eq. (7b). They are also used to measure properties
of Hwk.
The probability amplitude for a state |A〉, produced at t = 0, to become the state |B〉 at time t

equals

〈B|e−i�t|A〉 : (8)

We apply this to one of the most interesting manifestations of T violation [53,72,73]: the non-vanish-
ing of the asymmetry AT, the Lrst time measured by the CPLEAR experiment (see Section 5.3).
The observation is that
the probability for a TK0 to become a K0 during the time interval t is diBerent from
the probability for the reverse development, namely diBerent from
the probability for a K0 to become a TK0 during t.
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The numerator of AT measures this diIerence:

AT ≡ |〈K0|e−i�t| TK0〉|2 − |〈 TK0|e−i�t|K0〉|2
|〈K0|e−i�t| TK0〉|2 + |〈 TK0|e−i�t|K0〉|2

=
|�K0 TK0 |2 − |� TK0K0 |2
|�K0 TK0 |2 + |� TK0K0 |2 : (9)

AT is constant in time. The last term of Eq. (9) is the formal expression that a non-vanishing
AT is necessary and suWcient for T violation in Hwk. A direct way to calculate an equivalent
term is presented in Ref. [73]. In the CPLEAR experiment |K0〉 and | TK0〉 states are produced by Tpp
annihilations as mentioned in Section 1. The Lnal states 〈K0| and 〈 TK0| are tagged by the semileptonic
decays.
The question whether the asymmetry AT �= 0 measured by CPLEAR constitutes direct evidence

for time-reversal violation has been discussed in Refs. [74,75].
It has been explicitly proven [73] that the doubts expressed in Refs. [74,75] are not justiLed and

that the asymmetry measured by CPLEAR is indeed directly related to the deLnition of T violation
and not aIected by time or decay processes. Moreover, the CPLEAR method of measuring AT (see
Section 5.3) makes the result independent of any CPT or unitarity assumptions for the mixing
matrix, or even possible invisible decay modes. We conclude therefore that CPLEAR indeed made
the Lrst direct measurement of T violation.
The measurement of ACPT has been performed as a test of CPT symmetry of Hwk. The numerator

of ACPT compares the probability for an antikaon to stay an antikaon with the probability for a kaon
to stay a kaon:

ACPT ≡ |〈 TK0|e−i�t| TK0〉|2 − |〈K0|e−i�t|K0〉|2
|〈 TK0|e−i�t| TK0〉|2 + |〈K0|e−i�t|K0〉|2 : (10)

ACPT has the property to vanish if �K0K0 = � TK0 TK0 .
The measurement of the asymmetry ACP detects CP violation, and allows one to determine param-

eters which describe this violation. The numerator of ACP compares the development of an antikaon
into an eigenstate of CP, (|f〉= 2−1=2(|K0〉 ± | TK0〉)), with that of a kaon:

ACP ≡ |〈f|e−i�t| TK0〉|2 − |〈f|e−i�t|K0〉|2
|〈f|e−i�t| TK0〉|2 + |〈f|e−i�t|K0〉|2 : (11)

The formal expression for ACP has the property to depend on all four elements ���′ , and ACP = 0
if both conditions, �K0K0 = � TK0 TK0 and �K0 TK0 = � TK0K0 , are fulLlled. (With a suitable choice of the
phases in �K0 TK0 and � TK0K0 it is suWcient to fulLll |�K0 TK0 |2 = |� TK0K0 |2. See also Eq. (18) below.)
We wish to remark that these conclusions, as summarized in Table 1, have been reached without

using any eigenstates from non-hermitian operators.
By solving Eq. (5), we obtain

 = e−i�t 0 =

(
f+ + 2�f− 2( − !)f−

−2( + !)f− f+ − 2�f−

)
 0 (12)
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with

f±(t) =
e−i	St ± e−i	Lt

2
; (13)

� ≡ (� TK0 TK0 − �K0K0)=(2O	) ; (14a)

 ≡ (� TK0K0 − �K0 TK0)=(2O	) ; (14b)

! ≡ (� TK0K0 + �K0 TK0)=(2O	) ; (14c)

where

	L;S = 1
2(�K0K0 + � TK0 TK0 ±

√
(�K0K0 − � TK0 TK0)2 + 4�K0 TK0� TK0K0) (15)

and

O	= 	L − 	S : (16)

The time evolutions of initial |K0〉 and | TK0〉 become
|K0(t)〉=

[
f+(t) +

� TK0 TK0 − �K0K0

O	
f−(t)

]
|K0〉 − 2

� TK0K0

O	
f−(t)| TK0〉 ;

| TK0(t)〉=
[
f+(t)− � TK0 TK0 − �K0K0

O	
f−(t)

]
| TK0〉 − 2

�K0 TK0

O	
f−(t)|K0〉 :

We recognize from Eq. (14a) and Table 1 that CPT invariance requires �= 0.
The interpretation of  is complicated by the fact, that it is deLned in terms of non-observable

quantities, �K0 TK0 and � TK0K0 . Since the vectors of the basis, |K0〉 and | TK0〉, as deLned as common
eigenstates of H0 and S, are indetermined by an arbitrary phase factor, each, it follows that �K0 TK0 =
〈K0|�| TK0〉 and � TK0K0 = 〈 TK0|�|K0〉 are both indetermined by the appropriate ratio of these factors.
The phase angles of these factors will now be Cxed such as to give  a meaning with respect to T
invariance. Referring to Eq. (6b), we set MK0 TK0 = |MK0 TK0 | exp(i�M) and �K0 TK0 = |�K0 TK0 | exp(i��),
and we Lnd

 = 0 follows from AT = 0 (17)

if the choice

�� =±n�; n= 0; 1; : : : (18)

is made. Then, T invariance requires  = 0. Explicitly, we obtain

|�K0 TK0 |2 − |� TK0K0 |2 = 2|MK0 TK0 | |�K0 TK0 | sin(�� − �M) ; (19)

from which we see that T invariance requires also

(�M − ��) =±n�; n= 0; 1; : : :

and

 = i (|�K0 TK0 |2 − |� TK0K0 |2)=(2O	|�K0 TK0 |) : (20)

The phases of  and O	 are now simply related.
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For  = | |ei� ,

± tan(� ) = 2Om=O� ≡ tan(�SW) ; (21)

where we consider Om and O� as directly measured quantities related to O	 as O	 ≡ 	L − 	S =
Om + iO�=2, and the positive or negative sign holds depending on whether |�K0 TK0 | is greater or
smaller than |� TK0K0 |. The quantity �SW is called the superweak phase.
We wish to emphasize that the conclusion expressed in Eq. (9), however, has been reached without

any assumption on the phases of � TK0K0 or �K0 TK0 or on the smallness of symmetry violations.
We now choose

�� = 0:

From now on this condition is required to be fulClled. Since violations of T, CP, and possibly
CPT, are small, we also assume

| |�1 and |2�|�1 : (22)

This allows

�M ≈ � ;

O	 ≡ 	L − 	S ≈ 2
√

�K0 TK0� TK0K0 = 2(|MK0 TK0 |+ i
2
|�K0 TK0 |) ;

Om= mL − mS � 2|MK0 TK0 |; O� = �S − �L � 2|�K0 TK0 | ;

2 Tm= mL + mS = MK0K0 + M TK0 TK0 ; 2 T� = �L + �S = �K0K0 + � TK0 TK0 :

The parameters mL;S and �L;S signify the masses and decay widths of the eigenstates |KL;S〉, re-
spectively. The eigenvectors of �, whose time developments are expressed by the exponentials
exp(−i	St) and exp(−i	Lt), respectively, are

|KS〉= 1√
2(1 + | S|2)

[(1 +  S)|K0〉+ (1−  S)| TK0〉] ; (23a)

|KL〉= 1√
2(1 + | L|2)

[(1 +  L)|K0〉 − (1−  L)| TK0〉] ; (23b)

where

 S =  + � and  L =  − � : (24)

The time evolutions of an initial K0 or TK0 are then expressed, in the (K0, TK0) basis (Lrst line)
or in the (KS;KL) basis (second line), by the two following equations:

| TK0(t)〉= [f+(t) + 2�f−(t)]|K0〉+ (1− 2 )f−(t)| TK0〉

=
1√
2
[(1−  + �)e−i	St|KS〉+ (1−  − �)e−i	Lt|KL〉] ; (25a)
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| TK0(t)〉= [f+(t)− 2�f−(t)]| TK0〉+ (1 + 2 )f−(t)|K0〉

=
1√
2
[(1 +  − �)e−i	St|KS〉 − (1 +  + �)e−i	Lt|KL〉] : (25b)

Finally, we derive the probabilities

P+(#) =P(K0
t=0 → K0

t=#)

= 1
4[(1 + 4Re(�))e−�S# + (1− 4Re(�))e−�L# + 2(cos(Om#)− 4 Im(�) sin(Om#))e− T�#] ;

TP+(#) =P( TK0
t=0 → K0

t=#)

= 1
4[1 + 4Re( )][e−�S# + e−�L# − 2 cos(Om#)e− T�#] ;

P−(#) =P(K0
t=0 → TK0

t=#)

= 1
4[1− 4Re( )][e−�S# + e−�L# − 2 cos(Om#)e− T�#] ;

TP−(#) =P( TK0
t=0 → TK0

t=#)

= 1
4[(1− 4Re(�))e−�S# + (1 + 4Re(�))e−�L# + 2(cos(Om#) + 4 Im(�) sin(Om#))e− T�#] :

In order to base the analysis of experimental data on the relations presented above we need to
know the strangeness or the CP parity of the neutral kaon at the moment just before its decay. The
following sections quantify in how far this information can be gained from the decay processes, and
describe the possibility to study the decay processes themselves.

2.2. Semileptonic and pionic decays as time and strangeness markers

In the CPLEAR experiment, pionic and semileptonic decays are the main tools to deLne a time #
subsequent to the production time (t = 0): thus we can establish which symmetries are valid in the
interaction responsible for the neutral-kaon time evolution. The choice of the decay mode depends
on more factors than the simple decay-time deLnition. Pionic (�� and ���) Lnal states (which are
CP eigenstates or a superposition of them) are suitable for CP studies. Semileptonic (e�� and
���) Lnal states (which allow K0 to be diIerentiated from TK0 at the decay time) are convenient
for T and CPT studies. These points will be made clear in the following sections where we give
the explicit expressions of the decay rates. The measurement of the decay rates as a function of #
allows us to determine T and CPT parameters as well as CP parameters. This is best achieved by
forming rate asymmetries (thus allowing the contribution of some systematic errors to be reduced).

2.2.1. Decays to e�� and ���
Firstly we introduce semileptonic decays, i.e. decays to ‘�� (‘=e; �). Here, owing to the absence

of Lnal-state strong interactions, the dynamic situation is less complex than in the case of non-leptonic
decays, i.e. decays to �� and to ���. Moreover, in the limit that the OS =OQ rule holds [70,71],
the charge-sign of the lepton ‘ in the Lnal state is a tag of the strangeness of the neutral kaon at
the decay time. We refer explicitly to e�� decays as these are relevant for the CPLEAR experiment.
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The ��� decays only play a subsidiary role in the experiment, and their phenomenological description
is the same as that of e�� decays, once the diIerent kinematic conditions are taken into account.
For the instant decay of a K0 or a TK0 to a Lnal state e��, we can deLne four amplitudes,

A+ = 〈e+�−�|Hwk|K0〉; TA− = 〈e−�+ T�|Hwk| TK0〉 ; (26a)

A− = 〈e−�+ T�|Hwk|K0〉; TA+ = 〈e+�−�|Hwk| TK0〉 ; (26b)

each one being a function of the kinematical conLguration (including spin) of the Lnal state. Of
these amplitudes, A+ and TA− respect the OS =OQ rule, A− and TA+ violate it. Each amplitude
can be further decomposed in two terms, of which one is CPT invariant and the other is CPT
non-invariant [70,71].

A+ = a+ b; TA− = a∗ − b∗ ; (27a)

A− = c + d; TA+ = c∗ − d∗ : (27b)

The CPT-invariant and -violating terms are given by a and b, respectively, if the OS =OQ rule
holds, and by c and d if it is violated. As for T, the imaginary parts of all amplitudes are T
violating. It is further convenient to introduce the quantities

x =
TA+

A+
; Tx =

(
A−
TA−

)∗
; y =

TA∗− −A+

TA∗− +A+
; (28)

where x and Tx parametrize the violation of the OS = OQ rule in decays to positive and negative
leptons, respectively, and y = −b=a parametrizes CPT violation when the OS = OQ rule holds.
Re(a) is T, CPT and CP invariant and dominates all other terms, hence x, Tx and y are all �1.
The parameters x+ = (x + Tx)=2 and x− = (x − Tx)=2 describe the violation of the OS = OQ rule in
CPT-conserving and CPT-violating amplitudes, respectively.
Finally, neutral-kaon decays to e�� are described by four independent decay rates, depending on

the strangeness of the kaon (K0 or TK0) at the production time, t=0, and on the charge of the decay
lepton (e+ or e−):

R+(#) ≡ R[K0
t=0 → (e+�−�)t=#]; TR−(#) ≡ R[ TK0

t=0 → (e−�+ T�)t=#] ; (29a)

R−(#) ≡ R[K0
t=0 → (e−�+ T�)t=#]; TR+(#) ≡ R[ TK0

t=0 → (e+�−�)t=#] : (29b)

The dependence of the rates on the decay eigentime # and on various parameters is obtained by
making use of Eqs. (26) and (27) and integrating over the phase space + of the Lnal states:

R+(#) =
∫
+
|[f+(#) + 2�f−(#)]A+ + (1− 2 )f−(#) TA+|2 d+ ; (30a)

TR−(#) =
∫
+
|[f+(#)− 2�f−(#)] TA− + (1 + 2 )f−(#)A−|2 d+ ; (30b)

R−(#) =
∫
+
|[f+(#) + 2�f−(#)]A− + (1− 2 )f−(#) TA−|2 d+ ; (30c)

TR+(#) =
∫
+
|[f+(#)− 2�f−(#)] TA+ + (1 + 2 )f−(#)A+|2 d+ : (30d)
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If the decay amplitudes in Eqs. (26) and (27) do depend on the phase-space conLguration of the
Lnal state, it is convenient to redeLne the parameters x, Tx and y through the following equations:

F+ =
∫
+
|A+|2 d+; F− =

∫
+
| TA−|2 d+; F=

∫
+
| TA∗

− +A+|2 d+ ;

x =

∫
+ A∗

+
TA+ d+

F+
; Tx =

∫
+
TA∗−A− d+
F−

; Re(y) =−1
2
F+ −F−
F+ +F−

: (31)

If the decay amplitudes of Eqs. (26) and (27) are constant over the phase space, these deLnitions
are essentially the same as Eq. (28)—more common in the current literature. The same conclusion is
reached if the kinematical dependence can be factorized as a factor common to all four amplitudes
(as is usual in K0

e3 form-factor studies [15]).
Keeping only Lrst-order terms in all parameters, the four independent decay rates can now be

written as

R+(#) =
F

4
([1 + 2Re(x) + 4Re(�)− 2Re(y)]e−�S# + [1− 2Re(x)− 4Re(�)− 2Re(y)]e−�L#

+ {2[1− 2Re(y)] cos(Om#)− [8 Im(�) + 4 Im(x)] sin(Om#)}e−(1=2)(�S+�L)#) ; (32a)

TR−(#) =
F

4
([1 + 2Re( Tx)− 4Re(�) + 2Re(y)]e−�S# + [1− 2Re( Tx) + 4Re(�) + 2Re(y)]e−�L#

+ {2[1 + 2Re(y)] cos(Om#) + [8 Im(�) + 4 Im( Tx)] sin(Om#)}e−(1=2)(�S+�L)#) ; (32b)

R−(#) =
F

4
([1 + 2Re( Tx)− 4Re( ) + 2Re(y)]e−�S# + [1− 2Re( Tx)− 4Re( ) + 2Re(y)]e−�L#

−{2[1− 4Re( ) + 2Re(y)] cos(Om#) + 4 Im( Tx) sin(Om#)}e−(1=2)(�S+�L)#) ; (32c)

TR+(#) =
F

4
([1 + 2Re(x) + 4Re( )− 2Re(y)]e−�S# + [1− 2Re(x) + 4Re( )− 2Re(y)]e−�L#

−{2[1 + 4Re( )− 2Re(y)] cos(Om#)− 4 Im(x) sin(Om#)}e−(1=2)(�S+�L)#) : (32d)

Using the above rates, the asymmetries corresponding to Eqs. (9) and (10) are then written as

AT(#) =
TR+(#)− R−(#)
TR+(#) + R−(#)

= 4Re( )− 2(Re(y) + Re(x−)) + 2
Re(x−)(e−(1=2)O�# − cos(Om#)) + Im(x+) sin(Om#)

cosh(12O�#)− cos(Om#)

→ 4Re( )− 2(Re(x−) + Re(y)) for #�#S ; (33)

ACPT(#) =
TR−(#)− R+(#)
TR−(#) + R+(#)

= 2
(2Re(�) + Re(x−)) sinh(12O�#)

cosh(12O�#) + cos(Om#)
+ 2Re(y) + 2

(2 Im(�) + Im(x+)) sin(Om#)
cosh(12O�#) + cos(Om#)

→ 4Re(�) + 2(Re(x−) + Re(y)) for #�#S : (34)
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2.2.2. Decays to ��
In the neutral-kaon decays to ��, the two pions have a relative angular momentum l = 0 and a

CP eigenvalue (−1)l = +1. These Lnal states can be decomposed into a superposition of isospin
eigenstates: here the isospin I can take only values which are even and not greater than 2. The
instant decay of a neutral kaon to two pions is then described by the amplitudes AI , TAI ,

AI = 〈��; I |Hwk|K0〉; TAI = 〈��; I |Hwk| TK0〉 ;

AI = (AI + BI)ei�I ; TAI = (A∗
I − B∗

I )e
i�I ; (35)

where I =0; 2. The amplitudes AI and BI are CPT symmetric and antisymmetric, respectively. The
factor ei �I represents the �� Lnal-state interaction: 〈��; I ; out|��; I ; in〉= ei�I , i.e. �I is the phase of
the �� S-wave scattering amplitude computed for the energy mK and the isospin I . Using amplitudes
(35) the rates of decays to �� can be calculated along the same lines as the rates of decays to e��.
Alternatively we can express the rates in terms of KS and KL decay amplitudes to the Lnal

state f = �� (this approach is common when f is a CP eigenstate—the relation between the two
parametrizations is given in Section 8.3):

AfS = 〈f|Hwk|KS〉 ; AfL = 〈f|Hwk|KL〉 : (36)

Then for the decay rates, at a time t = #, of an initially pure K0 or TK0 state,

Rf(#) ≡ R[K0
t=0 → ft=#]; TRf(#) ≡ R[ TK0

t=0 → ft=#] ; (37)

we obtain from Eqs. (2.13)

Rf(#)

TRf(#)
=
[1∓ 2Re( )]

2
{[1± 2Re(�)]|AfS|2e−�S# + [1∓ 2Re(�)]|AfL|2e−�L#

± e−(1=2)(�S+�L)#([1± 2i Im(�)]A∗
fLAfSeiOm# + [1∓ 2i Im(�)]A∗

fSAfLe−iOm#)} :
(38)

In this context it is convenient to introduce the CP-violating parameters ���,

��� = |���|ei��� =
AfL

AfS

∣∣∣∣
��

=
〈��|Hwk|KL〉
〈��|Hwk|KS〉 ; (39)

which are experimentally known to have a magnitude |���|�1. The parameter ��� becomes �+− or
�00 when the �� state refers speciLcally to �+�− and �0�0, respectively. With these deLnitions and
f = �+�−, the rates become (again assuming the CP-violating parameters to be small)

R�+�−(#)

TR�+�−(#)
=
[1∓ 2Re( − �)]

2
��+�−
S

×[e−�S# + |�+−|2e−�L# ± 2|�+−|e−(1=2)(�S+�L)# cos(Om#− �+−)] ; (40)

where ��+�−
S is the KS → �+�− partial decay width. Analogous expressions hold for the decay rates

to �0�0. For decays to CP eigenstates, a diIerence between K0 and TK0 decay rates is an indication
of CP violation. To study CP-violation eIects, it is then convenient to form the following rate
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asymmetry:

Af
CP(#) =

TRf(#)− Rf(#)
TRf(#) + Rf(#)

= 2Re( − �)− 2
|�f|e(1=2)(�S−�L)# cos(Om#− �f)

1 + |�f|2e(�S−�L)#
; (41)

where f = �+�− (and �f = �+−) or f = �0�0 (and �f = �00).

2.2.3. Decays to ���
The description of the decay is more complex for the ��� Lnal states as a consequence of

the variety of possible kinematic and isospin conLgurations. The ��� Lnal states can be decomposed
into a superposition of states with deLnite total isospin I , and the amplitudes of a neutral-kaon
decaying to ��� can be written as a sum of products containing the isospin, angular momentum
and energy–momentum dependencies [76,77].
The isospin can take all integer values between 0 and 3 for a �+�−�0 state, and the values 1 and 3

for a �0�0�0 state since the even isospin conLgurations of �0�0�0 do not satisfy Bose statistics. The
angular momentum dependence is deLned in the �+�−�0 state by the relative angular momentum
l between the two charged pions. This is also the relative angular momentum between the �+�−
subsystem and the �0 owing to the zero spin of the neutral kaon. In the �0�0�0 state, l = 0 is the
relative angular momentum between any two of the three �0. The angular momentum also Lxes the
CP eigenvalue which is equal to (−1)l.
The dependence of the amplitudes on the pion momenta is expressed as a function of the pion

kinetic energies E∗(�) in the kaon centre-of-mass, through the Dalitz variables X and Y with X =
(2mK=m2

�)(E
∗(�+) − E∗(�−)) and Y � (2mK=m2

�)(mK=3 − E∗(�0)) in �+�−�0 decays, and through
equivalent quantities in �0�0�0 decays (each of the kinetic energies entering X and Y refers to a
diIerent �0). The probability to Lnd a given momentum conLguration for the �+�−�0 state is given
by the Dalitz distribution function (Dalitz plot).
The instant decay to three pions, in a state of isospin I and angular momentum l, is described in

general by the following amplitudes:

A3�
I; l = 〈���; I; l|Hwk|K0〉; TA3�

I; l = 〈���; I; l|Hwk| TK0〉 ;

A3�
I; l = al; Iei�I ; TA3�

I; l = (−1)(l+1)a∗l; Iei�I ; (42)

where al; I describes the part of the decay amplitude coming from the weak interaction (here assumed
to be CPT invariant) and �I is the phase of the scattering amplitude describing the interaction of
the Lnal-state pions. The latter is expected to be small owing to the small phase-space available to
these pions, in contrast to the two-pion decays. The KL and KS amplitudes are given by

Al; I
L =

1√
2
[(1 +  L)al; I − (−1)l+1(1−  L)a∗l; I ]e

i�I ;

Al; I
S =

1√
2
[(1 +  S)al; I + (−1)l+1(1−  S)a∗l; I ]e

i�I : (43)

These amplitudes, properly summed over the possible values of I and l, give the KS and KL decay
amplitudes A3�

S (X; Y ) and A3�
L (X; Y ), as shown in Eq. (60). They are diIerent depending on whether
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the decay is to �+�−�0 or to �0�0�0. The rates corresponding to decays at the point (X; Y ) of the
phase space at time # are then expressed as

R3�(X; Y; #)

TR3�(X; Y; #)
˙ [1∓ 2Re( + �)]e−�L# |A3�

L (X; Y )|2 ± e−(�S+�L)#=2

×{Re[A3�
S (X; Y )A

3�
L (X; Y )

∗]cos(Om#)− Im[A3�
S (X; Y )A

3�
L (X; Y )

∗]sin(Om#)} :
(44)

(These are the rates of Eq. (38) when, as shown later, |A3�
S (X; Y )|2�|A3�

L (X; Y )|2.) Furthermore
we may consider the CP symmetry of the Lnal state:

A3�
S (X; Y ) =A

3�(CP=+1)
S (X; Y ) +A

3�(CP=−1)
S (X; Y ) ;

A3�
L (X; Y ) =A

3�(CP=+1)
L (X; Y ) +A

3�(CP=+1)
L (X; Y ) : (45)

Since weak transitions with OI=1=2 are known [71] to be dominant, only the decays to �+�−�0 (I=
0; 1) and to �0�0�0 (I = 1) are relevant here. In addition, the kaon mass is very close to the total
mass of the three pions, thus their kinetic energy is small in the kaon centre-of-mass, large angular
momenta are suppressed due to the centrifugal barrier and only the values l= 0 and l= 1 need to
be considered. Hence, the amplitudes of �0�0�0 decays, A000

S (X; Y ) and A000
L (X; Y ), contain only

CP = −1 (l = 0) terms and are symmetric in X . Since KS and KL are mainly CP even and odd,
respectively, these amplitudes are in turn CP non-invariant and CP invariant.
As for the decay to �+�−�0, the KL decay amplitude to a l= 1 state is suppressed both by CP

violation and centrifugal barrier, thus A+−0
L (X; Y ) � A

3�(CP=−1)
L (X; Y ), again symmetric in X . The

KS decay amplitude instead contains both (l= 0) and (l= 1) terms—the Lrst is suppressed by CP
violation and the second, allowed by CP, is suppressed by centrifugal barrier—with the property
that A+−0

S (−X; Y ) =−A
3�(CP=+1)
S (X; Y ) +A

3�(CP=−1)
S (X; Y ).

