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Abstract

LEAR offered 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 42, . and
¥27 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.

(© 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 (7 ,6%,¢%7 ), 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 first 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 exemplified 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 fields 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 |Kp)), which has a
behaviour analogous to a (slowly decaying) particle of spin 1/2 in a magnetic field, 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, (|K°)), and of strangeness —1, (|K°)). 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 (w = 5.3 x 10° s7') and the wave length of the
resulting visible interference pattern in space (some cm, for CPLEAR energies), corresponding to
the interfering wave functions, fit perfectly well to the technical performances of high-energy physics
measuring equipment.

The tiny energy difference between the two states |Ks) and |Ky), im =3.5 x 107!2 MeV, sets the
scale for the sensitivity of the detection of a possible energy difference between [K°) and |[K°). Such
a difference could e.g. occur from a ¥#.7 -violating interaction or from a gravitational field which
would act differently 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 effects. 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, K°K°, 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 effect.

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

) = o (D[K) + oK) + Y en(0)|m) (1)

which satisfies the Schrodinger equation

-dly)

iy =AW 2)
In the Hamiltonian, J# = #y + # wx, # o governs the strong and electromagnetic interactions. It is
invariant with respect to the transformations 4, 2, 7, and it conserves the strangeness S. The states
|K) and |K°) are common stationary eigenstates of #y and S, with the mass m, and with opposite
strangeness: #|K®) = mo|K®), #|K) =mo|K), S|K®) =|K®), S|K°) =—|K®). The states |m) are
continuum eigenstates of #, and represent the decay products. They are absent at the instant of
production (¢ = 0) of the neutral kaon. The initial condition is thus

Vo) = Yo(0)|K®) + Yio(0)|K) . 3)

A wx 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 J# 'y with respect to the transformations 2.7, 7, and ¥% are the
main subjects of the CPLEAR experiment.

Eq. (2) may be solved for the unknown functions ygo(#) and ygze(?), by using a generalized
Weisskopf—Wigner approximation [41] with the result [39,47]

Y=e"Yy 4)
which also satisfies

. dy

1 E - Alp 5 (5)

where  is the column vector with components Ygo(#) and Vgo(?), Y equals ¥ at ¢ =0, and
A is the time-independent 2 X 2 matrix (A, ). All components refer to the two-dimensional ba-
sis (JK?), |K%). Expressed in terms of 'y (including second order in #y), and with the
notation

A:M—%F, (6a)

M=M!, r=rt, (6b)
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Table 1
Relation between properties of # .« and observable quantities
If #w has the property called then or
T "M T = Hux J invariance Agogo = Agogo Ar=0
(PT )Y ' Ho(CPT ) = H i ¢ invariance Agogo = Agogo Acpr =0
(6P) ' H (6P = H . %2 invariance Agogo = Agogo and

AKOKO = AKOKO Acr =0

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

they are
_ : (| A wic| B) (Bl A wic| o)
Mowc’ - moém’ + <a‘%wk‘a > + gzﬂ: < mo —Eﬁ ) > (73)
Doy =27 (o] i B) (Bl A i o YS(mo — Ep) (7b)
B
(o, 0 = KO,KO) .

Egs. (7a) and (7b) enable one now to state directly the symmetry properties of 5, in terms of
experimentally observable relations among the elements of A, see Table 1. We remark that 427
invariance imposes no restrictions on the off-diagonal elements, and that .7 invariance imposes no
restrictions on the diagonal elements of A. J invariance implies Agogo = Agogo Within a convenient
phase convention.

A speciality of this experiment is that each neutral kaon is produced with known strangeness,
i.e. as |[K), or as |K°). 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 ¥ eigenstate with a positive eigenvalue, or
the semileptonic decay indicates an eigenstate of definite 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 ¥2°. The decay processes themselves are
characterized by the amplitudes indicated in Eq. (7b). They are also used to measure properties
of A wk -

The probability amplitude for a state |4), produced at ¢ = 0, to become the state |B) at time ¢
equals

(Ble™"]4) . (8)

We apply this to one of the most interesting manifestations of J violation [53,72,73]: the non-vanish-
ing of the asymmetry Ay, the first time measured by the CPLEAR experiment (see Section 5.3).
The observation is that

the probability for a K° to become a K° during the time interval ¢ is different from

the probability for the reverse development, namely different from

the probability for a K° to become a K’ during ¢.
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The numerator of At measures this difference:
_ [{K%le™ K[ — [(K[e KO
T= [(KO[e—i4¢|KO) |2 + [(KO|e—i4|KO)|?

_ ‘AK0K°|2 - |AK°KU’2

[ Agogol? + [Agogo?

)

At is constant in time. The last term of Eq. (9) is the formal expression that a non-vanishing
At is necessary and sufficient for 7 violation in . A direct way to calculate an equivalent
term is presented in Ref. [73]. In the CPLEAR experiment |[K°) and [K°) states are produced by pp
annihilations as mentioned in Section 1. The final states (K°| and (K| 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 justified and
that the asymmetry measured by CPLEAR is indeed directly related to the definition of J~ violation
and not affected by time or decay processes. Moreover, the CPLEAR method of measuring At (see
Section 5.3) makes the result independent of any ¥2.7 or unitarity assumptions for the mixing
matrix, or even possible invisible decay modes. We conclude therefore that CPLEAR indeed made
the first direct measurement of .7 violation.

The measurement of Acpr has been performed as a test of 27 symmetry of J# . The numerator
of Acpr compares the probability for an antikaon to stay an antikaon with the probability for a kaon
to stay a kaon:

<I_(0]e_i/1t‘l_(0>|2 o ’<KO‘€_iAt|KO>’2
<K0’e—iAt‘KO>|2 4 ’<KO‘e—iAt|KO>’2 ’

ACPT = : (10)
Acpr has the property to vanish if Agogo = Agogo.
The measurement of the asymmetry Acp detects ¥ 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 42, (|f) =2""2(|K") £ [K°))), with that of a kaon:

(fle™ RO — [(fle7 KO
(Flem KO + |[(fle7 K[>

ACPE : (11)

The formal expression for Acp has the property to depend on all four elements A,,, and Acp =0
if both conditions, Agogo = Agogo and Agogo = Agogo, are fulfilled. (With a suitable choice of the
phases in Agogo and Agogo it is sufficient to fulfill |Agogo|* = |Agogo|*. 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

fi+25f- 2(s—a)f->
0

(12)
—2e+o0)f- fi—20f_

Y=c = (
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with
e—i/lst + e—ith

fay =T, (13)

0= (AK(]KO — AKOKO )/(ZA}) . (14a)

e = (Agogo — Agogo)/(2AL) (14b)

0 = (Agogo + Agogo)/(2AL) , (14¢)
where

/1L7g = %(AKOKO + AKOKO + \/(AKOKO — AKOKO )2 + 4AK0K0AK0K0) (15)
and

Al=I1 — As . (16)

The time evolutions of initial |[K®) and [K°) become

f- (z)] K% —2 K°K°f (HK’) ,

KO(1)) = [f+(t) 4 Aioke = oo N Arowe

AKOKO - AKOKO

IKO(t)>=[f+(t)—Mf-(t)] RY) 2 (1K)

We recognize from Eq. (14a) and Table 1 that 427 invariance requires 6 = 0.