The integration over the Dalitz plot between the Y boundaries and over X ¿ 0 or X ¡ 0 leads
from Eq. (44) to the following integrated rates for the decays to ���:

R3�(X ¿ 0; #)

TR3�(X ¿ 0; #)
˙ [1∓ 2Re( + �)]e−�L#

± 2[Re(���� + 	) cos(Om#)− Im(���� + 	) sin(Om#)]e−(�S+�L)#=2 ;

R3�(X ¡ 0; #)

TR3�(X ¡ 0; #)
˙ [1∓ 2Re( + �)]e−�L#

± 2[Re(���� − 	) cos(Om#)− Im(���� − 	) sin(Om#)]e−(�S+�L)#=2 :

Here, using a similar approach to that for �� decays, we have introduced the CP-violating parameter
���� and the CP-conserving parameter 	 deLned as

	=

∫
X¿0A

∗ 3�(CP=−1)
L (X; Y )A3�(CP=−1)

S (X; Y ) dX dY∫
X¿0 |A3�(CP=−1)

L (X; Y )|2 dX dY
; (46)
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Fig. 1. Neutral-kaon decay rates for the main decay modes, versus the decay time # (in units of the KS mean lifetime
#S). The rates are averaged over an equal number of initial K0 and TK0; their sum is normalized to unity.

���� =

∫
+ A

∗ 3�(CP=−1)
L (X; Y )A3�(CP=−1)

S (X; Y ) dX dY∫
+ |A3�(CP=−1)

L (X; Y )|2 dX dY
; (47)

where + is the phase space of the Lnal states. There is no 	 contribution in the �0�0�0 decay rates
since 	 ≡ 0 for these decays. This is in contrast to �+�−�0 decays where the 	 term cancels in the
rates only if they are integrated over the whole phase space (X 7 0). The CP-violation eIects are
conveniently extracted, forming the following decay rate asymmetry:

Af
CP(#) =

TRf(#)− Rf(#)
TRf(#) + Rf(#)

= 2Re( + �)− 2|�f|e−(1=2)(�S−�L)# cos(Om#+ �f) ; (48)

where f = �+�−�0 (and �f = �+−0) or f = �0�0�0 (and �f = �000). Note that the expressions of
the rate asymmetries in the case of decay to �� and to ��� are equal except for an opposite sign
in front of � and �f.

2.2.4. Summary of neutral-kaon decay rates
The decay rates averaged over an equal number of initial K0 and TK0 are shown in Fig. 1 for

the main decay modes. These rates depend more or less explicitly on the validity of the symmetries
under study. Such dependence is summarized separately for the parameters of the time evolution
(Table 2) and the decay amplitudes (Table 3 for decays to e�� and Table 4 for decays to ��).
It should be noted that since the decay amplitudes can be rephased, only the ratios between these
amplitudes are relevant.
From the measured rates we extract the symmetry-breaking parameters by forming decay-rate

asymmetries. The use of the asymmetries is discussed in detail in the following sections. We will
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Table 2
The properties of the �-matrix elements under the assumption of CPT, T and CP invariance and the parameters
which describe the breaking of these symmetries. (As mentioned in Table 1 |�K0 TK0 | = |� TK0K0 | becomes equivalent to
�K0 TK0 = � TK0K0 under a certain phase convention)

Symmetry �-matrix properties Parameters

CPT �K0K0 = � TK0 TK0 �
T |�K0 TK0 |= |� TK0K0 |  
CP �K0K0 = � TK0 TK0  L =  − �

and  S =  + �
|�K0 TK0 |= |� TK0K0 |

Table 3
The properties of the e�� decay amplitudes under the assumption of CPT, T and CP invariance: the sign + (−)
stands for diIerent from (equal to) zero. T invariance implies that the amplitudes are real, thus x, Tx, and y are real; CP
invariance requires that x = Tx∗ and y are imaginary; CPT invariance results in y = 0 and x = Tx

Symmetry Re(a);Re(c) Im(a); Im(c) Re(b);Re(d) Im(b); Im(d)

CPT + − − +
T + − + −
CP + + − −

Table 4
The properties of the �� decay amplitudes under the assumption of CPT, T and CP invariance: the sign + (−) stands
for diIerent from (equal to) zero

Symmetry Re(AI ) Im(AI ) Re(BI ) Im(BI )

CPT + − − +
T + − + −
CP + + − −

show how to handle the complications arising from theory because of the decay amplitudes (see
above), and from experimental constraints (leading to the measurement of AexpT , Aexp� for ACPT, and
Aexpf for Af

CP. Some of the rate asymmetries are sensitive to Om, one of the time-evolution parameters,
which was also measured (using e�� and �+�− decays). The other parameter O� was obtained from
external measurements [78]. The physics content of each asymmetry will be discussed later together
with the results of our measurements.
The measurements of the decay rates also give access to other quantities not directly related to

the discrete symmetries, such as the K0
e3 form factor or the parameters describing the Dalitz plot in

the neutral-kaon decay to three pions. For these, somewhat diIerent analyses were required [9,15].
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2.3. Regeneration eBects

Regeneration of neutral kaons [79,80] plays an important role in most experiments that measure
CP violation in the neutral-kaon system, either because regeneration is employed to produce a KS

beam or because KS regenerated in detector material can fake CP-violating KL decays.
The regenerating power of a medium is given by the diIerence, Of=f(0)− Tf(0), between the

nuclear forward scattering amplitudes of K0 and TK0, which is also called the regeneration amplitude
[81]. In the neutral-kaon time evolution, regeneration appears as an eIective CPT violation as the
following equation holds:

i
9
9# (#) =

[
�− 2�N

m

(
f(0) 0

0 Tf(0)

)]
 (#) :

When the asymmetry, for instance the asymmetry of the decay rates to �+�−, is measured in a
regenerating medium, additional terms of the form

|%| cos(Om#− �+− + arg(%))

appear, where % depends on the properties of the medium and is proportional to Of [23]. The result
is a pronounced change of the oscillation pattern of Eq. (41). This can be regarded as due to an
additional interference, between inherent and regenerated KS amplitudes, or as an ampliLcation of
the asymmetry caused by the unequal interaction of K0 and TK0 in the medium. If the regenerating
medium is only present in a limited range of lifetimes (i.e. neutral kaons of a given momentum
cross an absorber of a certain thickness), there will be a sharp step in the asymmetry in that range
(cf. Ref. [23]).

2.4. Strong interactions as time and strangeness markers

The conservation of strangeness in strong interactions dictates that the strangeness of the Lnal
state is equal to that of the initial state. This fact is practically exploitable with exclusive reactions
containing only a few particles, thus in the low energy range. It allows neutral kaons of known
strangeness to be produced starting from beams of positive or negative kaons. For instance, in
Ref. [82] opposite-sign kaon beams were used to produce K0 and TK0 by elastic charge-exchange in
carbon (thus K0 and TK0 decay rates to �+�− could be compared). Similarly, in Ref. [83] K0 were
obtained by inelastic charge-exchange of positive kaons in hydrogen. CPLEAR instead produced con-
currently K0 and TK0 starting from Tpp annihilations, by selecting two convenient channels as shown
in Section 3.1. In these annihilation channels a K0 is accompanied by a K−, and a TK0 by a K+.
The kaon strangeness at production is thus tagged by measuring the charge sign of the accompanying
charged kaon.
In order to identify the strangeness at a later time t = #, the neutral kaon could be allowed to

interact in a thin slab of matter (in most cases bound nucleons), for instance in one of the following
reactions:

K0 + p → K+ + n; TK0 + n → K+ + p; TK0 + n → �0 + �(→ �−p) :

CPLEAR made use of this option with the set-up modiLed for the measurement of the regeneration
amplitude, see Section 7.
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3. CPLEAR: the experiment

3.1. Experimental method

The method chosen by CPLEAR was to make use of the charge-conjugate particles K0 and
TK0 produced in Tpp collisions, which have a Xavour of strangeness diIerent for particles (K0)
and antiparticles ( TK0). The strangeness, properly monitored, is an ideal tool to label (tag) K0

and TK0, whose subsequent evolution in time under weak interaction can thus be analysed and
compared.
Initially-pure K0 and TK0 states were produced concurrently by antiproton annihilation at rest in a

hydrogen target via the golden channels:

Tpp →
K−�+K0

K+�− TK0
; (49)

each having a branching ratio of ≈ 2×10−3. The conservation of strangeness in the strong interaction
dictates that a K0 is accompanied by a K−, and a TK0 by a K+. Hence, the strangeness of the neutral
kaon at production was tagged by measuring the charge sign of the accompanying charged kaon,
and was therefore known event by event. The momentum of the produced K0 ( TK0) was obtained
from measurement of the �±K∓ pair kinematics. If the neutral kaon subsequently decayed to e��,
its strangeness could also be tagged at the decay time by the charge of the decay electron: in the
limit that only transitions with OS =OQ take place, neutral kaons decay to e+ if the strangeness is
positive at the decay time and to e− if it is negative. This clearly was not possible for neutral-kaon
decays to two or three pions.
For each initial strangeness, the number of neutral-kaon decays was measured as a function of

the decay time #. These numbers, Nf(#) and TNf(#) for a non-leptonic Lnal state f, or N±(#) and
TN∓(#) for an e�� Lnal state, were combined to form asymmetries—thus dealing mainly with ratios
between measured quantities. However, the translation of measured numbers of events into decay
rates requires (a) acceptance factors which do not cancel in the asymmetry, (b) residual background,
and (c) regeneration eIects to be taken into account. These experimental complications were han-
dled essentially with the same procedure in the diIerent asymmetries. Thus, here we exemplify the
procedure referring to e�� decays: the changes which are in order for other decays are discussed
when reporting these measurements.

(a) Detecting and strangeness-tagging neutral kaons at production and decay relied on measuring,
at the production (primary) vertex, a K±�∓ track-pair and the corresponding momenta p̃K± and
p̃�∓ , and, at the decay (secondary) vertex, an e∓�± track-pair and the corresponding momenta
p̃e∓ and p̃�± . The detection (tagging) eWciencies of the K±�∓ track-pairs depend on the pair
charge conLguration and momenta, and are denoted by j(p̃K± ; p̃�∓). A similar dependence
exists for the detection eWciencies of the e∓�± track-pairs, j(p̃e∓ ; p̃�±). Since the detection
eWciencies of primary and secondary track-pairs were mostly uncorrelated, the acceptance of a
signal (e��) event was factorized as %S × j(p̃K± ; p̃�∓)× j(p̃e∓ ; p̃�±). The factor %S represents
the portion of the acceptance which does not depend on the charge conLguration of either
primary or secondary particles. The acceptances of the events corresponding to diIerent charge



184 A. Angelopoulos et al. / Physics Reports 374 (2003) 165–270

conLgurations were then equalized (or normalized) by introducing two functions:

�(p̃K ; p̃�) ≡ j(p̃K+ ; p̃�−)
j(p̃K− ; p̃�+)

;

�(p̃e; p̃�) ≡ j(p̃e− ; p̃�+)
j(p̃e+ ; p̃�−)

:

These functions, referred to as primary-vertex normalization factor and secondary-vertex
normalization factor, respectively, are weights applied event by event, � to K0 events and
� to the events with a neutral kaon decaying to e+�−.

(b) The background events mainly consist of neutral-kaon decays to Lnal states other than the
signal. Their number depends on the decay time #. To a high degree of accuracy the amount
of background is the same for initial K0 and TK0 and hence cancels in the numerator but not in
the denominator of any asymmetry: thus it is a dilution factor of the asymmetry. To account
for these events, the analytic expressions of the asymmetries were modiLed by adding to the
signal rates R and TR the corresponding background rates B and TB:

B(#) =
∑

i

RBi × %Bi=%S ; TB(#) =
∑

i

TRBi × %Bi=%S ; (50)

where RBi; TRBi are the rates of the background source i for initial K0 and TK0, respectively,
%S is deLned above and %Bi is the corresponding term for the acceptance of events from the
background source i. The quantities %Bi and %S were obtained by Monte Carlo simulation.
Experimental asymmetries were formed from event rates including signal and background: R∗=
R+B and TR∗= TR+ TB. These asymmetries were then Ltted to the asymmetries of the measured
rates (see below), which included residual background.

(c) The regeneration probabilities of K0 and TK0 propagating through the detector material are not
the same, thus making the measured ratio of initial TK0 to K0 decay events at time # diIerent
from that expected in vacuum. A correction was performed by giving each K0 ( TK0) event a
weight wr ( Twr) equal to the ratio of the decay probabilities for an initial K0 ( TK0) propagating
in vacuum and through the detector.

Finally, when e�� decays were considered, each initial-K0 event was given a total weight w+ = �×
� × wr or w− = � × wr if the Lnal state was e+�−� or e−�+ T�, respectively. The summed weights
in a decay-time bin are Nw+(#) and Nw−(#). In the same way, each initial- TK0 event was given a
total weight Tw+ = � × Twr or Tw− = Twr if the Lnal state was e+�−� or e−�+ T�. The corresponding
summed weights are TNw+(#) and TNw−(#). Instead, in the case of decays to two or three pions, each
initial-K0 event was given a total weight Tw=�× Twr , and each initial- TK0 event a total weight Tw= Twr .
The corresponding summed weights are Nw(#) and TNw(#). In the following the summed weights are
referred to as the measured decay rates.
Two points are worth mentioning with regard to this method. EIects related to a possible violation

of charge asymmetry in the reactions of Eq. (49) are taken into account by the weighting procedure
at the primary vertex. When comparing the measured asymmetries with the phenomenological ones
we take advantage of the fact that those reactions are strangeness conserving. A small strangeness
violation (not expected at a level to be relevant in the CPLEAR experiment) would result in a
dilution of the asymmetry and aIect only some of the parameters.
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Fig. 2. CPLEAR detector: (a) longitudinal view, and (b) transverse view and display of an event, Tpp (not shown)
→ K−�+K0 with the neutral kaon decaying to �+�−. View (b) is magniLed twice with respect to (a) and does not show
the magnet coils and outer detector components. In both views the central region refers to the early data taking without
the innermost proportional chamber PC0.

3.2. The detector

The detector speciLcations were based on the experimental requirements, which were the
following.

• To select reaction (49) from the (very) large number of multi-pion annihilation channels.
In particular, a very eWcient kaon identiLcation is essential.

• To distinguish between the various neutral-kaon decay channels.
• To measure the decay proper time between 0 and ≈ 20 KS mean lives. At the highest K0 mo-
mentum measured in our experiment (750 MeV=c), the KS mean decay length is 4 cm. This sets
the size of the cylindrical K0 decay volume to a radius of ≈ 60 cm.

• To acquire a large quantity of statistics, which required both a high rate capability (1 MHz anni-
hilation rate) and large geometrical coverage.

An important aspect in the design of the experiment was the need to minimize neutral-kaon
regeneration eIects in the decay volume by minimizing the amount of matter in the detector. The
regeneration eIects modify the time evolution of initial K0 and TK0 diIerently. The regeneration
amplitude had not been measured in our K0 momentum range and at Lrst had to be inferred from
previous measurements of charged-kaon cross-sections. Later, however, we could measure it in the
same detector.
Since the antiproton reactions of Eq. (49) were observed at rest, the particles were produced

isotropically, thus the detector had a typical near-4� geometry. The whole detector was embedded
in a (3:6 m long, 2 m diameter) warm solenoidal magnet which provided a 0:44 T uniform Leld.
The general layout of the CPLEAR experiment is shown in Fig. 2; a comprehensive descrip-

tion of the detector is found in Ref. [3]. The incoming Tp beam was delivered by the Low Energy
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Fig. 3. (a) The complex of accelerators providing the 200 MeV=c antiproton beam to the CPLEAR experiment. (b) The
distribution of the vertices for Tpp annihilation channels containing four visible tracks: transverse (x; y) and longitudinal
(x; z) projections. The annihilations take place in gaseous hydrogen at 16 bar.

Antiproton Ring (LEAR) facility at CERN. The beam had a momentum of 200 MeV=c and
a rate of ≈1 MHz. The antiprotons were made by a complex of accelerators shown in
Fig. 3a, see Ref. [2]. First a proton beam was accelerated to 26 GeV=c in the proton synchrotron
(PS) and bombarded into an iridium target. A magnetic spectrometer selected the emerging antipro-
tons (3:6 GeV=c) and injected them into an antiproton collector (AC). Here they stayed for 4:8 s to
reduce their momentum spread by means of stochastic cooling before being stored for a long time in
the antiproton accumulator (AA). Whenever the LEAR machine was ready to take a shot (≈ 5×109)
of Tp, the AA released a part of its stack to the PS, where the Tp’s were decelerated to 609 MeV=c,
injected into LEAR, and stochastically cooled down to a momentum spread of !p=p = 10−3 for
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Fig. 4. View of the CPLEAR detector in the South Hall at CERN. The last elements of the antiproton-beam transport
system are also visible.

another 5 min. This was followed by electron cooling, resulting in a relative momentum spread of
only 5×10−4. After the cooling had been Lnished, the LEAR machine would extract the 200 MeV=c
stack at a rate of 1 MHz in spills of about 1 h. The whole procedure of reLlling LEAR and cooling
took about 15 min between the spills. The last part of the beam line comprised two horizontal and
two vertical bending magnets followed by a quadrupole doublet. These components were used to
align and focus the beam on the target in the centre of the detector (Fig. 4). The size of the beam
spot on the target had a FWHM of about 3 mm.
The antiprotons were stopped in a pressurized hydrogen gas target. The use of liquid hydrogen

was ruled out in order to minimize the amount of matter in the decay volume. The high pressure
of the hydrogen and the low momentum of the incoming Tp beam helped to keep the size of the
stopping region small, see Fig. 3b. For data taken up to mid-1994 the target was a sphere of 7 cm
radius at 16 bar pressure. After that date it was replaced by a 1:1 cm radius cylindrical target at
27 bar pressure.
A series of cylindrical tracking detectors provided information about the trajectories of charged

particles in order to determine their charge signs, momenta and positions. There were two propor-
tional chambers (9.5 and 12:7 cm in radius, measuring r�), six drift chambers (from 25 to 60 cm,
measuring r�; z) and two layers of streamer tubes (for a fast z determination within 600 ns). The to-
tal material in the target and tracking chambers amounted to ≈ 300 mg cm−2 and ≈ 10−2 equivalent



188 A. Angelopoulos et al. / Physics Reports 374 (2003) 165–270

radiation length (X0). After track Lt the resolution was better than 350 �m in r and r�, and 2 mm
in z. A moderate momentum resolution (Op=p between 5% and 10%) was suWcient to perform the
experiment. These detectors enabled the annihilation vertex to be located, as well as the decay vertex
for K0 decays to charged particles. To calculate the decay proper time #, a precision of the order of
a few millimetres in the vertex positions was required in the transverse plane (perpendicular to the
beam axis) since #=mK0×dT=pT, dT being the distance between the two vertices, pT the momentum
of the K0, both projected onto this plane, and mK0 the neutral-kaon mass. Such a precision could
only be obtained when the decay Lnal state included charged particles.
The tracking detectors were followed by the particle-identiLcation detector (PID), which carried

out the charged-kaon identiLcation. The PID comprised a threshold Cherenkov detector, which was
mainly eIective for K=� separation above 350 MeV=c momentum, and scintillators which measured
the energy loss (dE=dx) and the time of Xight of charged particles. The PID recognized in ≈ 60 ns
the presence of a charged kaon out of a background 250 times higher. The Cherenkov threshold was
300 MeV=c for pions and 700 MeV=c for kaons. The total thickness was 0.5 X0. The PID was also
used to separate electrons from pions below 350 MeV=c.
The outermost detector was a lead/gas sampling calorimeter (ECAL) used to detect the photons

produced in �0 decays. It consisted of 18 layers of 1:5 mm lead converters and high-gain tubes,
the latter sandwiched between two layers of pick-up strips (±30◦ with respect to the tubes), for a
total of 64 000 readout channels. The design criteria of the calorimeter were mainly dictated by the
required accuracy on the reconstruction of the K0 → 2�0 or 3�0 decay vertices. The calorimeter
provided e=� separation at higher momenta (p¿ 300 MeV=c) complementary to the PID.
The small value of the branching ratio for reaction (49) and the necessary high annihilation rate

placed stringent requirements on the experiment. To reduce the dead-time due to data acquisition and
to limit the amount of recorded data, the unwanted events needed to be removed eWciently. A set of
hardwired processors (HWP) was specially designed to achieve this task. The role of the processors
was to provide full event reconstruction in a few microseconds (charged-track pattern-recognition and
kinematics, particle identiLcation and shower counting in the calorimeter) with suWcient precision
to allow event selection.

3.3. The trigger

The trigger system aimed at the selection of K0 and TK0 in identifying a primary K±�∓ pair and
at the observation of the K0( TK0) decay inside the Lducial volume of the detector. Nearly half of the
produced neutral kaons (96% of the KL component) decayed outside this volume.
The decisions were based on fast recognition of the charged kaon (using the PID hit maps), the

number and topology of the charged tracks, the particle identiLcation (using energy-loss, time-of-Xight
and Cherenkov light response) and kinematic constraints, as well as the number of showers in the
ECAL. Fig. 5 shows the trigger decision steps in chronological order taking into account the avail-
ability in real time of the relevant detector information. The rate reductions achieved by the diIerent
processor steps given in Fig. 5 depend on the particular detailed logic conditions set at each level.
We shall just mention that the Lrst decision step (early decision logic—EDL) selected candidate

events with at least two charged tracks (at least two hits in the inner scintillator S1), one of which
must be a kaon, deLned by the coincidence of the two scintillator layers and no Cherenkov response,
S1 TCS2. This Lrst identiLcation of charged kaons was further improved by requesting a minimum
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Fig. 5. Logic and data Xow diagram of the trigger system. Typically 0:8× 106 Tpp annihilations/s, including 3200 events/s
as in Eq. (49), of which 1600=s were observed. The acquisition rate was 1 MB=s on 200-MB cartridges (one every 4 min)
with 100 cartridges per shift of 8 h.

transverse momentum (pT cut) in order to eliminate false kaon candidates due to slow pions. For
data taken from 1995 onwards a cylindrical proportional chamber PC0 of 1:5 cm radius, 10 cm
length, which had been installed together with the new target, was incorporated into the trigger. The
decay of the neutral kaon outside this chamber was guaranteed by demanding not more than two
hits in the chamber. This eliminated a large number of unwanted, very short decay-time KS decays
as well as background multikaon and multipion annihilations, and hence, allowed the rate of useful
events being recorded to be increased signiLcantly. For candidate ‘neutral’ events, i.e. events with
only two primary (K�) tracks, the requirement for a minimum number of showers eliminated all KL

events decaying outside the Lducial volume of the detector, or interacting strongly with ECAL.
The overall rejection factor of the trigger was about 103, allowing a read-out rate of ≈ 450 events

per second at an average beam rate of 800 kHz. The global acceptance for K0 or TK0 produced
in reaction (49) and decaying inside the Lducial volume of the detector was about 7%, mainly
determined by geometrical factors. The decision time of each stage of the trigger varied from 60 ns
(EDL) to 17 �s (when showers were calculated). The read-out strobe was delivered to the front-end
electronics 34 �s after the arrival of the beam-counter signal.
The multilevel processor system was controlled using a pipelined logic (sequencer) unit. A trigger

control system provided all the signals required by the detector front-end electronics and initiated the
transfer of information to the Root Read-out system. It was capable of rejecting a wrong candidate
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event as soon as it was possible following its identiLcation. After a ‘clear time’ of 350 ns the trigger
system was ready to accept the next candidate event. This minimized the trigger dead-time caused
by the large number of rejected events. The overall dead-time of the trigger was about 25% at
a 1 MHz antiproton rate. Monitoring the trigger operation was very important also from the point
of view of the systematic errors. The trigger system contained a dedicated interface called ‘SPY’.
This collected the data input to the processors (the hit maps and front-end data from the detectors)
and all intermediate and Lnal data and logic decisions generated by the trigger system. By using
SPY data and the full trigger simulation, we could on the one hand verify that the simulation
reproduced perfectly (at the bit level) the functionality of each trigger stage, and on the other detect
any misfunctioning of the hardware.
Primary K� pairs found by the trigger had to be conLrmed by the primary K� pairs found by the

o[ine reconstruction. This matching procedure was achieved by running the trigger simulation on
the selected events, requiring the event to pass the trigger criteria with which the data were written,
and rejecting events where the trigger and o[ine reconstruction disagreed on primary tracks.
The trigger system did not allow to record concurrently physics events and down-scaled minimum-

bias events. However, minimum-bias data (T1), requiring only the coincidence between a Tp signal
and a signal in the S1 scintillator, were collected at least three times a day, thus providing a
representative set of the overall data to be used for calibration purposes. Whenever possible these
data were also used for trigger studies. We also generated a large number of events to produce an
unbiased simulated sample: real and simulated unbiased samples were useful to study speciLc points;
however, they could not cope with the fact that the scaling factor of the real trigger was larger than
a thousand.
The detector response to electrons and pions was particularly important in relation to e�� decays.

The quality of this response was veriLed with electrons and pions obtained with the current trigger
throughout the data-taking: electrons were assembled (at the analysis level) in the so-called T� sample
by selecting e+e− pairs produced by �-conversion, with the � in turn resulting from a �0 decay.
The pions were part of the �+�− decay sample. A detailed investigation of the various contributions
to the secondary-vertex normalization factor � was performed using electrons of the T� sample and
pions either of the �+�− decay sample or of a four-pion sample. This four-pion sample was selected
oI-line from the data collected with the minimum-bias T1 trigger.
We stress that the analysis had to rely on simulation only for the purpose of computing the

residual background and decay-time resolutions. In other cases simulated data allowed us to verify
with higher statistics the results obtained with real calibration samples. The simulation results are
independent of the general properties of the simulated sample (such as phase space) and are entirely
governed by the trigger simulation which is an exact bit-to-bit reproduction of the hardware. For real
data the method of trigger simulation which handles real data on an event-by-event basis is much
more powerful than the use of down-scaled triggers which could only give global information.

3.4. The detector performance

The CPLEAR detector was fully operational between 1992 and 1996, collecting a total number of
antiprotons equal to 1:1×1013 (20 pg!) and data contained in 12 Tbytes of recorded information. All
the subdetectors—beam monitors, tracking devices, particle-identiLcation detector, electromagnetic
calorimeter—achieved their expected performance, which is summarized below.
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Fig. 6. (a) Alignment quality with back-to-back tracks: the two annihilation channels to �+�− and K+K− pairs are clearly
shown. (b—top) Square of the missing mass to the primary K� pair for selected pTp → �KK0 events, and (b—bottom)
invariant mass of �+�− pair for K0 → �+�− decays.

• Interaction rate of 1 MHz.
• Magnetic Leld of 0:44 T, stable to a few parts in 10−4.
• Tracking chambers (proportional and drift chambers, streamer tubes) with a spatial resolution of

! ≈ 300 �m in the transverse plane and ! ≈ 5 mm for z, and a momentum resolution of !p=p ≈
5–10%, see also Fig. 6a.

• Particle identiLcation with pion/kaon separation ¿ 4! above 350 MeV=c, see Figs. 7 and 8, and
electron/pion separation.

• Photon detection in ECAL with spatial resolution !(x) ≈ 5 mm, energy resolution !(E) ≈
15%=

√
E(GeV), and eWciency shown in Fig. 9.

• Multilevel trigger system allowing an event to be reconstructed in ≈ 6 �s.
• �� invariant mass (!(mK0) ≈ 13 MeV=c2) and K� missing-mass distributions shown in Fig. 6b;
decay-time resolution: for charged decays !(#) ≈ (5–10)×10−12 s, see Fig. 10, for �0�0 FWHM
≈ 70× 10−12 s.

The detector ran smoothly for 5 years and accumulated (on 50 000 tapes containing 100 000 events
each with 2 kbyte per event) nearly 2 × 108 decays of strangeness-tagged neutral kaons entering
our Lnal data sample, of which 7 × 107 decays are to �+�− with a decay time greater than
1 #S [7], 1:3 × 106 to e�� [11–14], 2:0 × 106 to �0�0 [8], 5:0 × 105 to �+�−�0 [9], and 1:7 × 104

to �0�0�0 [10].
With these data CPLEAR achieved a number of results on the discrete symmetries in the neutral-

kaon system [7–10,12,13] and measured other relevant quantities [9,11,15,16]. Calibration data were
used to study Tpp annihilation channels, relative branching ratios [17–19] and Bose–Einstein cor-
relations in multipion Lnal states [20–22]. The set-up was slightly modiLed to measure neutral-
kaon forward scattering cross-sections in carbon and evaluate the regeneration eIects [23,24] and
also to perform an Einstein–Podolski–Rosen-type experiment [25]. Some of the measurements led
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Fig. 7. (a) Energy loss measured in S1 as a function of momentum. For both kaons and pions, the solid line shows the
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Fig. 8. Scatter plot of golden events: K±�∓ invariant mass versus K0�± invariant mass.

to publications with a phenomenological Xavour [27–32]. These covered global, optimal evaluations
of the parameters measured and related quantities [27–30] and also tests of quantum mechanics [31]
and of the equivalence principle [32]. Over the years, 52 PhD students were involved, at diIerent
times, and contributed to the success of the experiment.
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decay vertices. (b) Decay-time resolution before and after constrained Lt (simulated data). The improvement after the Lt
shown in (b) is expected because of the important contribution to the decay-time resolution resulting from the momentum
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3.5. Event selection and analysis

The selection of events corresponding to Tpp annihilations in the golden channels (49), followed
by the decay of the neutral kaon to one of the Lnal states previously mentioned, was performed by
a set of topological cuts and by kinematic and geometric constrained Lts. The kinematic boundaries
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Fig. 11. Data-simulation quality checks: (a) K0 reconstructed mass for selected �+�− decays, and (b) K0 reconstructed
lifetime: the data points are the pseudo-lifetimes obtained for the events of the four-pion sample (Tpp → �+�−�+�−, see
Section 3.3) Ltted as golden events accompanied by a K0 decay to �+�−.

of Eq. (49) and the improvement in momentum measurement brought in by constrained Lts to �+�−
decay events are shown in Fig. 12.
The Lts reduced the number of background events associated with Tpp annihilation channels and

neutral-kaon decay modes other than the ones under study. They also improved considerably the
decay-time resolution, see Fig. 10b. Simulated data were produced with high statistics (at least one
order of magnitude larger than the real data)—they allowed a precise monitoring of eWciencies
and losses in all the selections, and the evaluation of the residual background. The quality of the
simulation is demonstrated by the comparison with real data when measuring the �+�− invariant
mass in the neutral-kaon decays to �+�− and the time resolution in the four-pion production with
a minimum-bias trigger, see Figs. 11a and b.
Before entering the decay-rate asymmetries, the events Lnally selected in each channel were

weighted on an event-by-event basis, following the method outlined in Section 3.1. The determina-
tion of primary- and secondary-vertex normalization factors and of regeneration weights is described
elsewhere [7,14,24]. The following points should be recalled in view of later analyses.

• K0 to TK0 rate normalization (primary vertex). For the same production Xux, at (t = 0) we would
detect diIerent numbers of K0 and TK0: owing to diIerent strong interactions the ratio � of TK0 to
K0 tagging (detection) eWciency is diIerent from one. As � is independent of the decay mode—
which was veriLed with high-statistics simulated data—we selected �+�− events with a decay
time between 1 and 4 #S: here high statistics is available with a very small background, and
the CP-violating contribution to the rates is known with suWcient accuracy. From the ratio of
observed K0 to TK0 events, we could then determine �� = [1 + 4Re( L)]�. When � alone was
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Fig. 12. Momentum distribution for real data after (a) track Lt and (b) kinematic and geometric constrained Lt: primary
pions (top), charged kaons (centre), neutral kaons (bottom).

needed, we used the value of the charge asymmetry �‘ measured with neutral-kaon decays to
‘��: �‘=2Re( L)− 2[Re(x−)+Re(y)]= (3:27± 0:12)× 10−3 [78]—in the limit that these decays
are CPT invariant, the simple relation 2Re( L) = �‘ holds.
The quantity �� was given through look-up tables as a function of charged-kaon transverse
and longitudinal momentum, pion momentum, and magnetic-Leld polarity, and the phase-space
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diIerences between primary K� pairs of diIerent decay channels were taken into account. Aver-
aging over the phase space of the e�� channel, we obtained typically 〈��〉 = 1:12756 ± 0:00034.
Whenever possible, the measured asymmetries were deLned such as to incorporate ��, see be-
low, Eqs. (51a), (51d) and (51e). No assumption on (direct) CPT violation in �+�− decays is
needed, since a possible CPT violation is contained in the experimental value of �+−, thus the
primary-vertex normalization is performed for these asymmetries using only quantities measured
in the same experiment. With some variants in the procedure, to be seen later, the same holds for
the asymmetries of Eq. (51b).
This is in contrast to the T-violation analysis, see Eq. (51c), where only � enters: there, in
order to account for �, the value of �‘ was used, at the cost of introducing additional direct
CPT-violating terms in the asymmetry.

• Final-state relative eWciency (secondary vertex): � is given as a function of pion momentum,
from �− and �+ tracks of minimum-bias data, and electron momentum, from electrons of e+e−
conversion pairs selected from decays of K0( TK0) → 2�0, with �0 → 2�. On average we found
〈�〉= 1:014± 0:002.

Various measured asymmetries were then formed with the summed weights of events obtained as a
function of the decay time for each decay channel.

3.6. Physics analysis and Cts

The measured asymmetries were formed with the measured decay rates as deLned in Section 3.1.
The asymmetries considered in the present study were

Aexp+−(#) =
TNw(#)− �Nw(#)
TNw(#) + �Nw(#)

; (51a)

Aexpf (#) =
TNw(#)− Nw(#)
TNw(#) + Nw(#)

; (51b)

AexpT (#) =
TNw+(#)− Nw−(#)
TNw+(#) + Nw−(#)

; (51c)

Aexp� (#) =
TNw+(#)− �Nw−(#)
TNw+(#) + �Nw−(#)

+
TNw−(#)− �Nw+(#)
TNw−(#) + �Nw+(#)

; (51d)

AexpOm(#) =
[ TNw−(#) + �Nw+(#)]− [ TNw+(#) + �Nw−(#)]
[ TNw−(#) + �Nw+(#)] + [ TNw+(#) + �Nw−(#)]

: (51e)

The form of each of these asymmetries optimizes a speciLc measurement: CP violation with
�+�− decays for Eq. (51a), and with other pionic Lnal states f for Eq. (51b); T violation for Eq.
(51c); CPT invariance for Eq. (51d); and Om for Eq. (51e).
The reason for the factor �= 1+ 4Re( L) in some of the asymmetries goes back to the previous

discussion on the primary-vertex normalization factor �, and to the fact that the quantities �� could
be measured using Eq. (51a) with a high-statistics, low-background sample of �+�− decays [7].
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Other asymmetries contain simply � (in the summed weight of K0 events): either because it is
imposed by the physics content of the asymmetry (AT) or because of the analysis method that was
chosen (Af). 2

In order to extract the parameters of interest from each experimental asymmetry, we have to
consider the corresponding phenomenological asymmetry function, which includes background rates,
see Section 3.1, for instance in the case of �+�− decays:

A∗
+−(#) =

TR∗(#)− �R∗(#)
TR∗(#) + �R∗(#)

: (52)

Explicit expressions of the phenomenological asymmetries, in the limit of negligible background,
will be given in Sections 4 and 5.
The phenomenological asymmetries folded with time resolution, as given by the simulation, were

Ltted to the measured asymmetries in the decay-time interval between 1 and 20 #S. In all cases the
parameters �S=˝=#S and �L=˝=#L were given world-average values with #S=(89:34±0:08)×10−12 s,
and #L = (5:17± 0:04)× 10−8 s [78]. The parameter Om, when not considered a free parameter of
the Lt, was given the world-average value Om=(530:1±1:4)×107 ˝=s [78] which includes a subset
of the CPLEAR measurements.
These asymmetry data were taken in eight separate data-taking periods between 1992 and 1995. To

check the internal consistency of the data, Lts were performed for each data-taking period separately,
and the results are also shown.

3.7. Systematic errors

Most of the sources of systematic errors and their uncertainties are common to the various asym-
metries. (However, they have diIerent impacts on the various analyses, as shown in the corresponding
sections.) They are as follows.

• The amount and shape of background: they are estimated by comparing the decay-time distribu-
tions of real and simulated data. This determination is limited by the accuracy of our simulation.
However, a more favourable situation is found in the case of the decay to �+�−, where the data
itself allows a determination of the background.

• The error on the normalization factors: this is dominated by statistics. The normalization proce-
dures were the subject of extensive studies: varying the cuts, using parallel analyses from diIerent
teams, subdividing the data in periods, etc. The results were found to be stable, therefore not
hinting at any additional errors beyond the statistical uncertainty. To compute the systematic error
on the parameters following from it, we have performed an error propagation, repeating the Lt
with the value of the normalization factor varied statistically around its central value. The stan-
dard deviations of the parameter values returned by the Lts are assumed as the systematic error

2 Eq. (51a) is in fact a variant of Eq. (51b) which was singled out because of its role in the experiment. More variants
concern the other asymmetries Af depending on whether the weights � were determined using only the information
contained in the data sample itself (�0�0 and �0�0�0 decays), or using as well the �+�− information (�+�−�0 decays).
In all these procedures, the weights � eventually translate into an oIset of the phenomenological asymmetry, which
becomes a free parameter of the Lt.



198 A. Angelopoulos et al. / Physics Reports 374 (2003) 165–270

contributions from this entry. A similar procedure has been followed to calculate the systematic
error induced by the secondary-vertex normalization � (in the case of e�� decays).

• The error of the regeneration correction: The systematic uncertainties on the regeneration correc-
tions were determined by simultaneously varying the real and imaginary parts of the neutral-kaon
forward scattering amplitudes within their combined statistical and systematic uncertainties, as de-
termined by our own measurement [24]. Contributions to the systematic errors due to uncertainties
in the positions, thicknesses and densities of the various elements of the detector traversed by the
neutral kaons were found to be negligible.

• Decay-time resolution: it is determined using simulated data. The quality of the simulation is
shown in Fig. 11b.

• The absolute time-scale: it was the subject of a study combining hardware and software in-
formation with dedicated simulations. The details are given in Refs. [3,84]. After the kinematic
constrained Lts, the absolute time-scale measured in the experiment is known with a precision of
±0:2 parts per million. Changing the absolute time-scale by this factor produces the shifts in the
Ltted parameters which contribute to the systematic error.

By varying the quantities parametrizing the sources of systematic errors within their estimated un-
certainties, the corresponding systematic errors on the Ltted parameters were then determined.

4. The pionic decay channels (CP)

When a neutral kaon decays to pions exclusively, this Lnal state is a CP eigenstate. The Lnal
states �+�− and �0�0 have a CP eigenvalue equal to +1, �0�0�0 a CP eigenvalue equal to −1,
and that of �+�−�0 is +1 or −1 depending on the kinematical conLguration. Any diIerence in the
rates of K0 and TK0 decaying to one of these eigenstates is a sign of CP violation.

4.1. �+�−—Measurement of |�+−|, �+−, and Om (method a) [7]

The measured decay rate (acceptance corrected) for K0 and TK0 is shown in Fig. 13a: as expected,
the dependence on decay time is not described by a simple exponential. The total rate can be
decomposed according to the initial strangeness of the neutral kaons. These measured rates are
displayed in Fig. 13b separately for initial K0 and TK0, after acceptance correction and background
subtraction, and clearly show the expected CP-violation eIect. The CP parameters are best measured
by isolating the interference term in the decay rates through the asymmetry Aexp+− of Eq. (51a) Ltted
by the asymmetry A∗

+−, see Eq. (52). The asymmetry A∗
+− is constructed with the rates of Eq. (40)

and the background rates:

A∗
+−(#) =−2 |�+−|e

(1=2)(�S−�L)# cos(Om#− �+−)
1 + [|�+−|2 + B(#)]e(�S−�L)#

; (53)

where the term B(#)e(�S−�L)# results from the background contribution to the decay rates of either
K0 or TK0. The decay-time dependence of the background, B(#), is parametrized, and its absolute
level Lxed to the mean value obtained as the average of three diIerent methods (see Ref. [7]
for details). To account for the statistical uncertainties in the normalization weights and for the
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Fig. 13. Decay to �+�−: (a) The measured decay rate (acceptance corrected) as a function of the decay time #, when K0

and TK0 decays are not separated. The continuous curve is a Lt to the real data (•). The open circles show the calculated
background level. (b) The measured decay rates displayed separately for K0 (◦) and TK0 (•) after acceptance correction
and background subtraction.

correlations between the magnitudes of these weights and the Ltted CP-violation parameters, we
allow for a further, overall normalization factor k, with the asymmetry A∗

+−(#) of Eq. (53) set equal
to [ TNw(#)−k�Nw(#)]=[ TNw(#)+k�Nw(#)]. Equivalently, the measured asymmetry Aexp+−(#) satisLes the
equality

Aexp+−(#) =
(k − 1) + (k + 1)A∗

+−(#)
(k + 1) + (k − 1)A∗

+−(#)
: (54)

The measured decay-rate asymmetry Aexp+−(#) was then Ltted by the right-hand side of Eq. (53). The
parameters left free in the Lt were �+− and |�+−|, which are contained in the phenomenological
expression of the asymmetry, A∗

+−(#), and k. Fits were also performed with Om as an additional
free parameter.
The value obtained for �+− depends on the value of Om—varying as

�Om
+− = �〈Om〉

+− + 0:300(Om− 〈Om〉) ;

with �+− in degrees and Om in units of 107 ˝=s—but has negligible dependence on the value of
#S. The value of |�+−| depends on the value of #S as

|�+−|#S = |�+−|〈#S〉 + 0:091(#S − 〈#S〉)× 10−3 ;

where #S is in ps, and has negligible dependence on the value of Om. Neither |�+−| nor �+− have
any signiLcant dependence on the value of �L used in the Lt.
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Fig. 14. (a) The measured decay-rate asymmetry, Aexp+−(#): the data points (•) include residual background. (b) The
decay-rate asymmetry A+−(#): the data points (•) are background subtracted. In both cases the continuous curve is the
result of our Lt.

Table 5
Correlation coeWcients for the Ltted values in the case of Lxed Om

�+− |�+−| k

�+− 1 0.17 0.37
|�+−| 1 0.65
k 1

Using for 〈Om〉 and 〈#S〉 the world averages [78], 〈Om〉 = (530:1 ± 1:4) × 107 ˝=s and 〈#S〉 =
(89:34± 0:08) ps, the results of the Lt are

|�+−|= (2:264± 0:023)× 10−3 ;

�+− = 43:19◦ ± 0:53◦ ;

k = 0:9997± 0:0004 ;

where the errors are purely statistical and =2=ndf = 1:2. The result of the Lt is shown as a solid
line in Fig. 14a. The dilution eIect caused by the background becomes apparent when compared
to Fig. 14b where the background is subtracted. Table 5 shows the correlation coeWcients between
�+−; |�+−| and k, given by the Lt. An alternative way of presenting the data is given by the ‘reduced
asymmetry’, Ared(#)=Aexp+−(#)×e−(1=2)(�S−�L)#, as shown in Fig. 15. The physics content of Fig. 15 is
identical to that of Fig. 14, but it emphasizes the low/medium decay-time region where statistics are
high and to which the Lt is sensitive, at the expense of the high decay-time region where statistics
are low and to which the Lt has little or no sensitivity.
If the value of Om is left free in the Lt, the result is Om= (524:0± 4:4stat ± 3:3syst)× 107 ˝=s, in

agreement with the value (529:5± 2:0stat ± 0:3syst)× 107 ˝=s obtained from the complete sample of
CPLEAR semileptonic data [11]; the correlation coeWcient between Om and �+− is 0.92.
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Fig. 16. The one-sigma error ellipses for �+− versus |�+−| for each data-taking period (P20 and from P24 to P29).
The Lnal result (?) is also shown.

The results from the diIerent data-taking periods are shown in Fig. 16, together with the one-
standard-deviation ellipses of �+− versus |�+−|, taking into account their correlations. The value of
the overall =2 is 10.3 for 12 ndf, showing that the results for each period are internally consistent
within their statistical errors.
The sources of systematic errors speciLc to these results are the following.
The level of background is Lxed to the mean value of its three separate determinations. The scatter

of these values indicates an uncertainty on this mean level of 6%. The uncertainty on the decay-time
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Table 6
Systematic errors on the Ltted values of �+− and |�+−| (for Om Lxed) and of Om (for �+− Lxed)

Source �+− (◦) |�+−| (10−3) Om (107 ˝=s)

Background level 0.09 0.010 0.9
Background shape 0.04 0.005 0.5
Changes in cuts 0.16 0.008 3.0
Decay time 0.06 0.010 0.2
Normalization 0.07 0.001 0.3
Absolute time-scale 0.03 0.001 0.1
Regeneration 0.19 0.019 0.7

Total 0.28 0.026 3.3

Om 0:42 0.001
#S 0:03 0.007

dependence of the background is determined from the errors on the parameters obtained from
the Lt.
The level and decay-time dependence of the background at late decay times was varied by changing

the values of the Lt-probability cuts at these decay times. These changes in background level and
shape led to small variations in the values of the Ltted parameters. This is particularly true for Om
which has much greater sensitivity than �+− or |�+−| to data beyond 10–12 #S. The values of other
cuts were also varied and found to give very small changes in the values of the Ltted parameters.
The measured values of �+−, |�| and Om, stated earlier, were corrected for the Lnite resolu-

tion of the neutral-kaon decay-time measurement. The sizes of these corrections, determined using
high-statistics simulated data, are −0:18◦, +0:042× 10−3 and +0:7× 107 ˝=s respectively. The sys-
tematic errors due to these corrections were obtained by varying the resolution correction, as a
function of decay time, by its statistical uncertainty.
The primary-vertex normalization procedure of applying event weights changed the Ltted value of

�+− by +0:65◦, of |�+−| by +0:02 × 10−3 and of Om by −1:3 × 107 ˝=s. As for the systematic
errors induced by this procedure, we refer to Section 3.7.
The systematic errors of �+− and |�+−| are shown in Table 6 for Om and #S Lxed to the

world-average values [79], and also for Om when �+− and #S are instead Lxed to their world-average
values [78]. The systematic error due to regeneration eIects is discussed in Section 4.2.
Our Lnal results for �+−, with Om and #S Lxed at the world-average values from [78], are

|�+−|= (2:264± 0:023stat ± 0:026syst ± 0:007#S)× 10−3 ;

�+− = 43:19◦ ± 0:53◦stat ± 0:28◦syst ± 0:42◦Om :

These values agree with the results of earlier experiments [86–93] as displayed later in Fig. 22a.
Our errors are smaller (even if only slightly) than the errors quoted in any earlier experiment.
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Fig. 17. The topology of a typical regeneration event in an expanded view of the inner detector.

4.2. �+�−—Measurement of regeneration amplitudes [24], and sign of Om

In the CPLEAR experiment, the KS amplitude that is regenerated in the detector interferes with
the inherent one from the produced K0( TK0) states causing a small but not always negligible change
in the decay rates. Carbon nuclei account for about two-thirds of the regeneration eIect, and other
contributions are mainly due to nitrogen and oxygen which have very similar nuclear properties.
Since prior to CPLEAR direct measurements of the regeneration amplitudes Of were available only
for kaon momenta above 2 GeV=c [81,94], the regeneration amplitude in carbon was determined
by CPLEAR at momenta between 250 and 750 MeV=c by measuring in a dedicated data-taking the
interference of inherent and coherently regenerated KS amplitudes (Section 2.3).
For this purpose the set-up was modiLed, as shown in Fig. 17, by the insertion of a carbon

absorber (regenerator) shaped as a segment of a hollow cylinder with a thickness of 2:5 cm,
a length of 25:5 cm and an opening angle of 115◦. To maximize the regenerating eIect within
the constraints of the detector design the regenerator was positioned close to the inner wall of the
Lrst large proportional chamber (PC1). The opening angle was chosen to enable the selection of
events with neutral kaons regenerated in the carbon but no charged primary tracks (K± and �∓)
that crossed the absorber. The topology of a typical regeneration event is depicted schematically
in Fig. 17.
To isolate the interference terms arising from regeneration, we used two sets of �+�− events:

(a) the actual regeneration data taken with the absorber installed,
(b) a reference set containing data obtained before installing the absorber.

The two sets of data were taken under the same detector and trigger conditions, the only diIerence
being the presence of the absorber, and they were also subject to exactly the same selection procedure.
The reference data set contained more than three times the number of events of the regeneration
data set so that the statistical error is almost entirely given by the statistics of the latter.
In addition to the standard selection of K0 and TK0 events we required, in both data sets, that the

direction of the neutral kaon be in the absorber sector and rejected events in which one or both
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Fig. 18. Measured decay-rate asymmetries Aexp+−: (•) with absorber and (◦) without absorber, for two momentum intervals
centred around (a) 300 and (b) 400 MeV=c.

of the charged primary tracks crossed the volume occupied by the absorber. Furthermore we only
accepted neutral kaons with momenta greater than 250 MeV=c. Within the regeneration data set,
3× 106 events satisfy all selection criteria. In two-thirds of these events, however, the neutral kaon
decays before reaching the absorber, thus yielding no information on the regeneration amplitude.
About 107 events of the reference data set remain after applying identical selection cuts. The gain
in statistical precision at higher momenta is in part compensated for by a loss of sensitivity caused
by the decreasing evolution time of the neutral kaon before reaching the absorber.
To account for the variation of the regeneration amplitude Of as a function of neutral-kaon

momentum we divided the data of both sets into Lve momentum intervals of 100 MeV=c width each,
and decay-rate asymmetries were formed separately for each momentum interval. These asymmetries
were constructed as in Eq. (51a), with the qualiLcation that no weight was applied to the events.
Fig. 18 shows two typical asymmetries. The step in the regenerator asymmetries is smeared out
because the eIective distance and thickness of the absorber as encountered by the neutral kaon
varied from event to event depending on its emission angle. Furthermore, the neutral kaons were
not mono-energetic but had a Lnite range of momenta.
Because of smearing eIects, it was not possible to extract the desired information by a Lt to

an analytical function. Instead, we performed a numerical Lt. For most neutral-kaon momenta, the
inherent KS amplitude by far outweighs the regenerated one at the time of the decay. This means
that the spatial vertex distribution of �+�− decays in the regeneration set is well approximated by
the data of the reference set and the weights applied to simulate the regeneration eIects are close to
one. At very low momenta, however, we Lnd that almost all KS decay before reaching the absorber
and hence our method is not applicable. We therefore restricted the analysis to neutral kaon momenta
above 250 MeV=c, where the decay rates after the absorber are still dominated by the inherent KS

amplitude.
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Table 7
Systematic errors on Of due to the uncertainty in the normalization of K0 and TK0 rates

Mom. range Re(Of) Im(Of)
(MeV=c) (fm) (fm)

250–550 ¡ 0:05 ¡ 0:05
550–650 0.06 0.2
650–750 0.06 0.6

An oIset appears in the measured asymmetries of Fig. 18, as expected since the events were
not weighted by a primary-vertex normalization factor. This factor is expected to be of the same
magnitude in both the regeneration and the reference data set, i.e. the relative normalization factor
�rel should be close to one. We measured this factor by comparing the observed ratios of K0 and TK0

decays before the absorber in both data sets and obtained �rel = 1:0028± 0:0016, constant in phase
space. In the analysis, we applied this factor as a correction to the reference data set and deduced
the systematic errors by varying it in its range of statistical uncertainty, see Table 7.
A further systematic error is caused by the uncertainty of ±0:5 mm in the distance between

the absorber and the K0( TK0) production point. This uncertainty propagates to diIerences in the
regeneration amplitudes that do not exceed 0.05 fm in both the real and imaginary parts of the
amplitudes.
Any diIerence in running conditions between the collection of the two data samples used for the

analysis could constitute a further source of systematic error. In addition to ensuring that all detector
and trigger parameters remained the same, we veriLed that neither the presence of the absorber nor
the time diIerence of 1 year between the two runs aIected the data in any unpredictable way. This
was done by analysing events in which no particle came close to the absorber. The asymmetries
constructed from these events are equal for the two data sets within statistical Xuctuations.
We also carefully studied the eIect of incoherent (diIractive) regeneration which is not taken

into account in our analysis. It can be shown that in K0– TK0 asymmetry experiments the inXuence of
incoherent regeneration is very small for measurements in the KS-dominated decay region and may
be neglected in our analysis.
Furthermore we looked at the systematics already considered for the �+− precision measurement

(Section 4.1), namely background level, decay time resolution, regeneration in other detector com-
ponents and the uncertainties in Om and #S. These eIects were all found to be negligible in this
analysis.
Our results are summarized in Table 8 and Fig. 19. They represent the Lrst experimental data on

both the real and imaginary parts of the regeneration amplitude for kaon momenta below 1 GeV=c
and are in accordance with the predictions of Eberhard and Uchiyama [81] as well as with more
recent calculations done for the �-factory at Frascati [95].
The optical theorem relates total cross-sections to the imaginary parts of the corresponding for-

ward scattering amplitudes. Under the assumption of isospin invariance in kaon–nucleon scattering,
measurements of the diIerence between K+ and K− total cross-sections may therefore be employed
to put further constraints on our results and possibly resolve their large correlation present in some
momentum bins. However, in our momentum range only the measurements of Bugg et al. [96] on
K+ and K− total cross-sections in carbon at momenta between 655 and 2606 MeV=c are available.
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Table 8
The CPLEAR results on Of with standard errors in the Gaussian approximation in comparison with the optical model
calculations of Ref. [81] where available; the last row shows the combined result of Ref. [96] and CPLEAR

pK0 CPLEAR Correl. Optical model [81]
(MeV=c) coeI.