The interpretation of ¢ is complicated by the fact, that it is defined in terms of non-observable
quantities, Agogo and Agogo. Since the vectors of the basis, [K°) and |[K°), as defined as common
eigenstates of 'y and S, are indetermined by an arbitrary phase factor, each, it follows that Ayoge =
(K% A|K®) and Agogo = (K°|A|K®) are both indetermined by the appropriate ratio of these factors.
The phase angles of these factors will now be fixed such as to give ¢ a meaning with respect to I
invariance. Referring to Eq. (6b), we set Myogo = |[Mgogo| exp(im) and I'gogo = |I'kogo| exp(i¢r),
and we find

e=0 follows from At =0 (17)
if the choice

¢r=+4nn, n=0,1,... (18)
is made. Then, .7 invariance requires ¢ = 0. Explicitly, we obtain

|AK0K°|2 - |A1'<0K0|2 = 2[Mgogol [I'kogo| sin(dr — éwm) , (19)

from which we see that . invariance requires also

(pm — ¢r)==+nn, n=0,1,...
and

&= i(| Agogo|” — |Agogo )/ (A Togol ) - (20)
The phases of ¢ and A/ are now simply related.
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For & = |¢|el?:,
=+ tan(¢,) =2Am/Al’ = tan(psw) , 21

where we consider Am and Al as directly measured quantities related to A4 as AL = A — Ag =
Am + 1AT'/2, and the positive or negative sign holds depending on whether |Agogo| is greater or
smaller than |Agogo|. 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 Agogo or Agogo or on the smallness of symmetry violations.

We now choose

¢r=0.

From now on this condition is required to be fulfilled. Since violations of 7, €%, and possibly
€27, are small, we also assume

lef]<1 and [20]|<1 . (22)
This allows

v~ T,

) i
Al = iL — A R 2\/AK°K°AK°K° = Z(IMK0K°| + §|FK°K0D 5
Am:mL—msﬁz‘MKoKol, AF:FS—FL:2]FK0K0| 5
21 = my + mg = Myogo + Mgogo, 21 =T’y + I's = I'gogo + T'gogo .

The parameters my s and I'p s signify the masses and decay widths of the eigenstates |Ki s), re-
spectively. The eigenvectors of A, whose time developments are expressed by the exponentials
exp(—ilst) and exp(—idrt), respectively, are

1

_ 0 _ 70
Ks) = i |88‘2)[(1 +&s)|K") + (1 —&)[KT)] , (23a)
1 -
Kp) = —[(1 K% — (1 — K%, 23b
Kv) T |8L‘2)[( +e0)[KT) — (1 — e)[KT)] (23b)
where
egs=¢+0 and g =¢e—9. 24)

The time evolutions of an initial K or K° are then expressed, in the (K, K°) basis (first line)
or in the (Kg,K; ) basis (second line), by the two following equations:

KO0 =[f+(t) + 25 f—(O]K®) + (1 — 2e) f—()|K®)
1

ﬁ[a —e+0)e SIKg) + (1 — e — d)e MK )] (25a)
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KO(t)) = [f+(t) — 26 f—()][K®) + (1 + 2&) f_(£)|K")
1
V2

Finally, we derive the probabilities

2, (1)=2(K%, — KL,)

[(1+&—0)e™"'[Ks) — (1 + &+ 0)e [KL)] . (25b)

= %[(1 +4Re(5))e 5T + (1 — 4Re(d))e '+ + 2(cos(Amt) — 4Im(5) sin(Am‘c))e_F-T] ,
P (1) =2(K_y — K_)

=11 +4Re(@)][e " +e~* — 2cos(Amr)e ],
P (1)=2(Ki_y — K_,)

=111 — 4Re(e)][e 5" + e — 2cos(Amr)e ],
?_(1)=2(K_y — K_.)

= 1[(1 — 4Re(8))e ™" + (1 + 4Re(3))e ™" + 2(cos(Amz) + 4Tm(8) sin(Amz))e ™.

In order to base the analysis of experimental data on the relations presented above we need to
know the strangeness or the ¥Z 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 define a time t
subsequent to the production time (¢ = 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 definition. Pionic (77 and znnw) final states (which are
€% eigenstates or a superposition of them) are suitable for €2 studies. Semileptonic (env and
unv) final states (which allow K° to be differentiated from K° at the decay time) are convenient
for 7 and ¥27 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 1
allows us to determine 7 and ¥ parameters as well as ¥ 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 env and umv

Firstly we introduce semileptonic decays, i.e. decays to /v (£ =e, it). Here, owing to the absence
of final-state strong interactions, the dynamic situation is less complex than in the case of non-leptonic
decays, i.e. decays to nrw and to mmm. Moreover, in the limit that the AS = AQ rule holds [70,71],
the charge-sign of the lepton / in the final state is a tag of the strangeness of the neutral kaon at
the decay time. We refer explicitly to emv decays as these are relevant for the CPLEAR experiment.
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The unv decays only play a subsidiary role in the experiment, and their phenomenological description
is the same as that of emv decays, once the different kinematic conditions are taken into account.
For the instant decay of a K® or a K° to a final state env, we can define four amplitudes,

oA, = (e V| A wlK®), o= (e n VA K, (26a)

oA_ = (e n V| AHu|K"), A= (e"n v|H K", (26b)

each one being a function of the kinematical configuration (including spin) of the final state. Of
these amplitudes, .7, and ./_ respect the AS = AQ rule, .«/_ and .7, violate it. Each amplitude
can be further decomposed in two terms, of which one is ¥27 invariant and the other is 427
non-invariant [70,71].

A, =a+b, A_=a" —b", (27a)

A_=c+d, o, =c"—d*. (27b)

The €27 -invariant and -violating terms are given by a and b, respectively, if the AS = AQ rule
holds, and by ¢ and d if it is violated. As for 7, the imaginary parts of all amplitudes are I~
violating. It is further convenient to introduce the quantities

Ay (M_)* A — ol
X=—" X= = s V== (28)
o o oA* 4 o
where x and x parametrize the violation of the AS = AQ rule in decays to positive and negative
leptons, respectively, and y = —b/a parametrizes €7 violation when the AS = AQ rule holds.
Re(a) is I, €27 and €2 invariant and dominates all other terms, hence x, X and y are all <1.
The parameters x, = (x + x)/2 and x_ = (x — X)/2 describe the violation of the AS = AQ rule in
€PTJ -conserving and €27 -violating amplitudes, respectively.
Finally, neutral-kaon decays to env are described by four independent decay rates, depending on
the strangeness of the kaon (K° or K°) at the production time, =0, and on the charge of the decay
lepton (et or e7):

Ri(x) =RIKY, — (e'n M)—l, Ro(1) = RIRY, — (e n" )] , (29a)

R(1)=RIK ) — (¢ n M)y Ri(r) = RIRY, — (€77 v)ied] - (29b)

The dependence of the rates on the decay eigentime 7 and on various parameters is obtained by
making use of Egs. (26) and (27) and integrating over the phase space @ of the final states:

R = [ I+ 257- 1t +(1 = 20)f (). 4@ (30a)
R= [ /40 =20/ @17 + (1 + 200 ()o@, (30b)
R = [ /40 + 20/ @+ (1= 20)- (7@, (300)

Ri(v)= /Q [f+(0) = 28— (O1F 4 + (1 +28) (1) /[ dQ2 . (30d)
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If the decay amplitudes in Egs. (26) and (27) do depend on the phase-space configuration of the
final state, it is convenient to redefine the parameters x, X and y through the following equations:

97+:/|&/+|2d§2, F_ /w ?de, f:/]&?*+d+\2d9,
Q Q

* * g
x:fQ&i+sz{+dQ’ . ,szi of dQ’ Re(y)——ljJr T _ . G1)
EZn T _ 2F +F_

If the decay amplitudes of Eqs. (26) and (27) are constant over the phase space, these definitions
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 K¢ form-factor studies [15]).