〈Re(Of)〉 〈Im(Of)〉 〈Re(Of)〉 〈Im(Of)〉
(fm) (fm) (fm) (fm)

250–350 −3:8± 1:3 −2:4± 1:2 −0.76
350–450 −4:9± 0:5 −1:2± 1:6 −0.76 −3.48 −3.88
450–550 −4:2± 0:3 −4:9± 2:0 0.60 −4.03 −3.38
550–650 −5:1± 0:6 −2:8± 1:9 0.96 −5.26 −3.81
650–750 −5:7± 1:8 −4:3± 3:6 0.99 −6.38 −4.59

650–750 −5:5± 0:3 −4:1± 0:2

The values of Refs. [81,96] are weighted according to the neutral-kaon momentum spectrum measured at the entrance
of the absorber.

(Krauss et al. [97] obtained data at lower momenta, but only for K+.) We interpolated the values
of Ref. [96] to compare them with our measurement in the momentum range 650–750 MeV=c and
found excellent agreement. The combination of the two measurements reduces the error on the real
part of Of in this momentum bin by more than a factor of 6 (see Fig. 19e and Table 8). For a
comprehensive evaluation of all available data on regeneration in carbon we refer to our dispersion
relation analysis, Ref. [30].
Our results on Of allow us to reduce the systematic error on our measurement of the CP-violation

parameter �+− due to regeneration to below 0:2◦, less than half of the statistical error (see
Table 8).
It is worth pointing out that the CPLEAR regeneration experiment also provided information on

the sign of Om, i.e. on the question of which of the two mass eigenstates, KL and KS is the heavier.
In fact, without a priori knowledge of the sign of Om, the experimental data determine the complex
regeneration amplitude only up to a sign ambiguity in the real part. In that case, the results of
Table 8 must be interpreted as Im(Of), sign × Re(Of).
While the optical-model based extrapolation of kaon-nucleon scattering data to the regeneration

amplitude for various materials is not accurate enough for the systematic correction of our pre-
cision measurement of �+−, it is certainly adequate to establish, with very high conLdence, that
Re(Of)¡ 0 over the energy range of interest. Therefore, the CPLEAR data clearly imply Om¿ 0,
i.e. that KL is heavier than KS. For literature concerning earlier determinations of the sign of Om,
see Refs. [98–100].

4.3. �0�0—Measurement of |�00| and �00 [8]

The decay K0( TK0) → �0�0 → 4� is selected by requiring exactly two charged tracks that have
been identiLed as a kaon and a pion, and exactly four electromagnetic showers in the calorimeter
[6]. A typical event display is shown in Fig. 20, together with its reconstruction.
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Fig. 19. The Of complex plane for the Lve momentum intervals centred around 300 (a), 400 (b), 500 (c), 600 (d) and
700 MeV=c (e). The curves with =2 = =2min + s2 are shown for s = 1; 2; 3, marking conLdence regions that approximately
correspond to 1, 2 and 3 standard deviations. The results of the optical model calculation of Ref. [81] are inserted for
comparison (small squares). In (e), the total cross-section measurement of Ref. [96] is also shown (dashed region).
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Fig. 20. Display of an event, Tpp (not shown) → K−�+K0 with K0 → �0�0 → 4� and its reconstruction. P is the decay
point.

The decay time # of the neutral kaon is determined from a constrained Lt to the data using the
momenta obtained from the charged tracks, the TK0(K0) production vertex, the photon conversion
points and the photon energies in the electromagnetic calorimeter. The decay-time resolution function
is equally determined by the precision of the neutral-kaon four-momentum as by the precision of
the photon conversion-point positions.
Three criteria based on the invariant masses of all ��-pair combinations, on a detailed study of

the shape of the =2 function of the decay-time distribution and on the measured shower directions of
the four photons are further applied to the data in order to improve the experimental decay-time res-
olution. The selection criteria have been optimized by providing the best sensitivity to the measured
parameters and not to the decay-time resolution or background rejection [101].
Fig. 21a shows the measured decay-time distribution for TK0 and K0 overlayed with the simulated

decay-time distribution taking into account the acceptance, the decay-time resolution, and sources of
background. The acceptance for the signal events varies only very slowly as a function of the decay
time and is constant up to ≈ 10 #S. The resolution function has been determined according to Ref.
[8] and gives a value of 0:77 #S (FWHM).
Sources of background are the kaonic annihilation channels Tpp → TK0(K0)K±�∓ + �0 and Tpp →

K+K−+n�0 (n¿ 0), the pionic annihilation channel Tpp → �+�−+n�0 (n¿ 0) and the neutral-kaon
decay KL → �0�0�0. The contributions from kaons are determined 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-identiLcation
detector. Table 9 summarizes the background channels contributing to the Lnal data sample
in the decay-time interval 0–20 #S. In the interference region the total background does not
exceed 2.5%.
Here, to properly account for the primary-vertex normalization �, we divided the full data set into

subsamples as a function of the momentum of the neutral kaon in such a way that the inXuence
from a varying � and a varying decay-time acceptance within each subsample become negligible. The
values of |�00| and �00 were extracted from a global likelihood Lt to the asymmetries constructed
from these diIerent data samples as in Eq. (51b), with the summed weights Nw and TNw calculated
using the regeneration weights alone. The phenomenological expression to be used in the Lt is then
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Fig. 21. (a) The measured decay-time distribution for TK0(K0) → �0�0, overlayed with the result of the simulation of this
decay (solid line) and the diIerent background channels according to Table 9. The background is shown separately for
contributions from Tpp annihilations (dashed line) and KL → �0�0�0 decays (dotted line). (b) The measured asymmetry
Aexp00 (#). The solid line shows the result of the Lt.

Table 9
Background contributions to the Lnal data sample in the decay-time interval 0–20 #S

Background channel Contribution (%)

KL → �0�0�0 0:137± 0:005
Tpp → TK0(K0)K±�∓ + �0 0:065± 0:017
Tpp → �+�− + n�0 (n¿ 0) 0:511± 0:020

The quoted errors are statistical.

written as

A00(#) =
��− 1
��+ 1

− 2
|�00|e(1=2)(�S−�L)# cos(Om#− �00)

1 + |�00|2e(�S−�L)#
: (55)

The decay-time resolution, the remaining background contributions and the regeneration correc-
tion were taken into account individually for each neutral-kaon momentum interval. The measured
decay-rate asymmetry Aexp00 is shown in Fig. 21b. The oscillation of the CP-violation interference
term is clearly visible, diluted by the decay-time resolution and by the KL → �0�0�0 background at
late decay times.
The �� values of the diIerent momentum subsamples were free parameters in the Lt, together

with |�00| and �00. The result of the Lt is shown as a solid line in Fig. 21b. The correlation
coeWcient between �00 and |�00| given by the Lt is 0.03. The � values have a weighted average of
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Table 10
Summary of the systematic errors on �00 and |�00|

Source �00 (◦) |�00| (10−3)

Decay-time resolution 0.6 0.16
TK0=K0 identiLcation eWciencies 0.29 0.01
Photons from secondary interactions 1.4 0.13

Backgrounds
Tpp → �+�− + n�0 (n¿ 0) 1.1 0.07
Tpp → TK0(K0)K±�∓ + �0 0.16 0.05
KL → 3�0 0.26 0.06
Regeneration 0.2 0.07

Total 1.9 0.24

Om 0.34 0.003
#S 0.036 0.001

〈�〉=1:178± 0:003, where the error is statistical, and Re( L) is set equal to twice the world-average
value of �‘ [78].
The contributions to the systematic errors are summarized in Table 10. Some comments are in

order with respect to the other asymmetries.

• The systematic uncertainties in the values of �00 and |�00| due to uncertainties in the parametriza-
tion of the resolution function have been determined from the decay-time distribution of Fig. 21a
by varying the resolution function so that the resulting decay curve agrees within statistics with
the observed one, and are given in Table 10. A possible variation in the decay-time resolution
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 eIect on
�00 and |�00|.

• Systematic uncertainties introduced by a possible deviation of the relative tagging eWciencies �
from a constant and by a diIerent decay-time acceptance, have been determined within each
neutral-kaon momentum subsample.

• In a small number of events one undetected photon from the decay of TK0(K0) → �0�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 reconstruction of the neutral-kaon decay time
is aIected. According to simulations such events contribute to about 0.7% of the data and the
relative tagging eWciency for these events is 10% smaller than for correctly reconstructed events.
The uncertainty in determining the number of such events has been evaluated from a Lt to the
measured decay-time distribution of Fig. 21a. The systematic errors as given in Table 10 were
obtained by varying the number of such secondary photons by 50% and the relative identiLcation
eWciency for TK0 and K0 by 5%.

• Uncertainties in the determination of the background channels were estimated from various Lts to
the measured decay-time distribution of Fig. 21a. For each channel the amount of background as
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given in Table 9 was varied by up to 50% and the relative contribution to the TK0 and K0 signal
by 5%. For KL → �0�0�0 and for Tpp → TK0(K0)K±�∓ + �0, the relative amount of background
in TK0 and K0 is identical to the relative tagging eWciency � for the signal events. However, for
the pionic background Tpp → �+�− + n�0 (n¿ 0) it is 15% smaller.

Our Lnal result from 2× 106 reconstructed K0( TK0) → �0�0 events is

�00 = 42:0◦ ± 5:6◦stat ± 1:9◦syst ;

|�00|= [2:47± 0:31stat ± 0:24syst]× 10−3 :

The dependence of �00 and |�00| on Om (in units of 107 ˝=s) and #S (in units of ps) is given by

�00 = [42:0 + 0:24(Om− 530:7) + 0:40(#S − 89:22)]◦ ;

|�00|= [2:47− 0:002(Om− 530:7) + 0:015(#S − 89:22)]× 10−3

with correlation coeWcients between �00 and Om and |�00| and Om of 0.88 and −0:25, respectively.
These values agree with other results [88,102–104], however in this case our errors are not as small
as quoted by some earlier experiment, see Fig. 22b. A direct comparison between the decays to �0�0

and �+�− is performed in the experiments of Refs. [88–90] with the measurement of �+− − �00,
see Fig. 22c, and Refs. [105–109] with the measurement of |�00=�+−|, see Fig. 22d.

4.4. �+�−�0—Measurement of Re(�+−0) and Im(�+−0) [9]

The parameter �+−0 measures CP violation of KS → �+�−�0, and is deLned by Eq. (47) referred
to that decay. This violation is expected to be as large as CP violation of KL → �+�−, with �+−0 ≈
�+−. The �+−0 contribution to the interference term in the decay rates of Eq. (44) is isolated by
forming the asymmetry of Eq. (48),

A+−0(#) =
TR+−0(#)− R+−0(#)
TR+−0(#) + R+−0(#)

= 2Re( + �)− 2e−(�S−�L)#=2[Re(�+−0) cos(Om#)− Im(�+−0) sin(Om#)] : (56)

The expected CP-violating asymmetry is plotted in Fig. 23a and shows that the maximum sensitivity
on the real and imaginary parts of the CP parameter is obtained at early decay time.
For �+�−�0 decays, the events selected contained four charged-particle tracks, with zero to-

tal charge, and one or more electromagnetic shower in the calorimeter, well separated from any
charged tracks. The latter requirement considerably reduced the background from Tpp annihilations
to K+K−�+�− as well as �+�− and semileptonic decays of neutral kaons. At the output of the
topological Llter we requested that the invariant mass of the secondary particles �+�−�0 be smaller
than 600 MeV=c2, see Fig. 24a—the charged-pion momenta were given by the track-Lt procedure
while the K0 momentum was deLned as the total missing momentum in the Tpp annihilation. The
remaining background was estimated from the diIerence between data and simulated �+�−�0 events
properly normalized, see Fig. 24b. Since a background, not associated with semileptonic events, is
clearly seen below 4 #S, we chose to normalize the simulated data to real data above 6 #S where the
background is only contributed by semileptonic events. We concluded that with our selections the
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(a) (b)

(c) (d)

Fig. 22. CPLEAR measurements of neutral-kaon decays to �� compared to previous experiments for
Om = (530:0 ± 1:2) × 107 ˝=s and #S = 89:35 ± 0:08 ps [85]: (a) �+− and |�+−| from Refs. [7,86–93]; (b) �00 and
|�00| from Refs. [8,88,102–104]. In some of these experiments decays to �+�− are directly compared with decays to
�0�0, (c) �+− − �00 from Refs. [88–90] and (d) |�00=�+−| from Refs. [105–109].
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Fig. 23. The expected time-dependent decay-rate asymmetries (a) A+−0(#) and (b) A±(#) = A+−0(X 7 0; #) computed
by assuming �+−0 = �+−. The expected value of 	 and the world-average values of �+− and other parameters are also
used [78].
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Fig. 24. (a) The �+�−�0 invariant mass distribution for real and simulated data after the full selection. The plain histogram
shows the simulated distribution built from the �+�−�0 and the semileptonic decays of neutral kaons, normalized to the
real data set above 6 #S. The background contribution due to semileptonic decay events alone is given by the shaded area.
(b) The decay-time distribution of the sum of initial K0 and TK0 decaying into �+�−�0 for real and simulated data after
applying the Lnal selection. The full line shows the simulated distribution built from the sum of the �+�−�0 and the
semileptonic decays of neutral kaons, normalized to the real data set above 6 #S. The distribution of the signal events is
shown by the dashed line, while the background contribution from the semileptonic events is given by the shaded area.
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Fig. 25. (a) The measured decay-rate asymmetry Aexp+−0(#). The solid line is the Lt result. The broken line shows the
asymmetry expected when assuming �+−0 = �+−. (b) The real and imaginary parts of �+−0: the central value (•) with
its statistical and total uncertainties, and the statistical correlation ellipses as obtained in this work. For comparison, the
result of Zou et al. [111] on Im(�+−0), obtained by Lxing Re(�+−0) = Re( ), is also shown () with its statistical and
total errors.

data sample was dominantly composed of neutral-kaon decays to �+�−�0 with a 4% contamination
of late decay-time background coming from semileptonic decays, and an 8% contamination of other,
early decay-time, background.
The experimental decay-rate asymmetries are written here as

Aexpk (#) =
TNk(#)− Nk(#)
TNk(#) + Nk(#)

≈
(
�N − 1
�N + 1

)
+
4�N[1− @B(#)]
(�N + 1)2

Ak(#) ; (57)

where the subscript k refers to the Dalitz-plot integration domain, �N is the primary-vertex mean
normalization factor, and @B(#) is the parametrization of the total-background distribution, deLned
as the relative diIerence between the data and the simulated �+�−�0 events, as a function of the
decay time. The quantities Nk(#) and TNk(#) denote the event summed weights (see Section 3.1),
and Ak the phenomenological expressions of the asymmetries. If the integration extends to all the X
values, Ak(#) becomes A+−0(#) and is given by Eq. (56). In the Ltting procedure the CP parameters
of Ak , and the mean normalization factor �N were left to vary freely—however the dependence of
the normalization on the primary K� pair kinematic was obtained in the standard way from �+�−
decays in the range 1–4 #S. The quantity Re( S) contained in Ak , see Eqs. (56) and (58), was taken
to be equal to Re( L) and Lxed to �‘=2. This approximation has no consequence on the result.
The experimental asymmetry Aexp+−0(#) obtained from the complete data set is shown in Fig. 25a

together with the result of the Lt to the data. The Lt, performed using Eqs. (57) and (56), yielded
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Table 11
Statistical correlation coeWcients between �+−0 and �N in the Lt to the complete data set

Re(�+−0) Im(�+−0) �N
Re(�+−0) 1
Im(�+−0) +0:68 1
�N −0.21 −0.51 1
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Fig. 26. The values of (a) Re(�+−0) and Im(�+−0), and (b) Re(	) and Im(	) Ltted for each data-taking period (P20 and
from P24 to P29) and the resulting mean values. The projection of the measured values in the complex plane are shown
with their statistical correlation ellipses. The area of the ellipses depends on the recorded statistics. The mean
values obtained are given in the top left corner and the values of the standard analysis in the bottom right corner, see
Sections 4.4 and 4.5, respectively.

a value of =2=ndf = 0:86, and the statistical correlation coeWcients of Table 11. The results for the
various data-taking periods are reported in Fig. 26a.
The systematic errors which aIect the determination of �+−0 are summarized in Table 12. They

mainly come from diIerences in the background content between the K0 and TK0 data sets which are
not described by the background parametrization @B: the background component at early decay times
was isolated by adding together K0 and TK0 data, to eliminate, to Lrst order, any CP-conserving or
CP-violating eIects coming from KS decays. Our Lnal result on �+−0 is

Re(�+−0) =

(
−2± 7stat

+4

−1 syst

)
× 10−3 ;

Im(�+−0) =

(
−2± 9stat

+2

−1 syst

)
× 10−3 :
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Table 12
Summary of the systematic errors on the real and imaginary parts of �+−0

Source Re(�+−0) (10−3) Im(�+−0) (10−3)

Pionic and kaonic background—amount and normalization
(
+1:5
−0:7

) (
+0:7
−0:2

)
�(1115) background +4:1 +1:9
CP-conserving KS decay amplitude −0.1 —
Decay-time dependence of normalizationa ±0:2 ±0:4
Decay-time resolution ±0:2 ±0:2
Regeneration ¡0:1 ¡0:1
Om, �S, �L and Re( S) — —

Total
(
+4
−1
) (

+2
−1
)

aError determination limited by statistics.

These quantities are displayed in Fig. 25b. Compared to the published values of Barmin et al. [110]
and Zou et al. (only Im(�+−0)) [111] our errors are smaller by more than one order of magnitude
and by a factor of four, respectively. Assuming no correlation between the systematic errors, we
obtain |�+−0|¡ 0:017 at the 90% CL.

4.5. �+�−�0—Measurement of Re(	) and Im(	) [9]

In a diIerent analysis, the two asymmetries obtained by separating the rates according to whether
the Dalitz variable X is negative or positive,

A+−0(X 7 0; #) =
TR+−0(X 7 0; #)− R+−0(X 7 0; #)
TR+−0(X 7 0; #) + R+−0(X 7 0; #)

= 2Re( + �)− 2e−(�S−�L)#=2

×[Re(�+−0 ∓ 	) cos(Om#)− Im(�+−0 ∓ 	) sin(Om#)] ; (58)

are used to determine the CP-conserving parameter 	, deLned by Eq. (46). The upper and lower
signs correspond to rates integrated over positive and negative values of X . The expected CP-
conserving asymmetries are displayed in Fig. 23b.
For this measurement the data set is split into two parts according to the sign of the Dalitz

variable X . The experimental asymmetries Aexp+−0(X ¿ 0; #) and Aexp+−0(X ¡ 0; #) are formed from the
corresponding samples. Their time dependences, given by Eq. (57), are Ltted to the data in two
steps. Firstly, a simultaneous six-parameter Lt of the functions Aexp+−0(X ¿ 0; #) and Aexp+−0(X ¡ 0; #)
to the relevant data set gives the following results:

Re(�+−0) = [− 2± 7stat]× 10−3 ;

Im(�+−0) = [− 2± 9stat]× 10−3 ;
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Table 13
Statistical correlation coeWcients between �+−0, 	 and �N when the mean primary-vertex normalization �N is assumed to
be diIerent for the regions of the Dalitz plot with X 7 0

Re(�+−0) Im(�+−0) �X¿0
N �X¡0

N Re(	) Im(	)

Re(�+−0) 1
Im(�+−0) +0:677 1
�X¿0
N −0.149 −0.364 1

�X¡0
N −0.147 −0.362 0 1
Re(	) +0:008 +0:003 −0.149 +0:147 1
Im(	) +0:003 +0:004 −0.364 +0:362 0.677 1

Re(	) = [ + 27± 7stat]× 10−3 ;

Im(	) = [− 12± 9stat]× 10−3 ;

�X¡0
N = 1:118± 0:005stat ;

�X¿0
N = 1:114± 0:005stat ;

with a =2=ndf = 0:88 and the statistical correlation matrix of Table 13. The results on Re(�+−0) and
Im(�+−0) are identical to those obtained by Ltting the experimental asymmetry integrated over the
whole Dalitz plot. Since there is almost no correlation between 	 and �+−0, �+−0 was Lxed to the
known value of �+− [78], thus increasing the statistical accuracy without any implicit assumption on
direct CP violation in the decay or CPT-invariance in the mixing matrix. In addition, since �X¿0

N
and �X¡0

N are statistically compatible, the equality �X¿0
N = �X¡0

N = �N was assumed. Therefore,
in the second step, a simultaneous Lt of the asymmetries Aexp+−0(X ¿ 0; #) and Aexp+−0(X ¡ 0; #) was
performed by varying freely 	 and �N and by Lxing �+− to the world average value [78]. The
results of our measurements are shown in Fig. 27 with the result of the Lt. The Lt yields a value
of =2=ndf = 0:85, and statistical correlation coeWcients of 0.68 between Re(	) and Im(	), and zero
between these two quantities and �N.
Table 14 summarizes the systematic errors which aIect the determination of 	. They are largely

the same as those aIecting the determination of �+−0. We note, however, that the sensitivity to
the normalization is weak in the simultaneous Lt (there is no correlation between 	 and �N) and
the uncertainty on the background normalization also cancels in Lrst order. On the other hand, the
diIerence between the two halves, X ¿ 0 and X ¡ 0, of the Dalitz plot, and the diIerence in the
background normalization lead to the dominant systematic error on 	.
As a Lnal value for 	 we obtain

Re(	) = [ + 28± 7stat ± 3syst]× 10−3 ;

Im(	) = [− 10± 8stat ± 2syst]× 10−3 :

The CPLEAR measurements are reported in Fig. 27a together with the result of the Lt. The Ltted
value of 	 is compared to the best earlier experiment [112] in Fig. 27b. The results of the Lts for the
various data-taking periods are shown in Fig. 26b. Although 	 is determined without any theoretical
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Fig. 27. (a) The measured decay-rate asymmetries for X ¿ 0 and X ¡ 0. The solid curves are the result of the simultaneous
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Table 14
Summary of the systematic errors on the real and imaginary parts of 	

Source Re(	) (10−3) Im(	) (10−3)

Pionic and kaonic background—amount and X asymmetry
(
+1:3
−1:4

) (
+0:5
−0:3

)

�(1115) background—amount and X asymmetry
(
+0:7
−2:3

) (
+0:2
−0:8

)
Decay-time dependence of normalizationa ±0:2 ±0:2
Decay-time resolution +1:1 +0:7
Regeneration ¡0:1 ¡0:1

Om and �S ±0:1
(
+0:1
−0:2

)
Acceptance ±2:0 ±1:8

Total ±3 ±2
aError determination limited by statistics.

inputs, the determination of the branching ratio of the CP-conserving KS → �+�−�0 decay requires
the phenomenological parametrization of the amplitudes of the neutral-kaon decay to �+�−�0. This
will be discussed in the next section.
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4.6. �+�−�0—Measurement of the Dalitz plot slope parameters and other decay parameters [9]

The probability to Lnd a given momentum conLguration for the �+�−�0 state is given by the
distribution function of the Dalitz variables X and Y (Dalitz plot), see Section 2.2.3. Since the sum
of the masses of the three pions is close to the kaon mass, X and Y are small, and the corresponding
decay amplitudes can be expanded as polynomials in X and Y , limiting the expansion up to quadratic
terms in X and Y .
Following the literature [113–118] we express the KS and KL decay amplitudes as follows:

A
3�(CP=−1)
S (X; Y ) ≈  SA

3�(CP=−1)
L (X; Y ) ;

A
3�(CP=+1)
S (X; Y ) ≈ �X (1 + i�2)− �XYXY ;

A
3�(CP=−1)
L (X; Y ) ≈ �(1 + i�1)− �Y (1 + i�1M ) + �(Y 2 − 1

3 X
2) + @(Y 2 + 1

3 X
2) ;

A
3�(CP=+1)
L (X; Y ) ≈  LA

3�(CP=+1)
S (X; Y ) : (59)

The parameters contained in the above functions, shortly denoted as isospin components, are related
to the isospin amplitudes a0;1 and a1;2 of Eqs. (43), and have equal weak phases (that is direct CP
violation is not included). The �� interaction in the Lnal states (rescattering) gives the phases �1
and �1M if the state isospin is I =1 [113], and �2 if I =2. The amplitudes �, �XY and @ correspond
to angular momenta l¿ 1 and Lnal-state interactions. These terms are small, and their rescattering
phases are neglected [118].
The isospin components may also be determined through the energy dependence of the Dalitz

distribution for KL → �+�−�0, which is usually parametrized as

|A3�
L (X; Y )|2 ˙ 1 + gY + hY 2 + jX + kX 2 + fXY : (60)

The so-called slope parameters g, h, j, k, and f are expressed in terms of the isospin amplitudes
of Eqs. (59) as

g=−2 �
�
; h= 2

@+ �
�

+
(
�
�

)2
; k =

2
3

@− �
�

;

j = 2Re( L)
�
�
; f = 2Re( L)

��
�2

: (61)

(A non-zero value of the slope parameters j and f would indicate CP violation in KL decays to
�+�−�0.)
Previous to CPLEAR, the isospin components �, �, �, �, �XY and @ were determined by a Lt to all

known neutral-and charged-kaon decay rates [113,117] and also estimated by Lts to data using chiral
perturbation theory (ChPT) at next-to-leading order [117,118]. In these calculations both OI = 1=2
and OI =3=2 transitions were taken into account, while the rescattering phases and their kinematical
dependence were only considered in Ref. [118].
By using the parametrizations of Eqs. (59), we deduce the following relations:

�+−0 =  S ;

Re(	) =
�(�I1;0 − �I1;1)− ��XY I1;1
�2I0;0 − 2��I0;1 + �2I0;2

; (62)
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Table 15
The real and imaginary parts of the CP-conserving parameter 	

K expts. [117] ChPT [117] ChPT [118] E621 [112] CPLEAR

Re(	) 0:028± 0:003 0:031 +0:031 +0:038± 0:010 +0:028± 0:008
Im(	) — — −0.006 −0:006± 0:012 −0:010± 0:008

The values of the Lrst three columns were evaluated from the isospin components displayed, respectively, in the Lrst
three columns of Table 20 using Eqs. (62) and (63). For comparison, the values measured directly by E621 and CPLEAR
are shown in the last two columns.

Im(	) =
�(�(�2 − �1)I1;0 − �(�2 − �1M)I1;1) + ��XY �1I1;1

�2I0;0 − 2��I0;1 + �2I0;2
; (63)

where the coeWcient In;m represents the integral, over the Dalitz plot, of the quantity X nYm. We
note that for the parameter 	 describing the interference between the KS and KL CP-allowed decay
amplitudes, an imaginary part could exist only because of the rescattering phase or a possible direct
CP-violation contribution. Both, however, are small, and 	 is expected to be almost real.
Table 15 shows a comparison between the values of 	 obtained by entering in Eqs. (62) and

(63) the isospin components given in Refs. [117,118], as mentioned above, and the results of direct
measurements by CPLEAR and the best earlier experiment [112].
Within this context, we have measured directly the isospin components � and �XY of the KS

decay amplitudes, and the slope parameters of the KL decay to �+�−�0. Besides being of intrinsic
interest, these measurements provide, by comparison with those of previous experiments, an overall
consistency check of our systematic errors.

4.6.1. KS decay: the isospin components of the amplitude, � and �XY

CPLEAR has measured directly the isospin components � and �XY of the KS → �+�−�0 amplitude.
Using the parametrization of the neutral-kaon decay amplitudes given in Eqs. (59), at each point of
the Dalitz plot, we deLne the asymmetry

A�(X; Y; #) =
[ TR(X; Y; #|X ¡ 0) + R(X; Y; #|X ¿ 0)]− [ TR(X; Y; #|X ¿ 0) + R(X; Y; #|X ¡ 0)]
[ TR(X; Y; #|X ¡ 0) + R(X; Y; #|X ¿ 0)] + [ TR(X; Y; #|X ¿ 0) + R(X; Y; #|X ¡ 0)]

= 2|X | �− �XYY
�− �Y

cos(Om#)e−(�S−�L)#=2 ; (64)

where the rescattering phases and second-order terms in X and Y are neglected.
The asymmetries of Eq. (64) were folded with the X and Y resolutions determined with simulated

data, and Ltted simultaneously, with a likelihood Lt, to the experimental asymmetries, constructed
as usual from the corresponding summed weights of events:

Aexp� (X; Y; #) ≈ (1− @B(X; Y; #))A�(X; Y; #) ;

where @B(X; Y; #) is the parametrization of the total-background distribution as a function of the decay
time # and the Dalitz variables X and Y , see Section 4.4. In this Lt, � and �XY vary freely while
� and � are Lxed to the experimental values of Ref. [117], see Lrst column of Table 20. Table 16
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Table 16
Summary of the systematic errors on � and �XY

Source � �XY

Pionic and kaonic background—amount and asymmetry in X

(
+0:20

−0:06

) (
+0:31

−0:05

)

�(1115) background—amount and asymmetry in X

(
+0:12

−0:32

) (
+0:05

−0:28

)

Decay-time resolution +0:10 +0:01
Regeneration — —
Om and �S ±0:01 —
� and � ±0:03 ±0:03

Total ±0:3 ±0:3

summarizes the systematic errors which aIect the determination of � and �XY , mostly from the same
sources as 	. The uncertainties on the values of � and � have a negligible eIect. The Lnal results
for � and �XY are

�= 3:3± 0:4stat ± 0:3syst ;

�XY = 0:4± 0:7stat ± 0:3syst ;

with a statistical correlation of 8% between the two extracted parameters.

4.6.2. KL decay: the slope parameters
The slope parameters deLned in Eq. (60) were extracted by Ltting the energy dependence of the

KL → �+�−�0 events in the Dalitz plot. The Dalitz distribution was constructed from initial K0 and
TK0 events in the decay-time interval between 2 #S and 24 #S so as to remove the KS component and
the early decay-time background. To correct for the variation of the acceptance across the Dalitz plot
and the background, the simulated distributions of KL decays to various channels were parametrized
using orthogonal polynomials in X and Y . Then a function of the form of Eq. (60) multiplied by
the simulation acceptance is Ltted to the data.
The events were split into samples corresponding to disjoint decay-time intervals of 2 #S width

where the acceptance is assumed not to depend on the decay time. These event samples were sep-
arately Ltted to obtain the slope parameters as a function of the decay time and the results then
averaged with a minimum-=2 procedure. The results of the Lt are shown in Fig. 28; the correlations
between the slope parameters are small as indicated in Table 17. The systematic errors are summa-
rized in Table 18. Contrary to the determination of �+−0 and 	 which are based on asymmetries,
the determination of the slope parameters depends crucially on the knowledge of the acceptance
shape. However, the systematic errors related to the early decay-time background are negligible
since only data with decay times above 2 #S are used in the analysis. The Lnal results for the slope
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Fig. 28. X and Y distributions for KL decays to �+�−�0 with a decay time greater than 2 #S. The crosses indicate the
data while the solid lines are calculated with the results of the slope-parameter Lt.

Table 17
Correlation matrix for the slope parameters of the Dalitz plot

g h j k f
g 1
h +0:011 1
j −0.050 +0:075 1
k +0:003 +0:031 −0.017 1
f +0:066 +0:060 +0:055 +0:005 1

Table 18
Summary of the systematic errors of the slope parameters for KL decays to �+�−�0

Source g (10−3) h (10−2) j (10−3) k (10−3) f (10−3)

Acceptance shape ±3:8 ±1:4 ±2:8 ±2:3 ±5:6
Acceptance statistics ±2:3 ±0:1 ±0:9 ±0:5 ±1:7
Resolution in X and Y ±0:5 ±0:1 ±0:6 ±0:5 ±1:0

Total 4.4 1.5 3.0 2.4 5.9

The uncertainties due to radiative corrections, primary-vertex normalization, semileptonic background and regeneration
eIects were all found to be negligible.
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Table 19
The slope parameters of the KL decays to �+�−�0: the values measured by CPLEAR are compared with other existing
results

K experiments [117] ChPT O(p4) [117,118] PDG’98 [78] CPLEAR

g 0:67± 0:01 0:67 0:670± 0:014 0:682± 0:007
h 0:08± 0:01 0:06 0:079± 0:007 0:061± 0:015
j — 1:1× 10−4 0:0011± 0:0008 0:001± 0:004
k 0:01± 0:04 0:006 0:0098± 0:0018 0:010± 0:003
f — 3:7× 10−5 — (4:5± 6:4)× 10−3

The values in the Lrst two columns were obtained from the kaon decay amplitudes of Table 20, by using Eqs. (61)
with Re( L) = �‘=2, where �‘ is the KL lepton-charge asymmetry as given in [78].

parameters are

g= 0:6823± 0:0044stat ± 0:0044syst ;

h= [6:1± 0:4stat ± 1:5syst]× 10−2 ;

j = [1:0± 2:4stat ± 3:0syst]× 10−3 ;

k = [1:04± 0:17stat ± 0:24syst]× 10−2 ;

f = [4:5± 2:4stat ± 5:9syst]× 10−3 :

The CPLEAR values are compared in Table 19 with the ones previously available. In general, good
agreement with previous experiments is found, with an improvement in the determination of the
parameter g by a factor of two.
From the CPLEAR slope parameters and the value of � reported in Table 20, Lrst column, we

deduce, using Eq. (61), the values of the KL decay amplitudes �, � and @ which are reported in
Table 20, last column, together with the values of � and �XY measured directly. These results are
compared in Table 20, with the values given by either a phenomenological Lt to all known kaon
decay rates or ChPT calculations [117,118]. Our direct measurement of � and �XY is in agreement
with these values and has a comparable uncertainty.
By using Eq. (62), with the above values of � and �XY the resulting Re(	) can be compared with

the measured one obtained when Im(	) is Lxed to zero. Both determinations of Re(	) agree within
the errors, conLrming our understanding of the X and Y dependence on the background.

4.6.3. Branching ratio of CP-allowed KS decays to �+�−�0

The ratio of the partial decay widths of KS and KL decays to �+�−�0 (�+−0
S and �+−0

L ,
respectively) is expressed as a function of the isospin components, �, � and �, see Eqs. (59),
if the amplitude �XY is neglected:

�+−0
S

�+−0
L

=

∫
+ |A3�(CP=+1)

S (X; Y )|2 dX dY∫
+ |A3�(CP=−1)

L (X; Y )|2 dX dY
= �2 × I2;0

�2I0;0 − 2��I0;1 + �2I0;2
: (65)
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Table 20
Summary of the values of the neutral-kaon decay amplitude components appearing in Eqs. (59)

K expts. [117] ChPT [117] ChPT [118] PDG’98 [78] CPLEAR

� +84:3± 0:6 +84:2 — —
� −28:1± 0:5 −28:1 −28:2± 0:6 −28:8± 0:3
@ −0:05± 0:2 −0:6 −0:08± 0:2 −0:5± 0:4
� −1:3± 0:5 −1:4 −1:3± 0:2 −1:8± 0:4

� +2:6± 0:3 +2:9 — +3:3± 0:5
�XY −0:3± 0:7 −0:1 — +0:4± 0:8

�1 — — 0.13 — —
�1M — — 0.41 — —
�2 — — 0.047 — —

�2 − �1 — — −0.083 — −0:33± 0:29

For comparison, earlier values are reported in the Lrst three columns. They result from Lts to all known charged-and
neutral-kaon decay rates using either Eqs. (59) (Lrst column from left) or chiral perturbation theory (ChPT) calculations
(second and third columns). In the last two columns, the values of �, @ and � were computed using Eqs. (61), � =
+84:3 ± 0:6, and the slope parameters measured in earlier experiments [78] and by CPLEAR; the values of � and �XY

were instead directly measured by CPLEAR. The phase diIerence (�2 − �1) was computed from the value of Im(	)
measured by CPLEAR, using Eq. (63) and the amplitude values given by ChPT.

In our numerical evaluation a better accuracy is achieved if we express � through Re(	) by using
Eq. (62). With this option, we obtain

BR(KS → �+�−�0) =
�L

�S
× BR(KL → �+�−�0)× Re(	)2 × I2;0(�2I0;0 − 2��I0;1 + �2I0;2)

(�I1;0 − �I1;1)2
:

By taking the world average value for BR(KL → �+�−�0) [78], and the experimental values for �
and � (Lrst column of Table 20), we arrive at the following numerical relation between the desired
branching ratio and Re(	):

BR(KS → �+�−�0) = Re(	)2 × (3:24± 0:06)× 10−4 : (66)

Using the above equation with the CPLEAR value of Re(	) we Lnally obtain for the branching ratio
of the CP-conserving KS decay to �+�−�0

BR(KS → �+�−�0) =

(
2:5

+1:3

−1:0 stat

+0:5

−0:6 syst

)
× 10−7 ;

where the systematic error also includes a contribution from the uncertainties on the KL isospin
components. This result is currently the most precise determination of the CP-conserving KS decay
rate to �+�−�0 with small systematic errors, and it is in good agreement with previous measurements.
From our measured value of Im(	), by using Eq. (63), we have obtained a limit on the rescattering

phase diIerence (�2−�1). For this purpose we used the values of �, � and � from ChPT (Table 20)
since only in that case were the rescattering phases taken into account. The term proportional to �XY
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could be neglected, and an uncertainty of ±� on (�2 − �1M ) was assumed. Finally we have that at
90% CL

−46◦ ¡ (�2 − �1)¡ 9◦ ;

where the conLdence interval is mainly determined by the total uncertainty on the measured value
of Im(	).

4.7. �0�0�0—Measurement of Re(�000) and Im(�000) [10]

In contrast to the �+�−�0 Lnal state, the �0�0�0 state has a well-deLned CP eigenvalue and the
CP-conserving KS → �0�0�0 decay does not occur. The CP-violation parameter �000 is the ratio of
KS to KL decay amplitudes for this Lnal state, and is more accurately deLned by Eq. (47): Re(�000)
is a measure of CP violation in the mixing of neutral kaons, and Im(�000) is sensitive to a possible
direct CP violation in the decay amplitudes.
The decay K0( TK0) → �0�0�0 → 6� is selected by requiring two charged tracks that have been

identiLed as a kaon and a pion, and six electromagnetic showers in the ECAL [6]. In order to de-
termine 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 Xight is determined from the six photon
showers measured in the calorimeter. The average energies of the least and most energetic pho-
tons are ≈ 40 and ≈ 250 MeV, respectively. The reconstruction of the showers is provided by
the shower-pattern recognition algorithm described in Ref. [6]. To suppress photons generated by
secondary interactions of charged tracks in the calorimeter, showers are only accepted if their con-
version 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 reconstruction

of the annihilation Tpp → TK0(K0)K±�∓ and the neutral-particle cascade K0 → �0�0�0 → 6� through
a constrained Lt. This Lt requires energy and momentum conservation, the missing mass at the
annihilation vertex to equal the K0 mass, and the �� invariant masses of the three �� pairs to equal
the �0 mass. The Lt assumes that the six photons originate from a common point located on the
Xight direction of the neutral kaon, namely the unknown neutral-kaon decay vertex. As can be
shown by simulation, the K0 momentum and the precise measurement of the photon conversion
points contribute most of the information required to Lnd the neutral-kaon decay vertex. The photon
energies are used in the Lt in order to Lnd the correct association of the six photons to the three
intermediate neutral pions. This is achieved by application of the constrained Lt to all 15 possible
�� pairings. The pairings with the lowest =2 values are chosen. The directions of the showers are
not used in the Lt. Simulation also shows that the reconstructed neutral-kaon momentum is entirely
determined by the charged-track information, and that the photons do not contribute additional useful
information. Therefore the =2 probability provided by the Lt can be expressed as the sum of two
almost uncorrelated probabilities: one related to the reconstruction of the K0 missing mass determined
by the charged particles (=2charged), and one related to the reconstruction of the �0 invariant masses
determined by the six photons (=2neutral). A cut at 10% on the =2neutral-probability is used for event
selection and for background reduction, but no cut is applied to the =2charged-probability in order to
allow for background studies with an unbiased missing-mass distribution.
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Fig. 29. (a) The measured missing-mass squared of K±�∓ emerging from Tpp annihilation when selecting six showers
in the ECAL. Only events with a neutral kaon detected within a decay-time interval of −1 to 20 #S are retained.
Overlayed are the signal and background contributions resulting from the Lt (see text). One can distinguish the signal
events (which correspond to the neutral-kaon mass) from the kaonic-annihilation channels with an additional �0 (which
populate the high-mass region) and from the pionic annihilations (which contribute to the low-mass region). (b) The
measured neutral-kaon decay-time distribution in the missing-mass squared interval 0.15–0:35 GeV2=c4. Overlayed are the
signal and background contributions resulting from the Lt (see text). At positive decay times most of the events are signal
events, while events reconstructed at negative decay times are mainly background.

The decay-time resolution of signal events is determined from simulation and varies from 4:2 to
4:8 #S (RMS) between 0 and 20 #S. Because of the Lnite decay-time resolution, the reconstructed
decay time for signal events can become negative. Therefore, events populating the decay-time region
below zero also contribute to the decay-rate time asymmetry.
Sources of background are the kaonic annihilation channels Tpp → TK0(K0)K±�∓�0, the pionic

annihilation channel Tpp → �+�− + n�0 (n¿ 0) with a charged pion mistaken for a charged kaon,
and the neutral-kaon decay K0 → �0�0 → 4� with two additional photons that originate from the
strong interaction or the decay of the accompanying charged particles in the calorimeter.
The number of K0( TK0) → �0�0�0 events and the contribution of background to the data are deter-

mined from the reconstructed decay-time distribution and from the K±�∓ missing-mass spectrum, by
Ltting reference distributions for signal and background to the measured ones. The reference distri-
butions are obtained from simulations of the signal and of the background 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-identiLcation
detector. The proportion of signal to background events in the data is determined from a simulta-
neous Lt 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 Lt.
Figs. 29(a) and (b) show the measured missing-mass and decay-time distributions, respectively.

The measured distributions are compared with the result of the Lt. Also shown are the individual
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Table 21
Contributions of signal and background to the Lnal data sample in the decay time interval −1 to 20 #S and within a
missing-mass square interval of 0.15–0:35 GeV2=c4

Contribution (%)

Signal
Tpp → TK0(K0)K±�∓; TK0(K0) → �0�0�0 50:0± 0:8

Background
Tpp → TK0(K0)K±�∓�0; TK0(K0) → �0�0�0 4:9± 0:2
Tpp → TK0(K0)K±�∓�0; TK0(K0) → �0�0 3:7± 0:2
Tpp → TK0(K0)K±�∓ + photons; TK0(K0) → �0�0 16:5± 0:3
Tpp → �+�− + n�0 (n¿ 0) 24:9± 0:5

The quoted errors are statistical.

contributions of signal and background. The correlation coeWcients between the signal and the diIer-
ent background contributions given by the Lt 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 be-
tween the backgrounds from pionic annihilations and from secondary interactions generating photons.
In the K± �∓ missing-mass spectrum of Fig. 29a one can distinguish the signal events (which

correspond to the neutral-kaon mass) from the kaonic annihilation channels with an additional �0

(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 0.15–0:35 GeV2=c4 are accepted. In the decay-time distribution (Fig. 29b), most of the events
at positive decay times are signal events, while events reconstructed at negative decay times are
mainly background. In order to retain most of the signal events and to reject a signiLcant amount
of background, a decay-time interval of −1 to 20 #S is selected. The events K0( TK0) → �0�0�0 with
an additional �0 are treated as background (wrong measurement of decay time). Kaon decays that
are accompanied by additional photons from secondary interactions are suppressed, by requiring that
the minimal �� invariant mass of all possible �� combinations be larger than 12 MeV=c2. Table 21
summarizes the contributions of signal and background to the Lnal data sample, in a missing-mass
square interval of 0.15–0:35 GeV2=c4 and a decay-time interval of −1 to 20 #S.
Selecting the missing-mass square region of 0.15–0:35 GeV2=c4, a total of 17 300 K0( TK0) →

�0�0�0 events were reconstructed in the decay-time interval −1 to 20 #S. The successive analysis
followed the procedure used for the �0�0 decays, see Section 4.3. Measured decay-rate asymmetries
of the type of Eq. (51b) were constructed in intervals of the neutral-kaon momentum, with summed
weights computed from regeneration weights alone.
The values of Re(�000) and Im(�000) were extracted from a likelihood Lt comparing the measured

asymmetries with the following phenomenological expression:

Aexp000(#) =
��− 1
��+ 1

− 2[Re(�000) cos(Om#)− Im(�000) sin(Om#)]e−(1=2)(�S−�L)# : (67)

Here � = [1 + 4Re( S)], while � is again the normalization factor of the primary K� pair
(see Section 3.1).
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Fig. 30. (a) The measured decay-rate asymmetry Aexp000. The solid line shows the result of the Lt of Eq. (67) to the data
(•), taking into account the decay-time resolution, and the background contributions as listed in Table 21. (b) The contour
plot for Re(�000) and Im(�000) obtained in this analysis; the error bars represent the statistical and systematic uncertainties
added in quadrature. For comparison, the result of Barmin et al. [119] is also shown; their error bars are statistical.

The measured asymmetry is shown in Fig. 30a as a function of the decay time, together with the
result of the Lt. The Lt takes into account the parametrized decay-time resolution, and the background
contributions as listed in Table 21. The �� values were left as free parameters in the Lt; the tagging
eWciency was assumed to be the same for all kaonic annihilation channels. The relative contribution
of pionic background to the K0 and TK0 signal is determined from the study of the energy-loss
distribution in the scintillator and is Lxed to 1:18± 0:02.
The contributions to the systematic uncertainties in the determination of Re(�000) and Im(�000)

are summarized in Table 22. We note the following.

• The resolution in reconstructing the neutral-kaon decay time. To evaluate the systematic errors in
the values of Re(�000) and Im(�000) the width of the resolution function has been increased by
10% compared to the one extracted from the simulation. Furthermore, possible deviations in the
decay-time dependence of the resolution function from the simulation have been considered by
Ltting the asymmetry with a resolution function of 5 #S (RMS) for all decay times. The eIect of
diIerent parametrizations of the resolution function has been studied, and found to be negligible.
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Table 22
Summary of the systematic errors on Re(�000) and Im(�000)

Source Re(�000) Im(�000)

TK0(K0) decay-time resolution 0.01 0.01
Amount of background in K0 + TK0 0.02 0.02
DiIerence in background contribution to K0 and TK0 0.05 0.01
Regeneration �0:01 �0:01
Om, #S and #L �0:01 �0:01

Total 0.06 0.03

• The amount of background contributing to the sum of K0 and TK0. Systematic uncertainties
in the amount of signal and background in the data were estimated by comparing the results
from the simultaneous Lt with the level of signal and background obtained from independent
Lts of the reference distributions to the measured missing-mass and decay-time distributions. The
proportions of signal and background obtained from the diIerent Lts agree within better than
3%. The amount of pionic annihilations was also estimated from a study of the energy-loss dis-
tribution of the charged particles in the scintillators, and gives a value that is 7% smaller than
the result of the Lt. The systematic errors on Re(�000) and Im(�000) were determined by varying
the amount of signal and background from kaon decays by ±3%, and by reducing the pionic
annihilations by 7% compared to the mean values given in Table 21, taking into account their
correlations. Uncertainties in simulating the missing-mass and decay-time reference distributions
for the neutral-kaon background decays are small and introduce a negligible error on Re(�000)
and Im(�000).

• The relative contribution of background to the K0 and TK0 signal can be diIerent from the relative
tagging eWciency of K0 and TK0. The tagging eWciency and the relative contribution of each
background channel have 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 Lt. The relative contribution of pionic background to the K0

and TK0 signal was determined from the study of the energy-loss distribution in the scintillator
S1 and yields 1:18 ± 0:02. The systematic errors on Re(�000) and Im(�000) are evaluated by
varying the relative contribution of background to K0 and to TK0 within ±5% for each background
channel.

Our Lnal result is

Re(�000) = 0:18± 0:14stat ± 0:06syst ;

Im(�000) = 0:15± 0:20stat ± 0:03syst ;

with �� = 1:10± 0:03stat. The result of the Lt is shown as a solid line in Fig. 30a. The correlation
coeWcient between Re(�000) and Im(�000) given by the Lt is 0.79. The correlations of �� with
Re(�000) and Im(�000) are −0:09 and −0:56, respectively.
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This is the Lrst determination of �000 using the rate asymmetry of initially pure TK0 and K0

decaying to �0�0�0. We have obtained an improved sensitivity for �000 compared to the previous
measurement [119], as shown in Fig. 30b. We note that this result does not depend on assumptions
on CPT invariance.
By Lxing Re(�000) to Re( ) = 1:635× 10−3 [78] in the Lt, we obtain

Im(�000) =−0:05± 0:12stat ± 0:05syst :

Using the deLnition of �000 and BR(KL → �0�0�0)=(21:12±0:27)% from Ref. [78], an upper limit
for the branching ratio of the KS → �0�0�0 decay is deduced to be

BR(KS → �0�0�0)¡ 1:9× 10−5

at the 90% conLdence level, which is an improvement by a factor of two compared to the measure-
ments of Ref. [119].