Keeping only first-order terms in all parameters, the four independent decay rates can now be

written as
pu

R.(1)= %([1 + 2Re(x) + 4Re(8) — 2Re(y)]e 757 +[1 — 2Re(x) — 4 Re(8) — 2 Re(y)le *

+ {2[1 — 2Re(y)] cos(Amt) — [8Im(J) + 4 Im(x)] sin(Amt)}e~VDIsHLTy — (327)

g

R_(7)= %([1 + 2Re(X) — 4Re(d) + 2 Re(p)]e '5" + [1 — 2Re(x) + 4 Re(d) + 2 Re(p)le "

+ {2[1 + 2 Re(y)] cos(Amt) + [8 Im(d) + 4 Im(F)] sin(Amt)}e~VDUIsHLTY (30

g

R_(7)= %([1 + 2Re(X) — 4Re(e) + 2Re(y)]e 15" 4+ [1 — 2Re(¥) — 4Re(e) + 2Re(y)]e t*

—{2[1 — 4Re(e) 4 2 Re(y)] cos(Amt) + 4 Im(x) sin(Amrt)}e~(VDUIsHLT) | (32¢)

— F
R .(7)= Z([l + 2Re(x) + 4Re(e) — 2Re(y)]e s" 4+ [1 — 2Re(x) + 4Re(e) — 2Re(y)]e *
—{2[1 4+ 4Re(e) — 2Re(y)] cos(Amt) — 4Im(x) sin(Amr)}e VDUt LTy (324)
Using the above rates, the asymmetries corresponding to Eqs. (9) and (10) are then written as
Ri(t) —R (1)

1= R R ()
— 4Re(6) — 2Re(y) + Re(x_)) + 2 Re(x_ ) (e~ (DA _ cos(Amt)) + Im(x ) sin(Amt)
N 4 = cosh(3AI't) — cos(Amr)
—4Re(e) — 2(Re(x_) + Re(y)) for t>15 , (33)
R -R.()
A = o+ Ro)
— )
_ 2(2 Re(0) j_ Re(x_))sinh(5AI'7) +2Re(y) 12 (2 Im(é)1 + Im(x;)) sin(Amr)
cosh(3AI't) + cos(Amt) cosh(3AI't) + cos(Amt)

— 4Re(0) + 2(Re(x—) + Re(y)) for t>1s . (34)
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2.2.2. Decays to nn

In the neutral-kaon decays to nm, the two pions have a relative angular momentum / =0 and a
%2 eigenvalue (—1) = +1. These final states can be decomposed into a superposition of isospin
eigenstates: here the isospin / 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 .«7;, .7;,

A= <n7‘c,1|]fwk|K0>, J;/I = <7t7t,]|]fwk|l_{0) ,
o= (A +Br)e”, o =(A4; - B}, (35)

where / =0,2. The amplitudes 4; and B; are €27 symmetric and antisymmetric, respectively. The
factor e'% represents the nn final-state interaction: (nw,[;out|nn,I;in) = ¢, i.e. §; is the phase of
the nm S-wave scattering amplitude computed for the energy my and the isospin /. Using amplitudes
(35) the rates of decays to nm can be calculated along the same lines as the rates of decays to emv.

Alternatively we can express the rates in terms of Kg and K; decay amplitudes to the final
state f = nr (this approach is common when f is a 2 eigenstate—the relation between the two
parametrizations is given in Section 8.3):

oA ps = ([l HwIKs) , A= (f|Aw|Ke) . (36)
Then for the decay rates, at a time ¢ = 7, of an initially pure K° or KO state,
Ry(t) =RIKLy — fi=), Ry(t) =RIR)— fi=] . (37)

we obtain from Eqgs. (2.13)

R
) _UF2RE 1y 4 eyl e + 11 7 2Re(@)]|of T

Ri(t) 2
£ e WIUISHIN] 4 2§ Im(8)].f o 5" + [1 F 21 Im(0)].o 5. e 2")}
(38)
In this context it is convenient to introduce the ¥Z-violating parameters #,,
- of H wic| K
lom = Plaaleb = 25| A Ky (39)

A ss |y (mnl A wlKs)

T

which are experimentally known to have a magnitude |1j,,| <1. The parameter 7,, becomes #,_ or
Noo when the nr state refers specifically to ntn~ and n°7°, respectively. With these definitions and
f =mn"n", the rates become (again assuming the ¥#-violating parameters to be small)
Rain(T)  [1F2Re(e — 4)]
Rn*n*(f) 2

ntn~
[g

X[ 4 [y P £ 20y oISV cos(Amr — ¢y )], (40)

where I’ §+"7 is the Kg — n"n~ partial decay width. Analogous expressions hold for the decay rates
to 7. For decays to ¥ eigenstates, a difference between K° and K° decay rates is an indication
of €2 violation. To study ¥ Z-violation effects, it is then convenient to form the following rate
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asymmetry:
R(1)—Rs(t
AéP(T): _f( ) f( )
Ry(t) + Ry(7)
(1/2)(I's—TI'L)t _
) Re(c — 5y — 211 cos(Zme — ¢r) (a1)

T e
where f=n"n" (and ny =n._) or f=n"7" (and 5y =noo).

2.2.3. Decays to nnn

The description of the decay is more complex for the mznm final states as a consequence of
the variety of possible kinematic and isospin configurations. The nnn final states can be decomposed
into a superposition of states with definite total isospin /, and the amplitudes of a neutral-kaon
decaying to mmm 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 n* 7~ 7" state, and the values 1 and 3
for a n°7%7° state since the even isospin configurations of n°7°7° do not satisfy Bose statistics. The
angular momentum dependence is defined in the n"n~ 7" state by the relative angular momentum
[ between the two charged pions. This is also the relative angular momentum between the 7' rn~
subsystem and the 7° owing to the zero spin of the neutral kaon. In the n°n°z° state, / =0 is the
relative angular momentum between any two of the three 7°. The angular momentum also fixes the
%2 eigenvalue which is equal to (—1)’.

The dependence of the amplitudes on the pion momenta is expressed as a function of the pion
kinetic energies E*(7) in the kaon centre-of-mass, through the Dalitz variables X and Y with X =
Qmg /m2)E*(nt) — E*(n7)) and Y ~ 2mg/m2)(mg/3 — E*(n°)) in n*n~n° decays, and through
equivalent quantities in n°7°7° decays (each of the kinetic energies entering X and Y refers to a
different 7°). The probability to find a given momentum configuration for the n*n~ 7 state is given
by the Dalitz distribution function (Dalitz plot).

The instant decay to three pions, in a state of isospin / and angular momentum /, is described in
general by the following amplitudes:

,;zf;’} = (nnm, 1, l\%’wk\KO), 42-7?7; = (nnm, 1, l]%wkll_(0> ,

A =ae” , o= (-1)""Va} e, (42)
where a;; describes the part of the decay amplitude coming from the weak interaction (here assumed
to be 427 invariant) and J; is the phase of the scattering amplitude describing the interaction of
the final-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 K; and Kg amplitudes are given by

1 * i0
oA = \ﬁ[(l +eL)ar — (=D —e)af le
I 1 I+1 * 107
oAg = —7=[(1+es)arr + (=1)" (1 —es)aj Je'” . (43)

V2

These amplitudes, properly summed over the possible values of / and /, give the Kg and K decay
amplitudes .2/3%(X,Y) and </;"(X,Y), as shown in Eq. (60). They are different depending on whether
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0 0

the decay is to 7t~ n° or to n°7°7°. The rates corresponding to decays at the point (X,Y) of the
phase space at time t are then expressed as

R3n(X, Y, 1)

_ oc [1 F2Re(e + 0)]e 7 |o/3™(X, Y)|> £ e UsHL)2
Rin(X, Y, 7) L |

x {Re[ /¥ (X, V) A3 (X, ¥ Y Jeos(Amr) — Im[ /T (X, ¥ )/ (X, Y ) Isin(Am)} .
(44)

(These are the rates of Eq. (38) when, as shown later, |.2/3"(X,Y)|* <|</3™(X,Y)|?.) Furthermore
we may consider the ¥ symmetry of the final state:

SFXY) = AT + AT
ATXY) = AT + T Y (45)

Since weak transitions with A/=1/2 are known [71] to be dominant, only the decays to n*n— 7 (/=
0,1) and to n°n°z° (/ = 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 /=0 and / =1 need to
be considered. Hence, the amplitudes of n°n’n® decays, .73°(X,Y) and /(X Y), contain only
€% =—1 (Il =0) terms and are symmetric in X. Since Kg and K; are mainly ¥2 even and odd,
respectively, these amplitudes are in turn ¥4 non-invariant and ¥4 invariant.

As for the decay to ntn~n°, the K; decay amplitude to a / =1 state is suppressed both by ¥
violation and centrifugal barrier, thus .o/, X, Y) ~ %i”(cpz_l)()(, Y), again symmetric in X. The
Kgs decay amplitude instead contains both (/=0) and (/ =1) terms—the first is suppressed by €2
violation and the second, allowed by ¥Z, is suppressed by centrifugal barrier—with the property
that /3 %=X, Y) = —o/3""=TOX,Y) + 27X 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 mnm:

R37I(X > 071—)
_ oc [1 F2Re(e + 8)]e t*
R37I(X > OaT)

+ 2[Re(#urx + A) cOS(AmMT) — IM(#zpn + A) sin(Amr)]e”IsH172

R37I(X < O,T)
_ oc [1 F2Re(e + 8)]e t*
R3(X <0,7)

+ 2[Re(Hnnn — 4) COS(AMT) — IM(Hrr — A) sin(Amr)le”[sHLT2

Here, using a similar approach to that for 7z decays, we have introduced the ¥#-violating parameter
Nann and the €2-conserving parameter A defined as

o e TSR ) dX dY

> 46
Sy =D )P dX dY (46)
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Fig. 1. Neutral-kaon decay rates for the main decay modes, versus the decay time 7 (in units of the Ks mean lifetime
7s). The rates are averaged over an equal number of initial K® and K°; their sum is normalized to unity.

Jo TP ) dx dY “n
T e T Ay ar

where Q is the phase space of the final states. There is no A contribution in the n°7°z° decay rates
since 4 = 0 for these decays. This is in contrast to 7t 7~ n° decays where the A term cancels in the
rates only if they are integrated over the whole phase space (X < 0). The ¥2-violation effects are
conveniently extracted, forming the following decay rate asymmetry:

Ry () = Ry(1)
Ry(7) + Ry(7)
where f=ntn"n’ (and n, =n,—o) or f =n"7"%" (and 1, = nopo). Note that the expressions of

the rate asymmetries in the case of decay to nmw and to nnm are equal except for an opposite sign
in front of 6 and ¢ .

Alo(r) = =2Re(e + &) — 2| |le " VPISTIT cos(Amt + ) (48)

2.2.4. Summary of neutral-kaon decay rates

The decay rates averaged over an equal number of initial K® and K 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 emv and Table 4 for decays to =mm).
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



A. Angelopoulos et al. | Physics Reports 374 (2003) 165-270 181

Table 2
The properties of the A-matrix elements under the assumption of 427, J and %2 invariance and the parameters
which describe the breaking of these symmetries. (As mentioned in Table 1 |Agogo| = |Agogo| becomes equivalent to

Agogo = Agogo under a certain phase convention)

Symmetry A-matrix properties Parameters

CPT Agogo = Agogo 0

T | Agogo| = |Agoxol g

€» AKoKo = AKOKO &L =& — 14
and es=¢+0
| Agogo| = |Agoxol

Table 3

The properties of the env decay amplitudes under the assumption of 427, J and ¥2 invariance: the sign + (—)
stands for different from (equal to) zero. 7 invariance implies that the amplitudes are real, thus x, x, and y are real; €2
invariance requires that x =x" and y are imaginary; ¥2.7 invariance results in y =0 and x =X

Symmetry Re(a),Re(c) Im(a), Im(c) Re(b),Re(d) Im(b),Im(d)
CPT + - - +

T + - + -

€2 + + - -

Table 4

The properties of the 7w decay amplitudes under the assumption of €27, J and ¥% invariance: the sign + (—) stands
for different from (equal to) zero

Symmetry Re(4;) Im(4,) Re(B;) Im(B;)
CPT + - - +
T + - + -
€ + + - -

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 47", A5 for Acpr, and
A;Xp for Aép. Some of the rate asymmetries are sensitive to Am, one of the time-evolution parameters,
which was also measured (using env and n* 7~ decays). The other parameter AI' 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 K% form factor or the parameters describing the Dalitz plot in
the neutral-kaon decay to three pions. For these, somewhat different analyses were required [9,15].
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2.3. Regeneration effects

Regeneration of neutral kaons [79,80] plays an important role in most experiments that measure
%2 violation in the neutral-kaon system, either because regeneration is employed to produce a Kg
beam or because Kg regenerated in detector material can fake ¥ Z-violating K; decays.

The regenerating power of a medium is given by the difference, Af = £(0) — £(0), between the
nuclear forward scattering amplitudes of K® and K°, which is also called the regeneration amplitude
[81]. In the neutral-kaon time evolution, regeneration appears as an effective ¥2.7 violation as the

following equation holds:

27N [ f(0) 0
A—m< 0 J;(O)”w(r)-

When the asymmetry, for instance the asymmetry of the decay rates to n*n~, is measured in a
regenerating medium, additional terms of the form

|o| cos(AmT — ¢, + arg(e))

appear, where ¢ depends on the properties of the medium and is proportional to A f [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 Kg amplitudes, or as an amplification of
the asymmetry caused by the unequal interaction of K° and K° 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]).

iy =

2.4. Strong interactions as time and strangeness markers

The conservation of strangeness in strong interactions dictates that the strangeness of the final
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 K® and K° by elastic charge-exchange in
carbon (thus K° and K° decay rates to "7~ could be compared). Similarly, in Ref. [83] K° were
obtained by inelastic charge-exchange of positive kaons in hydrogen. CPLEAR instead produced con-
currently K° and K starting from pp annihilations, by selecting two convenient channels as shown
in Section 3.1. In these annihilation channels a K° is accompanied by a K—, and a K° 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 ¢ = 7, 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:

K'+p—K"'+n K'+n—K'+p, K4n—n"+A—np).