4.8. CP summary and conclusions for the pionic channels

Departures from CP invariance were searched for in the neutral-kaon decay rates to �� and ���,
by directly comparing the decay rates of CP-conjugated states, K0 and TK0. To this purpose the
experiment relied on tagging the strangeness of K0 and TK0 produced through Tpp annihilation, in
contrast to the methods based on KL and (regenerated) KS beams generally used in the past (see
however Ref. [82]).
As a principle, when K0 and TK0 decay to CP-conjugated states (any CP eigenstate of a multipion

system is CP self-conjugated) a diIerence between the corresponding rates is an unequivocal proof
of CP violation: however the diIerence in itself does not discriminate between mixing (|OS|= 2)
and decay (|OS|= 1) eIects. The rate diIerence is due to the presence (with opposite sign for K0

and TK0) of a term whose behaviour with time depends on the strength of CP violation through the
parameter ��� (or ����), see Section 2.2.
CPLEAR has measured the whole set of these parameters contributing to their knowledge in

various ways. The importance of precision measurements of �+− and �00 nowadays lies in the
crucial role these parameters play in indirect tests of CPT invariance, see Section 8.3, and of some
basic principles, see Sections 9.1 and 9.3. CP violation with three-pion decays still remains to be
demonstrated, but lowering the upper limits on �+−0 and �000 also improves the tests of CPT
invariance.
For the �� decay channels, the CPLEAR results are in agreement with the earlier results obtained

with strangeness-untagged beams, see Fig. 22. The experiments measuring �+− together with |�+−|,
and �00 together with |�00| rely either on a beam containing a known mixture of K0 and TK0

[86,88,91,104] or on a KL beam, regenerating in matter [87,89,90,92] or not [93]. Values of |�+−|
and |�00| alone are obtained by measuring KL and KS branching ratios [85].
Of the two experiments measuring �+−0, one [110] makes use of K0 produced by a K+ beam

via charge exchange in a bubble chamber Llled with liquid xenon, and the other [111] of a beam
containing a mixture of K0 and TK0. For �000, the other earlier values were obtained in the liquid-xenon
bubble chamber [119]. Recently, at the � factory of VPP-2M, tagged KS decays to �0�0�0

have been searched for, pushing the upper limit of the branching ratio down to 1:4 × 10−5 at
90% CL [120].
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In summary we note the following.

• �+�−—CPLEAR �+− and |�+−| have errors slightly smaller than quoted by the two other best
values [89,90]. The value of �+− is in good agreement with the superweak phase �SW =43:50◦±
0:08◦ [85], which is a test of CPT invariance, see Section 8.3.

• �0�0—CPLEAR �00 and |�00| are the second best measurements currently available.
• �+�−�0—CPLEAR results constitute the most precise determination of the real and imaginary
parts of �+−0. Compared to the published values of Barmin et al. [110] and Zou et al. (only
Im(�+−0)) [111], our errors are smaller by more than one order of magnitude and by a factor of
four, respectively. Our sensitivity on the CP-violating parameter, however, is still one order of
magnitude away from the expected CP-violation eIect.

• �0�0�0—The values obtained for Re(�000) and Im(�000) represent the best sensitivity to CP vio-
lation in this decay mode. These parameters provide an important experimental input to a test of
CPT symmetry based on the Bell–Steinberger relation [30,52]. Prior to CPLEAR, the errors on
these parameters were the limiting factor in this test as discussed in Section 8.3.

We have also obtained new results on the KL and KS decays to �+�−�0 when CP is conserved.

• We have performed the most accurate determination of the branching ratio of the KS decay to
�+�−�0.

• By analysing the Dalitz-plot distributions of the sum of TK0 and K0 decays to �+�−�0, we have
extracted the amplitude components �, �, �, �XY and @ contributing to KS and KL decays. The
observed values are in agreement with the world averages as well as with the predictions of chiral
perturbation theory.

5. The semileptonic decay channels (T and CPT)

The simultaneous comparison between K0 and TK0 behaviour with respect to decay rates is par-
ticularly powerful when decays to semileptonic decays are considered. The principle of some of the
measurements then becomes straightforward, for instance for the establishment of T violation, as
discussed in Section 2.1.
CPLEAR measured e�� decays. The two strangeness states of the neutral kaons were tagged

at production, as in the case of the pionic channels, taking advantage of the associate kaon-pair
production in Tpp annihilation, and the Lnal states were characterized by the two charge conLgurations
(e+�−) and (e−�+). A typical e�� event is displayed in Fig. 31, and the characteristics of the electron
detection are shown in Fig. 32. The decay rates for the four possible types of decay were measured
as a function of the decay time, and in order to minimize systematic errors three asymmetries were
formed: AT, A� and AOm. Two of the asymmetries, AT and A�, Xatten out at early decay times to a
continuous level below 1%. The asymmetry AOm instead shows a pronounced oscillatory behaviour.
The data analysis was performed along the same lines as the �+�− analysis of Section 4.1.

However, the following points deserved special care.

• The kinematics (three-body Lnal states including a neutrino) was less constraining. As a result,
to select the signal events and achieve background suppression, the identiLcation of the Lnal-state
electron was necessary.
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Fig. 32. Neutral-kaon decays to e��. (a) Frequency density (•) and relative-frequency running sum (continuous line) of
the electron momentum (simulated data). The dotted line indicates the cut position. (b) Electron identiLcation eWciency
as a function of momentum when ¡ 2% of pions fake electrons, for real (•) and simulated (◦) calibration data.

• The need for e=� separation introduces a potential bias between e+�− and e−�+ Lnal states. The
eWciency ratio of these Lnal states demanded precise calibrations.

• The background/signal ratio was determined by simulation, and is displayed in Fig. 33a, while
Fig. 33b shows the time distribution of the real and simulated data.

• The K0= TK0 initial ratio was determined using the �+�− events collected at early decay time in the
same data-taking periods. Thus, systematic errors were minimized, but at the price of introducing in
the analysis the parameter Re( −�). This quantity cancels by construction in the A� asymmetry (it
also cancelled in the �+�− asymmetry), and has no impact in the measurement of Om. However,
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Fig. 33. (a) Proportion of events from various background channels relative to the e�� signal. (b) Decay-time distribution
for real data (squares) and simulated data (open diamonds). The expected background contribution is shown by the solid
line.

this is not the case for the asymmetry AT. Here a careful discussion of the physics consequences
is needed.

• The asymmetry behaviours for AT and A� are not strongly time dependent, which renders the
measurement more susceptible to normalization and eWciency eIects, and less sensitive to the
values of parameters such as Om, �S and �L. The asymmetry AOm however shows a large
dependence on time (as was the case for the asymmetry measured in the �+�− decay channel),
thus allowing the measurement of Om with high precision. The Om measurement is in turn
sensitive to �S and to the absolute decay-time scale.

• The e�� statistics was lower by a factor 50 compared to the �+�− sample: most of the reduction
occurred because the e�� sample originates essentially from KL, of which only 3% decay within
the Lducial volume of the CPLEAR detector.

Finally, the systematic errors aIecting our measurements were shown to be smaller than the
statistical ones. The consistency of the results for the three asymmetries in the diIerent data-taking
periods is shown in Fig. 34. The following sources of systematic error have been investigated.

• Background level and charge asymmetry. The determination of the relative acceptances for various
background contributions was performed using a Monte Carlo simulation. By changing the analysis
cuts on real and simulated data, the upper limits within which these acceptances are known were
estimated to be ±10%. The error of the background charge asymmetry was estimated to be
0:03± 0:01.

• Normalization corrections. The normalization corrections, � and �, are limited by the statistics
available from calibration samples.
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Fig. 34. Om, 〈AexpT 〉 and 〈Aexp� 〉 for diIerent data-taking periods (P20 and from P24 to P28/29) together with the Lnal
value.

• Regeneration correction. The evaluation of the systematic error resulting from the regeneration
correction was performed by altering the Of values along the one-standard-deviation ellipses in
the complex plane [Re(Of), Im(Of)].

• Decay-time resolution. The decay-time resolution was determined from a Monte Carlo simulation.
Its precision was estimated to be better than 10%, and aIects only the measurement of Re(x+)
extracted from the AOm asymmetry. The systematic error resulting from the decay-time resolution
was estimated by folding the resolution distribution to the asymmetry under study.

The eIects of the above contributions are summarized in Tables 23–26 for the AOm, AT and A� anal-
yses, respectively, together with the systematic errors arising from the phenomenological parameters
used in the Lt. The systematic errors were evaluated by allowing each error source to vary within
its uncertainty in the Lt procedure.
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Table 23
Summary of systematic errors on the results from the AexpOm asymmetry

Source Precision Om Re(x+)
(107 ˝=s) (10−3)

Background levela ±10% ±0:2 ±4:4
Background asymmetry ±1%
Normalization (��) ±3:4× 10−4

and ±0:1 ±0:1
Normalization (�) ±2:0× 10−3

Normalization (!) ±(4–9)× 10−4 ±0:1 —
Decay-time resolutiona ±10% ±0:1 ±0:3
Absolute time-scalea ±2× 10−4 ±0:1 ±0:3
Regeneration Ref. [24] — —
#S = ˝=�S ±0:08× 10−12 s ±0:1 ±0:7

Total ±0:3 ±4:5
aA relative precision is given.

Table 24
The correlation coeWcients from the A� Lt

Re(�) Im(�) Re(x−) Im(x+)

Re(�) 1 0.44 −0.56 +0.60
Im(�) 1 −0.97 +0.91
Re(x−) 1 +0.96
Im(x+) 1

Table 25
Summary of systematic errors on the results from the Aexp� asymmetry

Source Precision Re(�) Im(�) Re(x−) Im(x+)
(10−4) (10−2) (10−2) (10−2)

Background levela ±10% ±0:1 ±0:1 ±0:1 ±0:1
Background asymmetry ±1% ±0:2 ±0:3 ±0:2 ±0:3
Normalization (��) ±3:4× 10−4 ±0:5 ±0:03 ±0:02 ±0:03
Normalization(�) ±2:0× 10−3 ±0:02 ±0:03 ±0:02 ±0:03
Decay-time resolutiona ±10% Negligible ±0:1 ±0:1 ±0:1
Regeneration Ref. [24] ±0:25 ±0:02 ±0:02 ±0:02

Total ±0:6 ±0:3 ±0:3 ±0:3
aA relative precision is given.
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Table 26
Summary of systematic errors on the results from the AexpT asymmetry

Source Precision 〈AexpT 〉 Im(x+)
(10−3) (10−3)

Background levela ±10% ±0:03 ±0:2
Background asymmetry ±1% ±0:02 ±0:5
Normalization (�) ±4:3× 10−4 ±0:2 ±0:1
Normalization (�) ±2:0× 10−3 ±1:0 ±0:4
Decay-time resolutiona ±10% Negligible ±0:6
Regeneration Ref. [24] ±0:1 ±0:1

Total ±1:0 ±0:9
aA relative precision is given.

5.1. Measurement of Om (method b): the AOm asymmetry [11,14]

The parameters of interest in this analysis become manifest when we write in the limit of negligible
background:

AOm(#) =
cos(Om#)− 2 Im(x−) sin(Om#)

cosh(O�#=2)− 2Re(x+) sinh(O�#=2)
: (68)

After including the background rates, Eq. (68) folded with the decay-time resolution was Ltted to
the data AexpOm(#), see Eq. (51e), with Om and Re(x+) as free parameters, and Im(x−) = 0 (that is
CPT invariance was assumed for possible OS �= OQ decay amplitudes).

• Since in the construction of AOm all terms linear in the regeneration corrections cancel, these
corrections are not needed, thus leading to no systematic error from that source.

• Again by the asymmetry construction, systematic errors arising from normalization factors are not
important.

• Since Om is proportional to the frequency of the K0 � TK0 oscillation, this measurement is very
sensitive to the absolute time-scale precision.

• Folding the decay-time resolution distribution to the AOm asymmetry results in a shift of +1:3×
107 ˝=s for the value of Om and −2:9 × 10−3 for the value of Re(x+). The uncertainty on this
correction was estimated to be ±10%.

• The AOm asymmetry is sensitive to a possible correlation in the detection eWciencies of the primary
charged kaon and the decay electron. This required a normalization factor ! for a part of the data
with an overall correction for Om of +0:6± 0:1× 107 ˝=s.

The measured asymmetry, together with the Ltted function, is displayed in Fig. 35. Fit residuals are
shown in the inset. The starting point of the Lt was determined according to the sensitivity of the
asymmetry to the residual background. Our Lnal results are the following:

Om= (529:5± 2:0stat ± 0:3syst)× 107 ˝=s ;
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Fig. 35. The AexpOm asymmetry versus the neutral-kaon decay time (in units of #S). The solid line represents the result of
the Lt. Fit residuals are shown in the inset.

Re(x+) = (−1:8± 4:1stat ± 4:5syst)× 10−3 ;

=2=ndf = 0:94; ndf = 606 :

The correlation coeWcient between Om and Re(x+) is equal to 0.40. This Om measurement is the
most accurate single value contributing to the present world average [85], see Refs. [89,90,121–123].
The Re(x+) measurement improves the present limit on a possible violation of the OS =OQ rule
by a factor three.
In Eq. (68) it is not possible to disentangle the two oscillating terms, which produce a correlation

¿ 0:99 between Om and Im(x−). If we assume Om= (530:1± 1:4)× 107 ˝=s, we obtain Im(x−) =
(−0:8± 3:5)× 10−3.

5.2. Measurement of CPT-invariance: the A� asymmetry [13,14]

For this analysis we refer to Eq. (51d), and the Ltting equation becomes, in the limit of negligible
background,

A�(#) = 4Re(�) + 4
Re(�) sinh(O�#=2) + Im(�) sin(Om#)

cosh(O�#=2) + cos(Om#)

− 4
Re(x−) cos(Om#) sinh(O�#=2)− Im(x+) sin(Om#) cosh(O�#=2)

[cosh(O�#=2)]2 − [cos(Om#)]2
: (69)

After including the background, Eq. (69) folded with the decay-time resolution was Ltted to the
data Aexp� (#), with Re(�), Im(�), Re(x−) and Im(x+) as free parameters. The measured asymmetry
Aexp� , together with the Ltted function, is displayed in Fig. 36. We stress that the analysis of the
�+�− decay channel [7] gives exactly the quantity ��=(1+4Re( L))� which enters the asymmetry
presented here, and we do not use the result of any external measurement for the quantity Re( L).
On average we have 〈��〉= 1:12756± 0:00034. The A� asymmetry depends only weakly on �. The
level of the background contributions remains below 2% of the signal. The regeneration corrections
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Fig. 36. The Aexp� asymmetry versus the neutral-kaon decay time (in units of #S). The solid line represents the result of
the Lt.

result in a shift of the Aexp� value of the order of 0:3×10−3. The systematic errors are shown in detail
in Table 25: the main systematic error on Re(�) results from the uncertainty in the normalization
factor ��, while Im(�), Re(x−) and Im(x+) are mainly aIected by the uncertainty in the background
charge asymmetry. The dependence of the Lt results on Om, �S and �L errors is negligible. Our
Lnal results are the following:

Re(�) = (3:0± 3:3stat ± 0:6syst)× 10−4 ;

Im(�) = (−1:5± 2:3stat ± 0:3syst)× 10−2 ;

Re(x−) = (0:2± 1:3stat ± 0:3syst)× 10−2 ;

Im(x+) = (1:2± 2:2stat ± 0:3syst)× 10−2 ;

=2=ndf = 1:14; ndf = 604 :

The correlation coeWcients of the Lt are shown in Table 24. We note that Re(x−) and Im(x+) are
compatible with zero, which is expected in the case where the OS =OQ rule holds. When we Lx
Re(x−) = Im(x+) = 0 in the Lt, we obtain

Re(�) = (2:9± 2:6stat ± 0:6syst)× 10−4 ;

Im(�) = (−0:9± 2:9stat ± 1:0syst)× 10−3 ;

that is a negligible change for Re(�) but an error of Im(�) smaller by an order of magnitude. The
correlation coeWcient is −0:5. In this case, the systematic error on Re(�) does not change while the
systematic error on Im(�) becomes three times smaller.

5.3. Measurement of T-violation: the AT asymmetry [12,14]

The AT asymmetry represents a direct comparison of T-conjugated rates. For this analysis we
refer to the asymmetry (51c). The measured asymmetry AexpT is shown in Fig. 37. Between 1 and



A. Angelopoulos et al. / Physics Reports 374 (2003) 165–270 239

Fig. 37. Experimental demonstration of T-violation: the asymmetry AexpT versus the neutral-kaon decay time (in units of
#S). The positive values show that a TK0 develops into a K0 with higher probability than does a K0 into a TK0. The solid
line represents the Ltted average 〈AexpT 〉.

20 #S the data points scatter around a constant oIset from zero, the average being

〈AexpT 〉= (6:6± 1:3)× 10−3 ;

=2=ndf = 0:84; ndf = 607 :

For a more detailed analysis, the appropriate phenomenological expression was used. In the limit of
negligible background, the Ltting equation becomes

AT(#) = 4(Re( )− Re(y)− Re(x−))

+ 2
Re(x−)(e−(1=2)O�# − cos(Om#)) + Im(x+) sin(Om#)

cosh(12 O�#)− cos(Om#)
: (70)

With respect to Eq. (33), we note on the right-hand side an additional term −2(Re(x−) + Re(y)).
This term follows from the primary-vertex normalization procedure. Eq. (70) simpliLes when CPT
invariance in the e�� decay amplitudes is assumed (Re(y)=0 and Re(x−)=0). We allowed, however,
for a possible violation of the OS = OQ rule (Im(x+) �= 0). The Ltting procedure then contains
only two parameters, Re( ) and Im(x+), both T violating. After including the background rates,
Eq. (70) folded with the decay-time resolution was Ltted to the data AexpT (#). The Lnal results are
the following.

4 Re( ) = (6:2± 1:4stat ± 1:0syst)× 10−3 ;

Im(x+) = (1:2± 1:9stat ± 0:9syst)× 10−3 ;

=2=ndf = 0:84; ndf = 606 :

The correlation coeWcient between 4Re( ) and Im(x+) is 0.46.
We observe clear evidence for T violation in the neutral-kaon mixing. Im(x+) is compatible with

zero. Thus, no T violation is observed in the semileptonic decay amplitude which violates the OS=
OQ rule, should this amplitude be diIerent from zero. We note that Im(x+) is given by the values
of the asymmetry at early decay times while 4Re( ) is determined by the late decay-time values.
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(a) (b)

Fig. 38. Neutral-kaon decays to e��: the parameters of the OS=OQ rule, (a) Re(x) and (b) Im(x), measured by CPLEAR.
The value of the earlier experiments with the smallest quoted errors [83,124] are also shown. CPT invariance is assumed,
thus Re(x) ≡ Re(x+) and Im(x) ≡ Im(x+).

Therefore, the average 〈AexpT 〉 between 1 and 20 #S is essentially equal to 4Re( ). The systematic
errors on 〈AexpT 〉 also apply to 4Re( ) for the case of the two-parameter Lt. We note that the
secondary-vertex normalization � is the dominant source of systematic error for this asymmetry. The
decay-time resolution introduces a negligible change in 〈AexpT 〉. The dependence of the Lt on the
error of Om, �S and �L is negligible.

5.4. Measurement of OS �= OQ amplitudes

The OS=OQ rule Lrst postulated in 1958 [49] was for many years just an experimental fact, and
its accuracy was determined by the experiment. The diIerent asymmetries considered by CPLEAR
were studied at Lrst with separate analyses and diIerent hypotheses on the parameters describing
the OS �= OQ amplitudes, with and without CPT invariance. We summarize as follows.

• AOm depends on Re(x+) and Im(x−): we assume Im(x−) = 0.
• A� depends on Re(x−) and Im(x+): no assumption was made.
• AT depends on Im(x+) and Re(x−) (and Re(y)): we assume Re(x−) = 0 (and Re(y) = 0).

The Lt results are given in the corresponding sections. Earlier experiments [83,124] were always
analysed assuming CPT invariance for the decay amplitudes, thus we compare their results with
the CPLEAR values of Re(x) = Re(x+) from AOm; and Im(x) = Im(x+) from AT, see Fig. 38.
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Fig. 39. Neutral-kaon decays to e��: (a) the q2 dependence of the form-factor f+, normalized to f+(q2 = 0) = 1:0, with
the Lt result (solid line) superimposed on the data points (•). (b) The value of the slope 	+ (see text) is displayed,
together with the values of the most accurate earlier experiments [125].

5.5. Measurement of the q2 dependence of the K0
e3 form factor [15]

This analysis is based on the q2 dependence of the decay rates integrated over all lifetimes,
where q is the spatial component of the four-momentum transferred from kaon to pion. From the
comparison of real and simulated data samples we obtained [15] 	+=0:0245±0:0012stat±0:0022syst,
to be compared with the world-average value 	+ = 0:0300 ± 0:0016. The q2 dependence of the
form-factor is displayed in Fig. 39a, and shown to be linear. The addition of a quadratic term to
f+(q2) was investigated experimentally and found to be compatible with zero. The comparison with
earlier experiments [125] is shown in Fig. 39b. Our result is in very good agreement with a recent
calculation at order p6 of Chiral Perturbation Theory [126].

5.6. T and CPT summary and conclusions for the e�� channels

Departures from T and CPT invariance were searched for in the decay rates to e+�−� and e−�+ T�
of initially strangeness-tagged K0 and TK0. For this purpose convenient decay-rate asymmetries were
formed. Fitting the phenomenological expressions of these asymmetries to the data allowed a variety
of parameters to be determined, in particular the following.

• AT—We have directly observed T violation in the neutral-kaon mixing matrix by comparing two
T-conjugated rates. The asymmetry AT was measured for the Lrst time and is well compatible
with 4Re( ). In the limit of CPT invariance in the semileptonic decay process, this measurement
demonstrates a violation of time-reversal invariance in the evolution of neutral kaons into their
antiparticles, independently of the validity of the OS = OQ rule. EIectively it manifests the
diIerence of T-conjugated processes as the diIerence between the rate of oscillation from K0 to
TK0 and from TK0 to K0. The question of the T-odd eIects, especially in relation to the KTeV
result [127],where they might falsely be interpreted as the outcome of T violation, is dealt with in
Refs. [73]. For the CPLEAR experiment, on the other hand, a theoretical discussion [128] shows
that CPT-violating eIects in the decay which possibly could fake AT �= 0, concerning the kaon
development, can be excluded.
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Fig. 40. The KL − KS mass diIerence Om : the CPLEAR values obtained from the analysis of neutral-kaon decays (a)
to �+�− (Section 4.1) and (b) to e�� are displayed together with the results from earlier experiments [89,90,121–123].
Of these, only the value of Gjesdal et al. [121] was obtained using semileptonic decays—as in CPLEAR (b) the decay
amplitudes were assumed to be CPT invariant, and Im(x−) ≡ 0. The CPLEAR value (c) obtained using strong interactions
as time markers (Section 7.1) is also shown.

• A�—We have directly measured CPT invariance through the parameters Re(�) and Im(�). Again
we underline the direct approach in contrast to an evaluation of Im(�) from various measurements,
using the unitarity relation and resulting in an error smaller by two orders of magnitude [28]. It
was the measurement of Re(�) which enabled us for the Lrst time to set a limit on the K0 − TK0

decay-width diIerence, and to disentangle possible cancellation eIects [29], see Section 8.3.
• AOm—From the asymmetry AOm we obtained the best individual measurement for Om, which is
one of the fundamental parameters of the neutral-kaon system. The Om result is compared with
previous experiments in Fig. 40.

• Decay amplitudes to e�� and the OS =OQ rule—This rule is now understood in a simple quark
model where semileptonic strange decays are seen as s → u‘− T� (and charge-conjugated reaction)
[68]. Our results on the OS = OQ rule are compared with previous experiments in Fig. 38, all
assuming CPT invariance for the decay amplitudes, i.e. Re(x−) = Im(x−) = 0: the improvement
brought in by CPLEAR is impressive. However, the current limits are still too large with respect
to the values expected in the Standard Model (¡ 10−7) [129]. Our result on Re(x−) is unique.

• Decay amplitudes to e�� and CPT invariance—For the OS �= OQ amplitudes see above the
value of Re(x−); a limit on Re(y) could only be achieved in a global Lt, see Section 8.2.

• Decay amplitudes to e�� and form-factor slope—Our value for 	+ has an error comparable to the
best earlier experiments, as shown in Fig. 39, and is consistent with them within the errors.
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6. The electromagnetic decay channels

6.1. Upper limit of the BR(KS → e+e−) [16]

The decay KS → e+e− is a Xavour-changing neutral-current process, suppressed in the Standard
Model and dominated by the two-photon intermediate state. Full event reconstruction together with
e=� separation in the calorimeter, and in the PID for momenta below 200 MeV=c, allowed powerful
background rejection and high signal acceptance. A constrained Lt was performed with the hypothesis
of this decay, and both secondary tracks had to be recognized as electrons in the calorimeter by
exploiting shower topology. The analysis of these data yields BR(KS → e+e−)¡ 1:4× 10−7 at 90%
CL, an improvement on the current experimental limit by a factor of 20 [16].