CPLEAR made use of this option with the set-up modified 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 K° and
K® produced in pp collisions, which have a flavour of strangeness different for particles (K°)
and antiparticles (K°). The strangeness, properly monitored, is an ideal tool to label (tag) K°
and K°, whose subsequent evolution in time under weak interaction can thus be analysed and
compared.

Initially-pure K and K° states were produced concurrently by antiproton annihilation at rest in a
hydrogen target via the golden channels:

) K 'K’
pp— (49)
K"n™K

each having a branching ratio of ~ 2x 1073, The conservation of strangeness in the strong interaction
dictates that a K° is accompanied by a K—, and a K® 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 K° (K°) was obtained
from measurement of the KT pair kinematics. If the neutral kaon subsequently decayed to env,
its strangeness could also be tagged at the decay time by the charge of the decay electron: in the
limit that only transitions with AS = AQ 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 7. These numbers, N(t) and N 7(7) for a non-leptonic final state f, or N+(7) and
N +(7) for an env final 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 effects to be taken into account. These experimental complications were han-
dled essentially with the same procedure in the different asymmetries. Thus, here we exemplify the
procedure referring to env 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*nT track-pair and the corresponding momenta py- and
D, and, at the decay (secondary) vertex, an eTn™ track-pair and the corresponding momenta
Der and pr+. The detection (tagging) efficiencies of the K*n¥ track-pairs depend on the pair
charge configuration and momenta, and are denoted by €(px=+, p.+). A similar dependence
exists for the detection efficiencies of the eFn® track-pairs, €(Per, Pr=). Since the detection
efficiencies of primary and secondary track-pairs were mostly uncorrelated, the acceptance of a
signal (emv) event was factorized as gs X €( P+, Pr=) X €( Pex, Prt ). The factor gg represents
the portion of the acceptance which does not depend on the charge configuration of cither
primary or secondary particles. The acceptances of the events corresponding to different charge
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configurations were then equalized (or normalized) by introducing two functions:

6( 1_5 K+» 1_5 n )

6( 1_5 K=» ]_j nt )

_ €(Pe-, Pr+)

6( ﬁe* > 1_5 n- )
These functions, referred to as primary-vertex normalization factor and secondary-vertex
normalization factor, respectively, are weights applied event by event, ¢ to K events and
n to the events with a neutral kaon decaying to e*7n ™.

(b) The background events mainly consist of neutral-kaon decays to final states other than the
signal. Their number depends on the decay time 7. To a high degree of accuracy the amount
of background is the same for initial K and K° 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 modified by adding to the
signal rates R and R the corresponding background rates B and B:

B(r) = ZRBi X ogifos, B(t)= ZRBi X 08i/0s » (50)

(P> Pr) =

b

N(Pe> Pr)

where Rp;, Rp; are the rates of the background source i for initial K° and KO, respectively,
os is defined above and gp; is the corresponding term for the acceptance of events from the
background source i. The quantities gp; and gs were obtained by Monte Carlo simulation.
Experimental asymmetries were formed from event rates including signal and background: R* =
R+ B and R* =R+ B. These asymmetries were then fitted to the asymmetries of the measured
rates (see below), which included residual background.

(c) The regeneration probabilities of K® and K® propagating through the detector material are not
the same, thus making the measured ratio of initial K° to K° decay events at time t different
from that expected in vacuum. A correction was performed by giving each K° (K°) event a
weight w, (W,) equal to the ratio of the decay probabilities for an initial K° (K°) propagating
in vacuum and through the detector.

Finally, when env decays were considered, each initial-K® event was given a total weight w, = & x
n X w, or w_ =& x w, if the final state was etn~v or e” 7"V, respectively. The summed weights
in a decay-time bin are N, (t) and N, _(t). In the same way, each initial-K® event was given a
total weight w, =1 X w, or w_ = w, if the final state was e"n~v or e n"v. The corresponding
summed weights are N, (t) and N,,_(7). Instead, in the case of decays to two or three pions, each
initial-K® event was given a total weight w=¢ x w,, and each initial-K® event a total weight w =1,..
The corresponding summed weights are N,,(t) and N,,(7). In the following the summed weights are
referred to as the measured decay rates.

Two points are worth mentioning with regard to this method. Effects 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 affect 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, pp (not shown)
— K~ n"K® with the neutral kaon decaying to 7" ~. View (b) is magnified 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 PCO.

3.2. The detector

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

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

e To distinguish between the various neutral-kaon decay channels.

e To measure the decay proper time between 0 and ~ 20 Kg mean lives. At the highest K° mo-
mentum measured in our experiment (750 MeV/c), the Kg mean decay length is 4 cm. This sets
the size of the cylindrical K° decay volume to a radius of ~ 60 cm.

e 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 effects in the decay volume by minimizing the amount of matter in the detector. The
regeneration effects modify the time evolution of initial K® and K° differently. The regeneration
amplitude had not been measured in our K momentum range and at first 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-4n 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 field.

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 p 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 pp 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 ~I1 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 (=~ 5x 10%)
of p, the AA released a part of its stack to the PS, where the p’s were decelerated to 609 MeV/c,
injected into LEAR, and stochastically cooled down to a momentum spread of ¢,/p = 1073 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 5x 10™*. After the cooling had been finished, 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 refilling 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 p 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 ~ 102 equivalent
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radiation length (Xj). After track fit the resolution was better than 350 pm in » and r¢, and 2 mm
in z. A moderate momentum resolution (A p/p between 5% and 10%) was sufficient to perform the
experiment. These detectors enabled the annihilation vertex to be located, as well as the decay vertex
for K decays to charged particles. To calculate the decay proper time 7, 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 t=mygo X dt/pr, dT being the distance between the two vertices, pr the momentum
of the K°, both projected onto this plane, and myo the neutral-kaon mass. Such a precision could
only be obtained when the decay final state included charged particles.

The tracking detectors were followed by the particle-identification detector (PID), which carried
out the charged-kaon identification. The PID comprised a threshold Cherenkov detector, which was
mainly effective for K/ separation above 350 MeV/c momentum, and scintillators which measured
the energy loss (dE/dx) and the time of flight 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 Xy. 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 n° 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 K® — 27° or 37° decay vertices. The calorimeter
provided e/m 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 efficiently. 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 identification and shower counting in the calorimeter) with sufficient precision
to allow event selection.

3.3. The trigger

The trigger system aimed at the selection of K® and K° in identifying a primary K*nTF pair and
at the observation of the K°(K?) decay inside the fiducial volume of the detector. Nearly half of the
produced neutral kaons (96% of the K; 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 identification (using energy-loss, time-of-flight
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 different
processor steps given in Fig. 5 depend on the particular detailed logic conditions set at each level.

We shall just mention that the first 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, defined by the coincidence of the two scintillator layers and no Cherenkov response,
S1CS2. This first identification of charged kaons was further improved by requesting a minimum
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Fig. 5. Logic and data flow diagram of the trigger system. Typically 0.8 x 10° pp 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 ( pr cut) in order to eliminate false kaon candidates due to slow pions. For
data taken from 1995 onwards a cylindrical proportional chamber PCO 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 Kg decays
as well as background multikaon and multipion annihilations, and hence, allowed the rate of useful
events being recorded to be increased significantly. For candidate ‘neutral’ events, i.e. events with
only two primary (Kr) tracks, the requirement for a minimum number of showers eliminated all Ky
events decaying outside the fiducial volume of the detector, or interacting strongly with ECAL.

The overall rejection factor of the trigger was about 10°, allowing a read-out rate of ~ 450 events
per second at an average beam rate of 800 kHz. The global acceptance for K° or K produced
in reaction (49) and decaying inside the fiducial 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 pus (when showers were calculated). The read-out strobe was delivered to the front-end
electronics 34 ps 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 identification. 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 final 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 K7 pairs found by the trigger had to be confirmed by the primary K=z pairs found by the
offline 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 offline 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 p 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 specific 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 env decays.
The quality of this response was verified with electrons and pions obtained with the current trigger
throughout the data-taking: electrons were assembled (at the analysis level) in the so-called Ty sample
by selecting e*e~ pairs produced by y-conversion, with the y in turn resulting from a 7n° decay.
The pions were part of the 77n~ decay sample. A detailed investigation of the various contributions
to the secondary-vertex normalization factor # was performed using electrons of the Ty sample and
pions either of the 7*n~ decay sample or of a four-pion sample. This four-pion sample was selected
off-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 x 10" (20 pg!) and data contained in 12 Tbytes of recorded information. All
the subdetectors—beam monitors, tracking devices, particle-identification detector, electromagnetic
calorimeter—achieved their expected performance, which is summarized below.
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e Interaction rate of 1 MHz.

e Magnetic field of 0.44 T, stable to a few parts in 104,

e Tracking chambers (proportional and drift chambers, streamer tubes) with a spatial resolution of
o ~ 300 pm in the transverse plane and ¢ ~ 5 mm for z, and a momentum resolution of ¢,/p ~
5-10%, see also Fig. 6a.

e Particle identification with pion/kaon separation > 4g above 350 MeV/c, see Figs. 7 and 8, and
electron/pion separation.

e Photon detection in ECAL with spatial resolution a(x) ~ 5 mm, energy resolution o(E) =
15%/+/E(GeV), and efficiency shown in Fig. 9.

e Multilevel trigger system allowing an event to be reconstructed in == 6 us.

e 77 invariant mass (c(mgo) ~ 13 MeV/c?) and Kn missing-mass distributions shown in Fig. 6b;
decay-time resolution: for charged decays a(7) ~ (5-10)x10~'2 s, see Fig. 10, for n’°z° FWHM
~ 70 x 10712 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 x 10% decays of strangeness-tagged neutral kaons entering
our final data sample, of which 7 x 107 decays are to n*n~ with a decay time greater than
115 [7], 1.3 x 10 to emv [11-14], 2.0 x 10° to 7°z° [8], 5.0 x 10° to n*n~x® [9], and 1.7 x 10*
to 7770 [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 pp annihilation channels, relative branching ratios [17-19] and Bose—Einstein cor-
relations in multipion final states [20-22]. The set-up was slightly modified to measure neutral-
kaon forward scattering cross-sections in carbon and evaluate the regeneration effects [23,24] and
also to perform an Einstein—Podolski—Rosen-type experiment [25]. Some of the measurements led
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to publications with a phenomenological flavour [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 different
times, and contributed to the success of the experiment.
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3.5. Event selection and analysis

The selection of events corresponding to pp annihilations in the golden channels (49), followed
by the decay of the neutral kaon to one of the final states previously mentioned, was performed by
a set of topological cuts and by kinematic and geometric constrained fits. The kinematic boundaries



194 A. Angelopoulos et al. | Physics Reports 374 (2003) 165-270

T T T T T T T T T 4
: 3 T T T T T T T T 3
101 :_ t data —: [ ]
+ Monte Carlo E 1 —— data |
Lt k 10 E Monte Carlo 3
107 3 :
1073 3 3 102 1 3
10% | . i E ]
E o 3
E :_‘ .;‘n E 10-3 | -
C F+ 3—3;’ + N E E
10 5 E # T 11 E E
3 i ; E :
100 L * IH{M 4 wtE 3
h- - .
7 [ * ]
107 | * E
: i =
1 1 1 1 L 1 1 1 | 1 |
1 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700 800 900 1000 10 ) 6 ) ) 0 > 4 6 8 10

@ K® mass [MeV /c2] (b) T[1s]

Fig. 11. Data-simulation quality checks: (a) K’ reconstructed mass for selected ntn~ decays, and (b) K° reconstructed
lifetime: the data points are the pseudo-lifetimes obtained for the events of the four-pion sample (pp — n"n 7w 7™, see
Section 3.3) fitted as golden events accompanied by a K® decay to nn.

of Eq. (49) and the improvement in momentum measurement brought in by constrained fits to 7"z~
decay events are shown in Fig. 12.

The fits reduced the number of background events associated with pp 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 efficiencies
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 7"z~ invariant
mass in the neutral-kaon decays to 77~ 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 finally 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.

e K to K rate normalization (primary vertex). For the same production flux, at (1 =0) we would
detect different numbers of K® and K°: owing to different strong interactions the ratio ¢ of K° to
K° tagging (detection) efficiency is different from one. As ¢ is independent of the decay mode—
which was verified with high-statistics simulated data—we selected ntn~ events with a decay
time between 1 and 4 75: here high statistics is available with a very small background, and
the ¥2-violating contribution to the rates is known with sufficient accuracy. From the ratio of
observed K° to K events, we could then determine af = [1 + 4Re(e)]é. When ¢ alone was
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Fig. 12. Momentum distribution for real data after (a) track fit and (b) kinematic and geometric constrained fit: primary
pions (top), charged kaons (centre), neutral kaons (bottom).

needed, we used the value of the charge asymmetry 6, measured with neutral-kaon decays to
/mv: 6, =2 Re(er) — 2[Re(x_ ) +Re(y)] =(3.27£0.12) x 1073 [78]—in the limit that these decays
are 427 invariant, the simple relation 2 Re(eL ) = d, holds.