7. The strong interaction channels

7.1. Measurement of Om (method c) [26]

Very early, after the hypothesis of particle mixture had been advanced for K0 and TK0 [4], the
change of strangeness content with time was predicted, as a consequence, for beams starting as pure
K0 or TK0 [5]. Proposals followed on how to monitor the strangeness oscillations and measure the
KL − KS mass diIerence Om, that is the oscillation frequency modulus ˝. It was suggested that
starting with a pure K0 (or TK0) beam, one could observe the building up of a TK0 (or K0) Xux by
measuring either weak decays to e�� [39] or the products of strong interactions in a thin slab of
material [40]. These suggestions were soon followed by the Lrst experiments [40,130,131]. In another
approach [79,132,133] it was shown that the intensity of the KS component transmitted through an
absorber is a very sensitive function of the mean life #S and of the KL−KS mass diIerence, and this
led to the Lrst of many variants of the regenerator method [134]. Later, this method provided results
in the current range of accuracy [89,90,122,123] and even allowed the Om sign to be determined
[98,100]. Comparable accuracy was obtained with the oscillation method coupled to the measurement
of semileptonic decays in Ref. [121], and recently by CPLEAR [11].
The CPLEAR set-up, modiLed for the regeneration amplitude measurement, see Section 4.2, was

also used to determine the KL − KS mass diIerence by a method where neutral-kaon strangeness
oscillations were monitored, both at the initial and Lnal time, using kaon strong interactions, method
(c), rather than semileptonic decays, method (b), thus requiring no assumptions on CPT invariance
for the decay amplitudes.
For this measurement, the strangeness at the production was identiLed with the standard method

of Section 3.1. In order to identify the strangeness at a later time t = #, we took advantage of the
carbon absorber, shaped as a segment of a hollow cylinder, which had been added to the CPLEAR
detector, see Fig. 17. Hence we measured the numbers of K0 and TK0 interacting with the absorber’s
bound nucleons in one of the following reactions:

K0 + p → K+ + n; TK0 + n → K− + p; TK0 + n → �0 + �(→ �−p) : (71)

In the case of initial K0, we denote by N+ and N− the numbers of K0 and TK0 which are measured
to interact at time # in the absorber, and by TN+ and TN− the corresponding numbers for initial TK0.
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These numbers N± and TN± are converted to the probabilities P± and TP± using the cross-sections
of reactions (71) and the detection eWciencies of the relevant particles. However, all cross-sections
and eWciencies cancel in the ratios N+= TN+ and N−= TN−, except for the detection/tagging eWciency
of TK0 relative to K0 at the production. The latter is expressed by the ratio � between the detection
eWciencies of the accompanying charged K� pair, �= j(K+�−)=j(K−�+):

N+

TN+
=
1
�
P+

TP+
;

N−
TN−

=
1
�
P−
TP−

: (72)

If we compare the experimental asymmetry AexpOm(#),

AexpOm(#) =
N+(#)= TN+(#)− N−(#)= TN−(#)
N+(#)= TN+(#) + N−(#)= TN−(#)

; (73)

with the phenomenological asymmetry AOm(#),

AOm(#) =
P+(#)= TP+(#)−P−(#)= TP−(#)
P+(#)= TP+(#) +P−(#)= TP−(#)

=
2 cos(Om#) cosh(12O�#)

[cosh(12O�#)]2 + [cos(Om#)]2
; (74)

the relative eWciency � also cancels. On the right-hand side of Eq. (74) additional terms, quadratic
in T- and CPT-violation parameters of the mixing matrix, are neglected as they were shown to
be irrelevant in the Lt.
The data for the present measurement are a subset of the data taken for the regeneration mea-

surement [24] (see Section 4.2), recorded under the same detector and trigger conditions as for the
CP-violation measurement in the �+�− decay channel, except for the presence of the absorber.
The absorber thickness was such as to allow neutral-kaon interactions to be measured within the
time interval 1.3–5.3#S. About 5:6×108 triggers were recorded. Three sets of measured asymmetries
were formed with the N± and TN± samples, depending on whether the negative strangeness in the
Lnal state was detected by the presence of a K− or a �, or both. Each of these asymmetries was
Ltted with Monte Carlo simulations of Eq. (74) performed for values of Om in the range (515–
545)× 107 ˝=s. The simulations included the neutral-kaon momentum distributions, the P± and TP±
probabilities, the secondary-vertex spatial resolutions, and a time resolution of 0:025#S due to the
uncertainty on the determination of the K0 momentum. The simulated asymmetries were compared
with the experimental asymmetries, and the values of Om corresponding to the minimum =2 were
determined. Given the agreement between the Om values obtained with the two ways of tagging
the stangeness of TK0, our Lnal result is that given for the combined (K− + �) sample, shown in
Fig. 41b.
Various sources of systematic uncertainties were investigated as summarized in Table 27. Our

Lnal result is the following:

Om= (534:3± 6:3stat ± 2:5syst)× 107 ˝=s :

This result is in good agreement with the current values [85]: Om = (530:0 ± 1:2) × 107 ˝=s (Lt)
and Om=(530:7± 1:5)× 107 ˝=s (average). Our measurement, though not improving on the current
world-average error, has the merit of relying only on strong interactions to tag the kaon strangeness.
Moreover, the only parameter of the neutral-kaon system which enters the measurement, apart from
Om, is the KS mean lifetime. We conclude that this measurement of Om provides a valuable input
for many CPT tests.
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Fig. 41. (a) Display of an event (transverse view): the K+�− pair produced in a Tpp annihilation together with a TK0 is
shown. The TK0, interacting in the carbon absorber, produces a � subsequently decaying to p�− (also shown). (b) AexpOm(#):
the data points (squares) of the (K− + �) sample are Ltted with the simulated asymmetries (triangles), see text.

Table 27
Summary of the systematic errors on Om (method c)

Source Om (107 ˝=s)

�S 1.0
EWciencies 0.5
Monte Carlo 1.5
Binning and Lt range 0.5
Selection criteria 1.5

Total 2.5

8. Global evaluations

8.1. �+− and Om [27]

Given the diIerent strong correlation of the measurement of �+− and Om for most of the exper-
iments, averaging the measurements of �+− and Om independently is not the appropriate method.
Better results are obtained if all the available experimental information, including correlation terms,
is used to construct a global likelihood distribution L depending on the parameters Om; �+− and
#S, as the product of individual likelihood distributions corresponding to the various experiments.
The best estimates for the values of Om; �+− and #S are then attained by maximizing L.
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Fig. 42. The result of the global Lt to �+− and Om measurements from diIerent sources: the ellipse delimiting the white
area is the one-standard-deviation contour plot. This Lt updates the result of Ref. [27] by including the CPLEAR Lnal
results. The narrow stripe labelled �SW is the one-standard-deviation region around the line 2Om = O� tan(�+−). The
results of the individual measurements entering in the Lt are also shown. For the earlier results, the inclined stripes refer
to experiments measuring together �+− and Om, from Refs. [86–88], while the horizontal stripes refer to measurements
of Om alone, from Refs. [121–123]. The results from later experiments are displayed as regions of less than one standard
deviation from their average (�+−; Om). The ellipses labelled E731 and E773 were computed using Refs. [89] and [90],
respectively. The CPLEAR ellipse is a global Lt to the CPLEAR results of Ref. [7] for Om together with �+−, and from
Refs. [14,26] for Om alone.

CPLEAR performed a Lrst evaluation of this kind [27] taking into account the correlation between
�+− and Om with the #S correlation handled in some approximation. The Lt was recently repeated
including the Lnal CPLEAR results for �+− and Om (measured by method a), Section 4.1, and of
Om measured by method b, Section 5.1, and method c, Section 7.1. For #S, the updated average
value given in Ref. [85] was used, #S = 89:40± 0:09 ps.
Fig. 42 shows the result of the global Lt as the one-sigma white ellipse. The central values are

�+− = (43:2± 0:5)◦ and Om= (530:2± 1:2)× 107 ˝=s. The result of the Lt to the values �+− and
Om measured by CPLEAR is the one-sigma black ellipse with central values �+− = (42:7 ± 0:7)◦
and Om=(529:3±1:8)×107 ˝=s. The values of �SW computed with the Om and #S values returned
by these Lts, and the average value of #L given in Ref. [85], were computed to be 43:51◦ and 43:47◦
for the global Lt and CPLEAR alone, respectively, with errors of ≈ 0:1◦.

8.2. T and CPT parameters constrained by the unitarity relation [28]

We have studied the constraints on the measured semileptonic asymmetries deriving from the
Bell–Steinberger (or unitarity) relation [52,135,136]. The Bell–Steinberger relation relates all decay
channels of neutral kaons to the parameters describing T and CPT non-invariance. With the present
precision of the two-pion decay parameters, the dominant uncertainties arise from the three-pion and
semileptonic decays. Moreover, the semileptonic decays enter the relation through the parameter
Re(y), describing CPT violation in semileptonic decays and as yet not measured. By improving
the precision of the three-pion decay rates (Section 4) and measuring precisely the semileptonic decay
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rates, CPLEAR made possible the determination of many parameters of the neutral-kaon system with
unprecedented accuracy. We stress here that the values of these parameters were obtained free of
theoretical assumptions, apart from unitarity, in contrast to previous analyses that are also based on
the unitarity relation [137].
In the KS − KL basis, the Bell–Steinberger relation [52] can be written as

− i(	∗L − 	S)〈KL|KS〉=
∑

〈f|Hwk|KL〉∗〈f|Hwk|KS〉 ; (75)

where we sum over all the decay Lnal states f. With the deLnitions of Eq. (36) the above equation
becomes

Re( )− i Im(�) =
1

2(iOm+ T�)
×
∑

AfLA
∗
fS : (76)

The sum on the right-hand side of the above equation can be written as∑
AfLA

∗
fS =

∑
(|AfS|2���) +

∑
(|AfL|2�∗���)

+ 2[Re( )− Re(y)− i(Im(x+) + Im(�))]|f‘��|2

with

|AfS|2 = BRS
���S ;

|AfL|2 = BRL
����L ;

|f‘��|2 = BRL
‘���L :

Here BR stands for branching ratio, the upper index refers to the decaying particle and the lower
index to the Lnal state, ��� and ���� are the CP-violation parameters for neutral kaons decaying
to two and three pions, respectively, and ‘ denotes electrons and muons. The radiative modes,
like �+�−�, are included in the corresponding parent modes [78]. Channels with BRS

f (or BRL
f ×

�L=�S)¡ 10−5 do not contribute to Eq. (76) within the accuracy of the present analysis.
From Eq. (76) we obtain explicit expressions for the parameters Re( ) and Im(�):(

Im(�)

Re( )

)
=

�S

2( T� − |f‘��|2)(�2 + 1)

(
� −1
1 �

)

×
(
[1− �LoSBRL

‘��]Re(���) + [− 2BRL
‘��Re(y) + BRL

���Re(����)]�LoS

[1− �LoSBRL
‘��]Im(���)− [BRL

��� Im(����) + 2BRL
‘��Im(x+)]�LoS

)
(77)

with

Re(���) = |�+−|cos(�+−)(1− [(1− r) + r sin(O�) tan(�+−)]BRS
�0�0) ;

Im(���) = |�+−| sin(�+−)(1− [(1− r)− r sin(O�) cot(�+−)]BRS
�0�0) ;

BRL
��� Re(����) = BRL

�+�−�0 Re(�+−0) + BRL
�0�0�0 Re(�000) ;

BRL
��� Im(����) = BRL

�+�−�0 Im(�+−0) + BRL
�0�0�0 Im(�000) ;
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Table 28
Values of the neutral-kaon system parameters used as input to the unitarity equations

Parameter Value References

|�+−| (2:283± 0:025)× 10−3 [7,78]
�+− 43:6◦ ± 0:6◦ [7,78]
Om (530:2± 1:5)× 107 ˝=s see text
O� −0:3◦ ± 0:8◦ [88]

r =
|�00|
|�+−| 0:9930± 0:0020 [78]

Re(�+−0) (−2± 8)× 10−3 [9]
Im(�+−0) (−2± 9)× 10−3 [9]
Re(�000) 0:08± 0:11 [10,110]
Im(�000) 0:07± 0:16 [10,119]
BRS

�0�0 (31:39± 0:28)% [78]
BRL

�+�−�0 (12:56± 0:20)% [78]
BRL

�0�0�0 (21:12± 0:27)% [78]
BRL

‘�� (65:95± 0:37)% [78]
#S (89:34± 0:08)× 10−12 s [78]
#L (5:17± 0:04)× 10−8 s [78]

and

� =
2Om

2( T� − |f‘��|2)
; �LoS =

�L

�S
; r =

|�00|
|�+−| ; O�= �00 − �+− :

Table 28 summarizes the experimental values of the parameters to be entered on the right-hand side
of Eq. (77). The value of Om in Table 28 results from experiments [78] which do not assume CPT
invariance in the decay (regeneration experiments). We note that experimental data exist for all the
parameters related to two- and three-pion decays, ��� and ����, which contain all the information
required for the present analysis, including decay amplitudes. For the semileptonic decays we lack the
measurement of the parameter Re(y), while for the parameter Im(x+) the only existing measurement
comes from CPLEAR, Section 5.
However, the parameters Re(y) and Im(x+), together with Re( ); Im(�); Re(�), and Re(x−),

do enter in the following two semileptonic asymmetries:

TR+ − R−[1 + 4Re( L)]
TR+ + R−[1 + 4Re( L)]

= 2(Re( )− Re(y) + Re(�))

+2
Im(x+) sin(Om#)− Re(x−) sinh(O�#=2)

cosh(O�#=2)− cos(Om#)
; (78)

and

TR− − R+[1 + 4Re( L)]
TR− + R+[1 + 4Re( L)]

=2(−Re( ) + Re(y) + Re(�))
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Table 29
The correlation coeWcients for the parameters Im(x+); Re(y); Re(�); Re(x−); Re( ) and Im(�)

Im(x+) Re(y) Re(�) Re(x−) Re( ) Im(�)

Im(x+) — −0.624 −0.555 0.651 −0.142 0.075
Re(y) — 0.279 −0.997 −0.159 −0.075
Re(�) — −0.349 0.039 −0.051
Re(x−) — 0.060 0.109
Re( ) — −0.256
Im(�) —

Table 30
Summary of the systematic errors arising from the CPLEAR semileptonic data

Source Im(x+) Re(y) Re(�) Re(x−) Re( ) Im(�)
(10−3) (10−3) (10−4) (10−3) (10−5) (10−5)

Background level ±0:1 ±0:1 ±0:1 ±0:1 0 0
Background asymmetry ±0:4 ±0:2 ±0:2 ±0:2 ±0:1 ±0:1
�� 0 ±0:1 ±0:5 ±0:1 0 0
� ±0:02 ±0:5 ±0:02 ±0:02 0 0
Decay-time resolution ±0:1 ±0:1 0 ±0:1 0 0
Regeneration ±0:1 ±0:1 ±0:25 ±0:1 0 0

Total ±0:5 ±0:6 ±0:6 ±0:3 ±0:1 ±0:1

+
[4Re(�) + 2Re(x−)] sinh(O�#=2) + [2 Im(x+) + 4 Im(�)] sin(Om#)

cosh(O�#=2) + cos(Om#)
: (79)

Using as constraint the Bell–Steinberger relation, Eq. (77), and the KL charge asymmetry �‘,
the determination of the parameters Re( ); �; Im(x+); Re(x−) and Re(y) is possible. For �‘ we
use the value from Ref. [78]:

�‘ = 2Re( )− 2Re(�)− 2Re(y)− 2Re(x−) = (3:27± 0:12)× 10−3 : (80)

For the analysis of the asymmetries in Eqs. (78) and (79), we use the normalization procedure
described in Ref. [13].
The values of Table 28 were used in the Lt; all known correlations among these quantities were

taken into account. From the Lt we obtained a value of =2=ndf =1:09 with the correlation coeWcients
between the various parameters shown in Table 29. The contribution to the Lnal errors arising
from systematic eIects in the CPLEAR semileptonic data were determined in the same way as in
Section 5, and are summarized in Table 30. Our Lnal result, assuming only unitarity, is

Re( ) = (164:9± 2:5stat ± 0:1syst)× 10−5 ;

Im(�) = (2:4± 5:0stat ± 0:1syst)× 10−5 ;
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and

Re(�) = (2:4± 2:7stat ± 0:6syst)× 10−4 ;

Re(y) = (0:3± 3:0stat ± 0:6syst)× 10−3 ;

Im(x+) = (−2:0± 2:6stat ± 0:5syst)× 10−3 ;

Re(x−) = (−0:5± 3:0stat ± 0:3syst)× 10−3 :

Our results on Re( ) and Im(�) are almost one order of magnitude more accurate than those of
a previous similar analysis [135] owing to improvements in the accuracy of various measurements
where CPLEAR has made signiLcant contributions. The fact that Re( ) and Im(�) are essentially
determined through the Bell–Steinberger relation allows Re(y) to be obtained explicitly: a result
which could not be achieved from semileptonic data alone. Moreover, the present analysis yields
accuracies for the parameters Im(x+) and Re(x−) which are about one order of magnitude better
than those in Section 5, while the accuracy on the parameter Re(�) is comparable with that reported
in Section 5.
Table 29 shows a strong anticorrelation between the values of Re(x−) and Re(y) given by the

Lt. If we consider their sum we Lnd

Re(y + x−) = (−0:2± 0:3)× 10−3 : (81)

This quantity appears in the asymptotic value of the time-reversal asymmetry AT measured by
CPLEAR (see Section 5.3). The present result conLrms that the possible contribution to this asym-
metry from CPT-violating decay amplitudes is negligible.
The error on Re( ) and Im(�) is dominated by the error on �000. The CPLEAR accuracy on �+−0

is such that its contribution to the error becomes negligible. If we assume that there is no I = 3
decay amplitude in the three-pion decay, it follows that �+−0 = �000 and our analysis yields

Re( ) = (165:0± 1:9)× 10−5 ;

Im(�) = (−0:5± 2:0)× 10−5 ;

thus reducing the errors on the parameters Re( ) and Im(�) by a factor of two, while the correlation
coeWcient reduces to −0:003.

8.3. K0 − TK0 mass and decay-width diBerences [29]

The CPT theorem [48], which is based on general principles of the relativistic quantum Leld
theory, states that any order of the triple product of the discrete symmetries C; P and T should rep-
resent an exact symmetry. The theorem predicts, among other things, that particles and antiparticles
have equal masses and lifetimes. The CPT symmetry has been tested in a variety of experiments
(see for example Ref. [85]) and remains to date the only combination of C; P and T that is ob-
served as an exact symmetry in nature. On the other hand, there is some theoretical progress related
to string theory which may allow a consistent theoretical framework including violation of CPT
to be constructed [138].
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The K0 − TK0 mass and decay-width diIerences may be obtained as the diIerences between the
diagonal elements of the neutral-kaon mass and decay matrices,

m TK0 − mK0 = M TK0 TK0 −MK0K0 ; � TK0 − �K0 = � TK0 TK0 − �K0K0 :

In Refs. [78,88] the mass diIerence between K0 and TK0 was evaluated as

m TK0 − mK0 ≈ 2Om|�|( 23�+− + 1
3�00 − �SW)

sin(�SW)
: (82)

We recall that �+− and �00 are the phases of the parameters �+− and �00 describing CP violation
in the two-pion decay channel (|�|= |�+−| ≈ |�00|), and �SW(superweak phase) ≡ arctan(2Om=O�).
Here we would like to stress that Eq. (82) contains the assumption of CPT invariance in the decay
of neutral kaons and neglects some of the contributions from decay channels other than two-pion. 3

These limitations were overcome in the CPLEAR evaluation by taking advantage of the values
of the CPT-violation parameters Re(�) and Im(�), obtained by applying the unitarity (or Bell–
Steinberger) relation (Section 8.2).
The parameter � is conveniently represented in the complex plane [70] by the projections along

the �SW axis (�‖) and its normal (�⊥):

�‖ =
1
4

�K0K0 − � TK0 TK0√
Om2 + (O�=2)2

and �⊥ =
1
2

MK0K0 −MTK0 TK0√
Om2 + (O�=2)2

: (83)

The quantities �‖ and �⊥ can be expressed as functions of the measured quantities Re(�); Im(�)
and �SW as

�‖ = Re(�) cos(�SW) + Im(�) sin(�SW) ;

�⊥ =−Re(�) sin(�SW) + Im(�) cos(�SW) ; (84)

and allow in turn the K0 − TK0 decay-width and mass diIerences to be determined as

�K0K0 − � TK0 TK0 = �‖ ×
2O�

cos(�SW)
;

MK0K0 −M TK0 TK0 = �⊥ × O�
cos(�SW)

: (85)

Thus the evaluation of the K0 − TK0 mass and decay-width diIerences is straightforward, once the
CPT-violation parameters Re(�) and Im(�) are known.
From unitarity [52], or from Eq. (7b), it follows that the elements of the �-matrix are given by

the products of the K0 and TK0 (|OS|= 1) decay amplitudes to all real Lnal states f, with

�K0K0 =
∑

A∗
fAf; � TK0 TK0 =

∑
TA∗
f
TAf; �K0 TK0 = �∗

TK0K0 =
∑

A∗
f
TAf ; (86)

where Af and TAf denote the K0 and TK0 decay amplitudes to a speciLed Lnal state f. The elements
of the M-matrix on the other hand are given by Eq. (7a) and contain the products of the (|OS|=1)
transition amplitudes to all virtual states as well as a possible (|OS|=2) term which is linear in the

3 However, see L. Wolfenstein in Ref. [78, p. 107]. The relation between �+−; �00 and �SW has a long history since
the seminal paper of Wu and Yang [51]. For a more recent critical discussion see Ref. [139].
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Table 31
Experimental values of KS and KL parameters [28,78] used in the present analysis

Parameter Value

1=�S (89:34± 0:08)× 10−12 ˝−1s
1=�L (5:17± 0:04)× 10−8 ˝−1s
O� (1117:4± 1:0)× 107 ˝s−1 = (7:355± 0:007)× 10−15 GeV
Om (530:2± 1:5)× 107 ˝s−1 = (3:490± 0:010)× 10−15 GeV

transition amplitude. Thus CPT violation could manifest itself in Lrst order in the M-matrix, but
only in higher orders in the �-matrix.
By using for Re(�) and Im(�) the following values of Section 8.2,

Re(�) = (2:4± 2:8)× 10−4 ;

Im(�) = (2:4± 5:0)× 10−5 ; (87)

with a correlation coeWcient of 5%, together with the values for O� and Om of Table 31, we obtain
from Eqs. (84)

�‖ = (1:9± 2:0)× 10−4 ;

�⊥ = (−1:5± 2:0)× 10−4 ; (88)

and subsequently from Eqs. (85)

�K0K0 − � TK0 TK0 = (3:9± 4:2)× 10−18 GeV ;

MK0K0 −MTK0 TK0 = (−1:5± 2:0)× 10−18 GeV ; (89)

with a correlation coeWcient of −0:95. Fig. 43 shows the error ellipses corresponding to 1!; 2! and
3!. Our result on the mass diIerence is a factor of two better than the one obtained with a similar
calculation in Ref. [140]. We note that the improvement is mainly due to Re(�) now being known
with a smaller error.
The error of Re(�) becomes even smaller if we assume CPT-invariant decay amplitudes, that is

�K0K0 = � TK0 TK0 or, equivalently, Re(�) =−Im(�)× tan(�SW). In this case Re(�) can be determined
by Im(�) and the parameter �⊥ becomes �⊥ = Im(�)=cos(�SW). The results for MK0K0 −M TK0 TK0 are
shown in Table 32 depending on the values for Im(�) which are obtained from the unitarity relation
under diIerent conditions: (a) no restriction [28]; (b) equal CP-violation parameters for the decay
to �0�0�0 and to �+�−�0, i.e. �000 = �+−0 [28]; (c) only the �� decay channel contributes to the
unitarity relation.
We shall now compare the method outlined above with the one leading to Eq. (82). With the

notation of Section 2.2.2 for the two-pion decay amplitudes, we obtain from the �+− and �00
deLnitions [70]

�+− =  − �+
(
i
Im(A0)
Re(A0)

+
Re(B0)
Re(A0)

)
+  ′ ; (90a)
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Fig. 43. The K0 − TK0 decay-width versus mass diIerence. The 1!; 2! and 3! ellipses are also shown.

Table 32
Mass diIerence assuming �K0K0 − � TK0 TK0 = 0: values and modulus limits at 90% CL for diIerent values of Im(�)
(see text)

Im(�) (10−5) (MK0K0 −M TK0 TK0 ) (10
−19 GeV) |MK0K0 −M TK0 TK0 | (10−19 GeV)

(a) 2:4± 5:0 3:3± 7:0 6 12:7
(b) −0:5± 2:0 −0:7± 2:8 6 4:8
(c) −0:1± 1:9 −0:1± 2:7 6 4:4

�00 =  − �+
(
i
Im(A0)
Re(A0)

+
Re(B0)
Re(A0)

)
− 2 ′ ; (90b)

 ′ =
1√
2
ei(�2−�0) Re(A2)

Re(A0)

(
i
[
Im(A2)
Re(A2)

− Im(A0)
Re(A0)

]
+
[
Re(B2)
Re(A2)

− Re(B0)
Re(A0)

])
: (90c)

The set of Eqs. (90) is visualized in Fig. 44. In this representation, according to the CPLEAR
choice of �� = 0 (Section 2.1) the parameter  has a phase equal to �SW. We have also introduced
the quantity O�= Im(�′

K0 TK0)=O� which stands for one-half the phase of the oI-diagonal �-matrix
element �′

K0 TK0 corresponding to neutral kaons decaying to channels other than the two-pion (I = 0)
state. From Eqs. (90) we obtain expressions for Im(�);Re(�) and, together with Eqs. (84), for �⊥:

Im(�) = cos(�SW)|�+−|
(
�SW − 2

3
�+− − 1

3
�00

)
+O� ; (91a)
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Fig. 44. CP-, T- and CPT-violation parameters for neutral-kaon decays to �+�−.

Re(�) =−sin(�SW)|�+−|
(
�SW − 2

3
�+− − 1

3
�00

)
+
Re(B0)
Re(A0)

; (91b)

�⊥ = |�+−|
(
�SW − 2

3
�+− − 1

3
�00

)
+O� cos(�SW)− Re(B0)

Re(A0)
sin(�SW) : (91c)

Here, use is made of the fact that |�+−| ≈ |�00| ≈ | |. This approximation is no longer appropriate
when computing �‖ for which we obtain

�‖ ≈ | | − |�+−|+O� sin(�SW) +
Re(B0)
Re(A0)

cos(�SW) : (92)

Owing to the lack of precise information on | | − |�+−|, one evaluates only �⊥ (and the mass
diIerence), without any explicit consideration of �‖ (and the decay-width diIerence). Finally, when
the terms containing O� and Re(B0)=Re(A0) are neglected 4 Eqs. (91) and (85) reduce to Eq. (82)
and to case (c) of Table 32, leading to the limit |MK0K0 −MTK0 TK0 |6 4:4× 10−19 GeV (90% CL).