The quantity «é was given through look-up tables as a function of charged-kaon transverse
and longitudinal momentum, pion momentum, and magnetic-field polarity, and the phase-space
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differences between primary Kr pairs of different decay channels were taken into account. Aver-
aging over the phase space of the env channel, we obtained typically («&) = 1.12756 £+ 0.00034.
Whenever possible, the measured asymmetries were defined such as to incorporate of, see be-
low, Egs. (51a), (51d) and (51e). No assumption on (direct) 2.7 violation in n*n~ decays is
needed, since a possible ¥2.7 violation is contained in the experimental value of 7, _, 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 .7 -violation analysis, see Eq. (51c), where only ¢ enters: there, in
order to account for o, the value of 0, was used, at the cost of introducing additional direct
€27 -violating terms in the asymmetry.

e Final-state relative efficiency (secondary vertex): #n is given as a function of pion momentum,
from n~ and =" tracks of minimum-bias data, and electron momentum, from electrons of e*e™
conversion pairs selected from decays of K’(K%) — 27°, with n° — 2y. On average we found
(n) =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 fits

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

NW(I) — alN,(7)

exp _

S NG ETR R 1)
exn(py = V(@) = Nol®)

SR FCE O 1)
exp _ ]\_[»v+(f) — NW*(T)

S A e Gl

AeXp(‘C) _ NW+(T) - ‘XNW—(T) NW—(T) - O‘Ner(T) (Sld)
’ Ny (1) + aNy— (1) Ny (1) + 0N,y (1)
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[Nw—(f) + OCNw#»(T)] + [Z\_]W+(T) + an—(T)] '

The form of each of these asymmetries optimizes a specific measurement: ¥ violation with
ntn~ decays for Eq. (51a), and with other pionic final states f for Eq. (51b); 7 violation for Eq.
(51c); €27 invariance for Eq. (51d); and Am for Eq. (51e).

The reason for the factor « =1+ 4 Re(er) in some of the asymmetries goes back to the previous
discussion on the primary-vertex normalization factor £, and to the fact that the quantities a¢ could
be measured using Eq. (51a) with a high-statistics, low-background sample of n*zn~ decays [7].
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Other asymmetries contain simply ¢ (in the summed weight of K° events): either because it is
imposed by the physics content of the asymmetry (Ar) or because of the analysis method that was
chosen (4/).?

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 7"~ decays:

R*(1) — aR*(1)
R*(1) + aR*(1)

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
fitted to the measured asymmetries in the decay-time interval between 1 and 20 7s. In all cases the
parameters I's=%/ts and I'y =h/t; were given world-average values with 1g=(89.34+£0.08)x 1072 s,
and 1 = (5.17 +0.04) x 10~% s [78]. The parameter Am, when not considered a free parameter of
the fit, was given the world-average value Am=(530.1+1.4)x 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, fits were performed for each data-taking period separately,
and the results are also shown.

A (1) = (52)

3.7. Systematic errors

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

o 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 n"n~, where the data
itself allows a determination of the background.

o 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 different
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 fit
with the value of the normalization factor varied statistically around its central value. The stan-
dard deviations of the parameter values returned by the fits are assumed as the systematic error

2Eq. (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 4, depending on whether the weights ¢ were determined using only the information

contained in the data sample itself (7°7° and 7°7°z° decays), or using as well the 7"z~ information (7" 7~ n° decays).

P

In all these procedures, the weights ¢ eventually translate into an offset of the phenomenological asymmetry, which
becomes a free parameter of the fit.
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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 env decays).

o 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.

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

e 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 fits, 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
fitted 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 fitted parameters were then determined.

4. The pionic decay channels (¢2)

When a neutral kaon decays to pions exclusively, this final state is a ¥ eigenstate. The final
states 77~ and 7°7° have a 42 eigenvalue equal to +1, n°7°7° a €2 eigenvalue equal to —1,
and that of 7tz 7% is +1 or —1 depending on the kinematical configuration. Any difference in the

rates of K® and K° decaying to one of these eigenstates is a sign of ¥ violation.

4.1. ntn~—Measurement of |n,—

, ¢, and Am (method a) [7]

The measured decay rate (acceptance corrected) for K® and K° 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 K® and K°, after acceptance correction and background
subtraction, and clearly show the expected ¥Z-violation effect. The ¥% parameters are best measured
by isolating the interference term in the decay rates through the asymmetry 45" of Eq. (51a) fitted
by the asymmetry 47 _, see Eq. (52). The asymmetry A% is constructed with the rates of Eq. (40)
and the background rates:

14— V2T cos(Ame — )
[P+ B> T

4 ()=-2 (53)
where the term B(t)es=I)7 results from the background contribution to the decay rates of either
K° or K. The decay-time dependence of the background, B(t), is parametrized, and its absolute
level fixed to the mean value obtained as the average of three different 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 n"n~: (a) The measured decay rate (acceptance corrected) as a function of the decay time 7, when K°
and K® decays are not separated. The continuous curve is a fit to the real data (e). The open circles show the calculated
background level. (b) The measured decay rates displayed separately for K° (o) and K° (e) after acceptance correction
and background subtraction.

correlations between the magnitudes of these weights and the fitted ¥#-violation parameters, we
allow for a further, overall normalization factor k, with the asymmetry 4% _(7) of Eq. (53) set equal
to [N,(t) — kaV,y(1)]1/[N (1) + koN,,(7)]. Equivalently, the measured asymmetry A5 (t) satisfies the

equality
(k—=1)+(k+ 1)4%_(7)
(k+1)+ (k=DA% _(7)

AT (1) = (54)

The measured decay-rate asymmetry 45" (t) was then fitted by the right-hand side of Eq. (53). The
parameters left free in the fit were ¢ _ and |1,_|, which are contained in the phenomenological
expression of the asymmetry, 4% _(t), and k. Fits were also performed with Am as an additional
free parameter.

The value obtained for ¢, _ depends on the value of Am—varying as

A 1A 4 0.300(Am — (Am))

with ¢, _ in degrees and Am in units of 107 /s—but has negligible dependence on the value of
17s. The value of || depends on the value of 75 as

-] = |04 |7+ 0.091(zs — (z5)) x 1073,

where tg is in ps, and has negligible dependence on the value of Am. Neither |1, _| nor ¢, _ have
any significant dependence on the value of I'L used in the fit.
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Fig. 14. (a) The measured decay-rate asymmetry, 43" (t): the data points (e) include residual background. (b) The
decay-rate asymmetry 4, _(t): the data points (e) are background subtracted. In both cases the continuous curve is the
result of our fit.

Table 5
Correlation coefficients for the fitted values in the case of fixed Am

. | k
- 1 0.17 0.37
n+—| 1 0.65
k 1

Using for (Am) and (ts) the world averages [78], (Am) = (530.1 + 1.4) x 10" #i/s and (15) =
(89.34 £ 0.08) ps, the results of the fit are

Ins_| = (2264 +£0.023) x 107° ,
¢y =43.19°+0.53°,
k = 0.9997 + 0.0004 ,

where the errors are purely statistical and y?/ndf = 1.2. The result of the fit is shown as a solid
line in Fig. 14a. The dilution effect caused by the background becomes apparent when compared
to Fig. 14b where the background is subtracted. Table 5 shows the correlation coefficients between
¢+ —,|n+—| and k, given by the fit. An alternative way of presenting the data is given by the ‘reduced
asymmetry’, Apeq(t)=A5T (1) x e~ /DU~ a5 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 fit is sensitive, at the expense of the high decay-time region where statistics
are low and to which the fit has little or no sensitivity.

If the value of Am is left free in the fit, the result is Am = (524.0 & 4.4 £ 3.35y5) X 107 &i/s, in
agreement with the value (529.5 £ 2.0 £ 0.35y5t) X 107 #/s obtained from the complete sample of
CPLEAR semileptonic data [11]; the correlation coefficient between Am and ¢, is 0.92.
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Fig. 15. The ‘reduced asymmetry’ Arq(7) (see text). The continuous curve is calculated from the result of our fit.
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Fig. 16. The one-sigma error ellipses for ¢ _ versus |n;:_| for each data-taking period (P20 and from P24 to P29).
The final result (%) is also shown.