4 The measurements of CPLEAR in semileptonic and 3� sectors have allowed stringent limits to be set on O�.
If one assumes the I = 1 decay amplitude to be dominant in the three-pion decay so that �000 = �+−0, we obtain
O�= (−5:8 ± 8:1)× 10−6 and �⊥ = (−0:4± 2:7)× 10−5, while �⊥ = (−0:0± 2:6)× 10−5 for O�=0. If one uses the
measured value for �000, the error on O� increases by an order of magnitude and becomes dominant in (91), provided
that Re(B0)=Re(A0) can be neglected. Without this last restriction, and using our evaluation of Eq. (95) the error of �⊥
becomes as large as ≈ 2× 10−4.
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With a similar approach, one could also simply use Eq. (90a) and neglect, in addition to O� and
Re(B0)=Re(A0), also the projection of  ′ along the normal to the �SW axis,  ′⊥=|�+−|(�+−−�00)=3—
which means to neglect the real part of both CPT-violating amplitudes B0 and B2, see Eq. (95).
This procedure leads to a slightly lower limit, |MK0K0 −MTK0 TK0 |6 4:0× 10−19 GeV (90% CL).
The limit on the decay-width diIerence obtained from Eq. (89) is the result of a global evaluation

of a possible violation of CPT in the decay. However, we may also give some information on the
individual CPT-violating decay amplitudes. For the semileptonic decays, the parameters Re(y) and
Re(x−), describing CPT violation in OS =OQ and OS �= OQ transitions, respectively, and their
sum, reported here for convenience, were already determined in Section 8.2:

Re(y) = (0:3± 3:1)× 10−3 ;

Re(x−) = (−0:5± 3:0)× 10−3 ;

Re(y + x−) = (−2:0± 3:0)× 10−4 :

For the pionic decays, only the parameters Re(BI)=Re(AI) are estimated. Without attempting a global
Lt to the data we perform this estimation by expressing the K0− TK0 decay-width diIerence, according
to its deLnition, as

�K0K0 − � TK0 TK0

2�S
=
Re(B0)
Re(A0)

+
∣∣∣∣A2A0
∣∣∣∣
2

× Re(B2)
Re(A2)

+
�L

�S

[
BR(KL → 3�)

Re(BI)
Re(AI)

− 2BR(KL → ‘��)Re(y)
]

: (93)

In Eq. (93), the left-hand side is determined from Eq. (89) to be (2:6±2:9)×10−4. On the right-hand
side, the last term is estimated to be ≈ 5 × 10−6 with the values of the branching ratios from
Ref. [78], Re(y) as given above, and the measured value of Re(�+−0) [9] considered as an upper
limit for Re(B1)=Re(A1). We are then left with the possible contributions to the decay-width diIerence
from the two-pion decay channel.
Since (�2− �0)=−(42± 4)◦ [141], and �SW =+(43:50± 0:08)◦ with the values of Table 31, we

obtain as a good approximation from Eqs. (90)

1
3
(�00 − �+−)|�+−|= 1√

2

Re(A2)
Re(A0)

[
Re(B2)
Re(A2)

− Re(B0)
Re(A0)

]
: (94)

We estimate Re(A2)=Re(A0) ≈ |A2=A0| ≈ 0:04479± 0:00020 [113], with Re(B2)=Re(A2) and Re(B0)=
Re(A0)�1; we also take |�+−| = (2:283 ± 0:025) × 10−3 and (�00 − �+−) = (−0:3 ± 0:8)◦ [7,78].
By using these values for Re(A2)=Re(A0); |�+−| and (�00 − �+−) we obtain from Eq. (93)

0:002× Re(B2)
Re(A2)

+
Re(B0)
Re(A0)

= (2:6± 2:9)× 10−4 ;

and from Eq. (94)

Re(B2)
Re(A2)

− Re(B0)
Re(A0)

= (−1:3± 3:4)× 10−4 ;
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hence,
Re(B0)
Re(A0)

= (2:6± 2:9)× 10−4;
Re(B2)
Re(A2)

= (1:3± 4:5)× 10−4 : (95)

In conclusion, without any assumption, the K0− TK0 mass and decay-width diIerences were shown
to be consistent with CPT invariance within a few 10−18 GeV. This determination is based on the
measurement of Im(�) and Re(�). The value of Im(�) results from a variety of measurements for
pionic and semileptonic decay channels, many of which are from CPLEAR, while the value of Re(�)
results essentially from the CPLEAR measurement of semileptonic decay-rate asymmetries [13]. In
addition to the mass diIerence between K0 and TK0, owing to the Re(�) measurement, we are also
able to evaluate for the Lrst time the decay-width diIerence, and subsequently analyse it in terms of
individual CPT-violating decay amplitudes. The measurement of the decay-width diIerence relies
mainly on the CPLEAR measurements of the semileptonic decay rates and the parameter Re(�) [13],
also allowing possible cancellation eIects to be disentangled. The ratio between CPT-violating
and CPT-invariant amplitudes is shown to be smaller than a few times 10−3–10−4 for a number
of cases.

9. Measurements related to basic principles

9.1. Probing a possible loss of QM coherence [31]

The phenomenological framework of Section 2 is constructed, according to the QM of a closed
system, on solutions of Eq. (5) which are pure states and evolve as such in time. Some approaches
to quantum gravity [142] suggest that topologically non-trivial space–time Xuctuations (space–time
foam) entail an intrinsic, fundamental information loss, and therefore transitions from pure to mixed
states [143]. The K0 − TK0 system is then described by a 2× 2 density matrix E, which obeys

Ė=−i[�E− E�†] + �,�E ; (96)

where � is the 2 × 2 matrix of Eq. (6a), and the term �,�E induces a loss of quantum coher-
ence in the observed system. In this context, the time evolution of the K0 − TK0 system allows for
another nine parameters, in addition to the usual seven. Their measurability has been studied in
Ref. [144]. Theoretical restrictions (in addition to those considered in Ref. [143]) on possible pa-
rameter values, based on the requirement that the solutions of Eq. (96) must everywhere result
in positive probabilities, have been derived by the authors of Ref. [145]. They also point out the
possibility to use the neutral-kaon system to test complete positivity of dynamical maps.
Here, we report the results obtained by CPLEAR [31] some time ago, with a partial statistics,

for the parameters �, � and � (the six others were assumed to be zero). If diIerent from zero, �,
� and � would point to a loss of coherence of the wave function (and also to CPT violation).
The decay-rate asymmetries [31] were Ltted to data from the �+�− and e�� decay channels, with
the constraint of |�+−| and �‘ measured at long lifetimes [78], see Fig. 45. We obtained, as 90%
CL limits, �¡ 4:0 × 10−17 GeV; �¡ 2:3 × 10−19 GeV and �¡ 3:7 × 10−21 GeV, to be compared
with a possible order of magnitude of O(m2

K=mPlanck) = 2× 10−20 GeV for such eIects. An analysis
of CPLEAR data based on Ref. [145], with six decoherence parameters, has been presented in
Ref. [146].
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Fig. 45. The measured decay-rate asymmetries (partial statistics) (a) Aexp± (Section 4.1) and (b) AexpOm (Section 5.1) analysed
to search for a possible loss of coherence of the neutral-kaon wave function. The solid lines are the result of our Lt. The
dashed lines represent the expected asymmetries with positive values of �, �, �, which are 10 times larger than the limits
obtained.

9.2. Testing the non-separability of the K0 TK0 wave function [25]

For this measurement, we selected pairs of K0 TK0 produced, with a branching ratio of 0.07%, in
the annihilation channel:

Tpp → K0 TK0 : (97)

The strangeness of the two neutral kaons is the analogous of the polarization in a two-photon system,
more commonly used in EPR-type experiments. As a result of K0 − TK0 oscillations the individual
strangeness is time-dependent. An EPR eIect means that the measurement of the strangeness of one
kaon at a given time predicts with certainty the strangeness state of the other unmeasured kaon at
the same time. The two kaons, which have opposite strangeness when produced in (97), cannot
appear in identical strangeness states at any equal proper times. The expected QM correlation for
like- and unlike-strangeness Lnal states a and b, observed at times ta and tb respectively, is shown
in Fig. 46a for the case of a K0 TK0 pair with J PC = 1−− (93% of the cases [19]).
For this test, the strangeness was monitored by strong interaction in two absorbers near the target,

see Fig. 46b, via the observation in the same event, at two diIerent times, of a � and a K+ (unlike
strangeness) or a � and a K− or two � (like strangeness).
The asymmetries of the yields for unlike- and like-strangeness events (�K+ and �K−) were

measured for two experimental conLgurations C(0) and C(5), see Fig. 47a, corresponding to ≈ 0
and 1:2 #S proper time diIerences between the two strangeness measurements, or path diIerences
|O‘| of ≈ 0 and 5 cm. As shown in Fig. 47b, these asymmetries are consistent with the values
predicted from QM, and therefore consistent with the non-separability hypothesis of the K0 TK0 wave
function. The non-separability hypothesis is also strongly favoured by the yield of �� events. The
probability of satisfying the separability hypothesis of Furry [147] is ¡ 10−4.
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9.3. Test of the equivalence principle [32]

By considering the variations of the Ltted values of �+− and |�+−| with the gravitational potential
acting on the neutral kaons, CPLEAR has also made stringent tests of the equivalence principle for
particles and antiparticles [32]. For the Lrst time we searched for possible annual, monthly and
diurnal modulations of the observables �+− and |�+−| that could be correlated with variations
in astrophysical potentials. No such correlations were found within the CPLEAR accuracy. Data
were analysed assuming eIective scalar, vector and tensor interactions, and we concluded that the
principle of equivalence between particles and antiparticles holds to a level of (6:5; 4:3; 1:8)× 10−9,
respectively, for scalar, vector and tensor potential originating from the Sun with a range much
greater than the Earth–Sun distance. Fig. 48 shows a compilation of the upper limits on |g − Tg|J ,
the gravitational coupling diIerence between K0 and TK0, as a function of the interaction range rJ
where J = 0; 1; 2 for scalar, vector and tensor potential, respectively.
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Fig. 48. Limits on the gravitational coupling diIerence between K0 and TK0, |g− Tg|J , obtained from the measured K0− TK0

mass diIerence as a function of the eIective interaction range rJ , with J = 0; 1; 2 for scalar, vector and tensor potential,
respectively. Labels along the top indicate the distances to several astronomical bodies (Milky Way: MW, Shapley super-
cluster: SC) measured in Astronomical Units (AU). The curves are upper limits shown separately for tensor (solid line),
vector (dashed line) and scalar (dotted line) interactions.

10. Measurements related to the 1pp annihilation process

In general the cuts imposed by the trigger selection prevented, despite very high statistics, the
precise study of the annihilation processes such as to bring a signiLcant contribution to this Leld, nor
was this necessary to achieve the main aim of the experiment. The annihilation study was limited
to correct modelling of the simulation for the K0 and TK0 source and the annihilation sources of
background. Nevertheless, new results were achieved by the measurement of the fraction of P-wave
annihilation, fP, for a hydrogen density not yet studied, and by the search of possible Bose–Einstein
(BE) correlations within the four-pion and Lve-pion Lnal states of the annihilation process.

10.1. Measurement of the fraction of P-wave annihilation [19]

There were three measurements, two of which [17,18] used minimum-bias data taken for calibration
purposes, and a third one a special trigger with no charged particle coming out of the target (PC0
in veto), and at least two charged tracks detected by the tracking device [19]. The results were
branching ratios for some of the annihilation channels, or their ratio, and from these we extracted
fP. This quantity, which had been measured previously either for liquid or gaseous targets at normal
pressure and temperature (or lower pressure), is known to depend on the target density because of
the Stark eIect favouring atomic S states at higher densities [148]. The values of fP obtained with
minimum-bias data depend on external measurements, in contrast to the third measurement discussed
below.
The reaction Tpp → KSKS at rest occurs through the 3P0(J PC = 0++) and 3P2(J PC = 2++) initial

states while the reaction Tpp → KSKL at rest occurs only through the 3S1(J PC=1−−) state. The ratio
R=BR(Tpp → KSKS)=BR(Tpp → KSKL) therefore provides a measurement of the P- to S-wave relative
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abundance. Two values were obtained: R(27 bar) = 0:037 ± 0:002, and R(15 bar) = 0:041 ± 0:009,
from which we deduced fP = 0:45 ± 0:06 [19]. The measurement at 27 bar was essential for the
analysis of the EPR experiment, see Section 9.2.

10.2. Search for Bose–Einstein correlations [20–22]

Multipion systems are frequent results of Tpp annihilations. As any emission amplitude for identical
bosons must be symmetrized, observable correlation eIects can be expected for a pair of equal-charge
pions if their momenta are equal, i.e. for vanishing relative momentum. Bose–Einstein (BE) corre-
lations is the name often assigned to a very speciLc dynamic picture—the Hanbury-Brown–Twiss
(HBT) mechanism [149]—linking the two-pion correlation function at small relative momentum to
the space–time properties of the pion-emitting source, in particular its size [150–152].
At Lrst interesting deviations from the stochastic HBT picture of BE correlations were observed in

nucleon–antinucleon annihilation at rest; they are summarized in Ref. [20] together with the results
of a Lrst CPLEAR analysis performed on charged four-pion Lnal states with criteria equivalent to
those of previous analyses.
In a second approach a two-dimensional analysis for well deLned pionic Lnal states was per-

formed. The phase-space factor was removed and the square of the amplitude for pion-pair emission
was directly determined. The corresponding correlation functions were studied under kinematically
controlled conditions and the distributions obtained conLrmed that equal-charge two-pion correla-
tions indeed peak at small relative momenta (or small invariant mass) [21]. However, the analysis
performed on the Lve-pion channel [22] gave evidence that a fair amount of the observed correlation
enhancement may be due to conventional resonance production amplitudes, rather than to BE eIects.
In order to clarify these topics more data and further investigations were required, both beyond the
scope of CPLEAR.

11. Overview and conclusions

The CPLEAR experiment has performed studies of particle–antiparticle properties through a direct
comparison of K0 and TK0 time evolutions. The use of Tpp-annihilation channels Tpp → K∓�±K0 and
Tpp → K±�∓ TK0 and the detection of the charged particles, K∓ and �∓, has allowed the identiLcation
of the produced neutral kaon as a K0 or as a TK0 (strangeness tagging). This method has become
practical due to the availabilty of intense beams of slow antiprotons. It implies furthermost detecting
the low energy particles of the production and decay channels within a solid angle of 4�, and in
the presence of a large background.
Despite the abundant data already available on the neutral-kaon system and its symmetries,

CPLEAR has improved signiLcantly the knowledge of many of the parameters describing this system
and possible violations of the symmetries.We have underlined in Sections 4.8 and 5.6 our contribu-
tions to the understanding of CP, T and CPT symmetries in the neutral-kaon system. Appendix C
contains a summary of selected results obtained through CPLEAR measurements.

CP violation was investigated by comparing K0 and TK0 decay rates to a common Lnal state
which was a CP eigenstate (�� or ���).
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CPLEAR has improved the accuracy on the real and imaginary parts of the parameter �+− de-
scribing CP violation in the case of decay to �+�− . These quantities enter sensitively into indirect
tests of T and CPT symmetries based on the Bell–Steinberger unitarity relation.
The background associated with neutral pions and the limited energy resolution of the CPLEAR

electromagnetic calorimeter rendered the measurements of decays to Lnal states such as �0�0 very
hard. Although CPLEAR has not observed CP violation in the case of decay to ���, it has improved
the limits on the parameters �+−0 and �000 by large factors. This had a great impact on the evaluation
of the Bell–Steinberger unitarity relation, and thus on the errors of Re( ) and Im(�).
The CPLEAR highlights are the direct tests of T and CPT violations. Strangeness tagging the

neutral kaons at decay time in semileptonic decays, in addition to strangeness tagging at production,
CPLEAR, for the Lrst time through a rate comparison, has measured T violation and thus demon-
strated that CP violation in mixing is related to T violation. Also for the Lrst time, CPLEAR has
measured Re(�), thus allowing a CPT test without assumptions. The same measurement determined
Im(�), however with less precision than the indirect measurement through the Bell–Steinberger uni-
tarity relation.
The CPLEAR measurements, together with the measurements of �+− − �00 and #S by other

experiments, have provided sensitive tests on CPT. In particular, by evaluating the Bell–Steinberger
unitarity relation and by using it as a constraint in the semileptonic asymmetry Lts, mass and
decay-width diIerences of K0 and TK0 are compatible with zero and have errors of 2 × 10−18 and
4:2 × 10−18 GeV, respectively, without any assumption (e.g. on CPT invariance in decay). The
parameters describing CPT violation in the decays to �+�− and to e�� were also determined
(some by direct measurement as well).
The KL − KS mass diIerence Om was measured with three methods, with diIerent systematic

and statistical errors. The results agree within the errors, thus probing the overall consistency of
the experiment. Using e�� decays the error is the smallest currently obtained for a Om single
measurement.
The diIerence between the K0 and TK0 forward-scattering amplitudes in carbon was measured for

the Lrst time in such a low momentum range.
As a bonus, valuable measurements related to CP-invariant neutral-kaon decays were performed

(Dalitz-plot parameters and slope of the K0
e3 form-factor).

Basic topics in quantum mechanics were investigated with success in relation to possible losses
of coherence of the wave function, on the one hand with a dedicated analysis of our �+�− and e��
data samples, and on the other with a dedicated measurement.
It was often mentioned in the past that the K0 − TK0 system is a most convenient laboratory for

the study of discrete symmetries. With the CPLEAR experiment we have made a full tour of this
laboratory, and fully proLted of the opportunities oIered.
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Appendix A. Neutral-kaon system: some milestones

From the start the CPLEAR experiment was conceived to obtain as complete and precise a survey
of the neutral-kaon system as possible. This gave us the chance to revisit with modern eyes the path
taken since the histories of discrete symmetries and kaons became intertwined [33]. Thus, we like
to recall here a few points which help to frame the present report and make clear, in the CPLEAR
perspective, how CPLEAR built on past research.

• 1947: Two unusual events, a fork and a track making a marked angle, were observed in a cloud
chamber exposed to cosmic rays [34]. For both events the mass was near 400 MeV. They were
referred to as V-particles; the fork was most probably the Lrst record of a neutral kaon decaying
to two pions.

• 1953: Particles with a mass between the pion and the proton were named K mesons [35]. These
mesons seemed to have very similar mean lives; moreover, two of the best known—the charged
# and the neutral I, decaying to three and two pions, respectively—had equal masses within
0:5 MeV: It was diKcult to believe that this was an accident: : : [35]. The way was paved to a
critical examination of the symmetries observed in particle physics.

• 1953: For the Lrst time two V-particles were seen at an accelerator [36].
• 1953: The new particles were classiLed [37,38] in terms of isospin in an attempt to explain the
large production cross-section of V-particles (≈ 1% of the pions) while their decays seemed to be
suppressed by some selection rules: (K+;K0) and ( TK0;K−) are doublets of isospin I = 1=2 with
I3 = 1=2;−1=2. Strong and electromagnetic interactions conserve isospin, but weak interactions do
not, and in some decays |OI |=1=2. Within this context the idea of two neutral kaons, one being
the antiparticle of the other, emerged.

• 1954: Gell-Mann and Pais, under the hypothesis of C conservation, consider K0 and TK0 to be
mixtures of particles with deLnite mean lives [4]. DiIerent proposals are put forward to distinguish
K0 from TK0 experimentally [5,39,40]. In Ref. [39] the decaying particles are treated in much the
same way as Weisskopf and Wigner had treated unstable nuclei and their line widths [41].

• 1955: Gell-Mann [37] and Nishijima [38] independently suggest that for the new particles the
charge Q is related to the third component of the isospin I3 and to the baryon number B by
Q= I3 +S=2+B=2 where S (strangeness) is a new quantum number to be conserved in strong and
electromagnetic interactions, whereas |OS|= 1 interactions are weak interactions. The invariance
of these with respect to the C and P symmetries has not been contested yet.



A. Angelopoulos et al. / Physics Reports 374 (2003) 165–270 263

• 1956: Lee and Yang publish their seminal paper on P non-conservation [42]. The experiments are
quick to establish in January 1957 that P and C are violated in weak interactions; CP, however,
seems to hold [43–45]. Independently, Landau considers the possibility that ‘combined parity’
may not be conserved [46], and Lee et al. make a number of Remarks on possible non-invariance
under time reversal and charge conjugation [47]. CPT symmetry is still considered untouchable
[48].

• 1964: Cronin et al. demonstrate experimentally the breaking of CP invariance [50]. Soon after-
wards, Wu and Yang [51] perform a phenomenological analysis of CP violation in the decay of
K0 and TK0, including decay amplitudes and the unitarity concept, but assuming CPT symmetry.
They introduce the phenomenological parameters �+− =  +  ′, �00 =  − 2 ′,  = (p − q)=p, and
take into account x, the parameter describing the violation of the OS =OQ rule. They consider
four ways for violating CP (or T): by interference of the main �� decay mode (I = 0) with
the �� (I = 2) mode, the lepton mode, the 3� mode and/or the oI-energy shell contributions to
K0 − TK0 elements of the mass operator.

• 1965: Bell and Steinberger present relations based on unitarity which connect the decay amplitudes
with the decrease of the kaon probability [52].

• Late 1965: Enz and Lewis give a phenomenological framework which is the Lrst to contain
in nuce the CPLEAR method [53].

• 1967: Sakharov suggests that at the very early times of our Universe matter transformed into
antimatter and vice versa (barring baryon-number violation), and this process was not symmetric
(CP violation), which accounts for the survival of matter over antimatter [54]. (At the time of the
Big Bang matter and antimatter are supposed to be present in equal amounts, and to annihilate.
As a consequence, the Universe would consist of photons, with only one proton in 1018 photons,
that is about one billion times fewer protons than otherwise measured.)

• Within the next 10 years the experimental scenario was Lxed, as summarized in the Nobel talks
of 1980 [55]. In the same period, particle interactions were shown to preserve, or to break, other
kinds of symmetry, which eventually led to the Standard Model.

• In the 1980s, while CP violation could be accommodated within the Standard Model and the
known interactions [56–59], two main topics required further experimental work: the so-called
direct CP violation [58] and CPT violation [60]. The CPLEAR programme [1] was set up in
this context. It took advantage of the inception of the Low-Energy Antiproton Ring (LEAR) at
CERN, a facility [2] particularly suitable to study the symmetries between matter and antimatter.

Appendix B. CPLEAR and the Standard Model

For completeness we sketch in Fig. 49 some of the diagrams which describe at the quark level the
processes studied by CPLEAR: they involve |OS|=2 transitions as in (a), and |OS|=1 transitions,
as in (b)–(d). The evaluation of the parameters measured by CPLEAR in terms of these diagrams
seems to be a diWcult task. Whether it is at all possible conceptually is sometimes questioned
[65], although in some cases one Lnds numerical agreement with the experimental results. We note,
however, that the current form of the Standard Model excludes any CPT violation. Thus, CPT
tests are also tests of the Standard Model.
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Fig. 49. The diagrams which describe (a) the oscillation K0 � TK0 and enter Om and  computations; (b) decays to e��
and the OS =OQ rule; (c) decays to �+�−; (d) decays to �0�0�0 (left) and �+�−�0 (right).

Appendix C. Selected CPLEAR results

• CP violation
K0 → �+�− Phys. Lett. B 458 (1999) 545
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|�+−|= (2:264± 0:023stat ± 0:026syst ± 0:007#S)× 10−3
�+− = 43:19◦ ± 0:53◦stat ± 0:28◦syst ± 0:42◦Om
K0 → �0�0 Phys. Lett. B 420 (1998) 191
|�00|= (2:47± 0:31stat ± 0:24syst)× 10−3
�00 = 42:0◦ ± 5:6◦stat ± 1:9◦syst
K0 → �+�−�0 Eur. Phys. J C5 (1998) 191
Re(�+−0) = (−2± 7stat+4−1 syst)× 10−3

Im(�+−0) = (−2± 9stat+2−1 syst)× 10−3
K0 → �0�0�0 Phys. Lett. B 425 (1998) 391
Re(�000) = 0:18± 0:14stat ± 0:06syst
Im(�000) = 0:15± 0:20stat ± 0:03syst

• T violation
〈AexpT 〉= (6:6± 1:3stat ± 1:0syst)× 10−3 Phys. Lett. B 444 (1998) 43
Re( ) = (1:65± 0:33stat ± 0:25syst)× 10−3 (direct) Phys. Lett. B 444 (1998) 43
Re( ) = (1:649± 0:025)× 10−3 (unitarity) Phys. Lett. B 456 (1999) 297

• CPT symmetry
Re(�) = (3:0± 3:3stat ± 0:6syst)× 10−4 (direct) Phys. Lett. B 444 (1998) 52
Im(�) = (−1:5± 2:3stat ± 0:3syst)× 10−2 (direct) Phys. Lett. B 444 (1998) 52
Im(�) = (2:4± 5:0)× 10−5 (unitarity) Phys. Lett. B 456 (1999) 297
MK0K0 −MTK0 TK0 = (−1:5± 2:0)× 10−18 GeV Phys. Lett. B 471 (1999) 332
�K0K0 − � TK0 TK0 = (3:9± 4:2)× 10−18 GeV Phys. Lett. B 471 (1999) 332

• Other parameters of the neutral-kaon system
Om= (529:5± 2:0stat ± 0:3syst)× 107˝=s Phys. Lett. B 444 (1998) 38
Om sign This report
Re(x) = (−1:8± 4:1stat ± 4:5syst)× 10−3 Phys. Lett. B 444 (1998) 38
Im(x) = (1:2± 1:9stat ± 0:9syst)× 10−3 Phys. Lett. B 444 (1998) 43
Re(x−) = (0:2± 1:3stat ± 0:3syst)× 10−2 Phys. Lett. B 444 (1998) 52
Im(x+) = (1:2± 2:2stat ± 0:3syst)× 10−2 Phys. Lett. B 444 (1998) 52
BR(KS → �+�−�0) = (2:5+1:3−1:0stat

+0:5
−0:6 syst)× 10−7 Phys. Lett. B 407 (1997) 193

BR(KS → e+e−)¡ 1:4× 10−7 Phys. Lett. B 413 (1997) 232
Kaon scattering amplitudes in carbon (regeneration) Phys. Lett. B 413 (1997) 422

• Other tests of fundamental physics
Test of quantum mechanics coherence Phys. Lett. B 364 (1995) 239
EPR test with Tpp → K0 TK0 Phys. Lett. B 422 (1998) 339
Test of equivalence principle Phys. Lett. B 452 (1999) 425

• Tpp annihilation
Bose–Einstein correlations Eur. Phys. J C6 (1999) 437
P-wave annihilation Phys. Lett. B 403 (1997) 383
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