The results from the different data-taking periods are shown in Fig. 16, together with the one-
standard-deviation ellipses of ¢, _ versus |1, _|, 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 specific to these results are the following.

The level of background is fixed 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 fitted values of ¢, _ and |y4—| (for Am fixed) and of Am (for ¢, _ fixed)

Source b (°) [ne—| (107%) Am (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 33
Am 0.42 0.001

s 0.03 0.007

dependence of the background is determined from the errors on the parameters obtained from
the fit.

The level and decay-time dependence of the background at late decay times was varied by changing
the values of the fit-probability cuts at these decay times. These changes in background level and
shape led to small variations in the values of the fitted parameters. This is particularly true for Am
which has much greater sensitivity than ¢, _ or |5, _| to data beyond 10—12 t5. The values of other
cuts were also varied and found to give very small changes in the values of the fitted parameters.

The measured values of ¢, _, || and Am, stated earlier, were corrected for the finite 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 x 10~ and +0.7 x 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 fitted value of
¢+ by +0.65°, of |n,_| by +0.02 x 1073 and of Am by —1.3 x 107 fi/s. As for the systematic
errors induced by this procedure, we refer to Section 3.7.

The systematic errors of ¢,_ and |n._| are shown in Table 6 for Am and ts fixed to the
world-average values [79], and also for Am when ¢, _ and 75 are instead fixed to their world-average
values [78]. The systematic error due to regeneration effects is discussed in Section 4.2.

Our final results for n,_, with Am and 7g fixed at the world-average values from [78], are

74— | = (2264 + 0.0234y % 0.02645 & 0.007,5) x 1073
¢, =43.19° £ 0.532

stat

+0.28;

syst

+0423,, .

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. ntn~—Measurement of regeneration amplitudes [24], and sign of Am

In the CPLEAR experiment, the Kg amplitude that is regenerated in the detector interferes with
the inherent one from the produced K°(K®) states causing a small but not always negligible change
in the decay rates. Carbon nuclei account for about two-thirds of the regeneration effect, 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 A f* 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 Kg amplitudes (Section 2.3).

For this purpose the set-up was modified, 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 effect within
the constraints of the detector design the regenerator was positioned close to the inner wall of the
first 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 nT)
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 777~ 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 difference
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 K° and K° 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



204 A. Angelopoulos et al. | Physics Reports 374 (2003) 165-270

1r 1r
09F * 0.9f
08f 08
07f * * I 07f 1
06F ﬂ * 0.6F +
%&: 05} } m } % £ 05f Mﬁ !
< o4f + % < o4 ; *
03f +++ %% ‘% ' 03f ++++++ ++* ‘% «%
L d
B LR I e SR
O 123 45T T e e o o 1T 23 s s T s 9 1o
@ Neutral-kaon decay time [Tg] (b) Neutral-kaon decay time [Tg]

Fig. 18. Measured decay-rate asymmetries 45" : (o) with absorber and (o) 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 x 10% 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 A f as a function of neutral-kaon
momentum we divided the data of both sets into five 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 qualification 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 effective 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 finite range of momenta.

Because of smearing effects, it was not possible to extract the desired information by a fit to
an analytical function. Instead, we performed a numerical fit. For most neutral-kaon momenta, the
inherent Kg amplitude by far outweighs the regenerated one at the time of the decay. This means
that the spatial vertex distribution of "7~ decays in the regeneration set is well approximated by
the data of the reference set and the weights applied to simulate the regeneration effects are close to
one. At very low momenta, however, we find that almost all Kg 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 Kg
amplitude.
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Table 7

Systematic errors on A f due to the uncertainty in the normalization of K® and K° rates

Mom. range Re(Af) Im(Af)
MeV/c) (fm) (fm)
250-550 < 0.05 < 0.05
550-650 0.06 0.2
650750 0.06 0.6

An offset 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
&1 should be close to one. We measured this factor by comparing the observed ratios of K° and KO
decays before the absorber in both data sets and obtained &, = 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 K°(K°) production point. This uncertainty propagates to differences in the
regeneration amplitudes that do not exceed 0.05 fm in both the real and imaginary parts of the
amplitudes.

Any difference 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 verified that neither the presence of the absorber nor
the time difference of 1 year between the two runs affected 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 fluctuations.

We also carefully studied the effect of incoherent (diffractive) regeneration which is not taken
into account in our analysis. It can be shown that in K’-K° asymmetry experiments the influence of
incoherent regeneration is very small for measurements in the Kg-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 Am and ts. These effects were all found to be negligible in this
analysis.

Our results are summarized in Table 8 and Fig. 19. They represent the first 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 difference 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 A f 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

PKo CPLEAR Correl. Optical model [81]
(MeV/c) coeff.
(Re(A /) (Im(Af)) (Re(Af)) (Im(A )
(fm) (fm) (fm) (fn)
250-350 —38+13 —24+12 —0.76
350-450 —49+0.5 —-12+1.6 —0.76 —3.48 —3.88
450-550 —42+03 —49+20 0.60 —4.03 —3.38
550—-650 —51+0.6 —28+1.9 0.96 —5.26 —3.81
650-750 —57+18 —43+3.6 0.99 —6.38 —4.59
650-750 —55+£03 —4.1+£02

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 Af in this momentum bin by more than a factor of 6 (see Fig. 19¢ 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 A 1" allow us to reduce the systematic error on our measurement of the ¥#-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 Am, i.e. on the question of which of the two mass eigenstates, K; and Kg is the heavier.
In fact, without a priori knowledge of the sign of Am, 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(A f), sign x Re(Af).

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 confidence, that
Re(Af) < 0 over the energy range of interest. Therefore, the CPLEAR data clearly imply Am > 0,
i.e. that Ky is heavier than Kg. For literature concerning earlier determinations of the sign of Am,
see Refs. [98—100].

4.3. 1°n%—Measurement of |no| and ¢oo [8]

The decay K*(K®) — n°72° — 4y is selected by requiring exactly two charged tracks that have
been identified 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 Af complex plane for the five momentum intervals centred around 300 (a), 400 (b), 500 (c), 600 (d) and
700 MeV/c (e). The curves with y* = 42, +s° are shown for s = 1,2,3, marking confidence 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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ot

Fig. 20. Display of an event, pp (not shown) — K~ 7"K® with K® — 7°7° — 4y and its reconstruction. P is the decay
point.

The decay time 7 of the neutral kaon is determined from a constrained fit to the data using the
momenta obtained from the charged tracks, the K°(K?) 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 yy-pair combinations, on a detailed study of
the shape of the y? 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 K and K® 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 tg. The resolution function has been determined according to Ref.
[8] and gives a value of 0.77 ts (FWHM).

Sources of background are the kaonic annihilation channels pp — K*(K°)K*nF + n° and pp —
K*K~ +nn’ (n > 0), the pionic annihilation channel pp — n*n~ +nn° (n > 0) and the neutral-kaon
decay K; — n°7%°7°. 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-identification
detector. Table 9 summarizes the background channels contributing to the final data sample
in the decay-time interval 0-20 7s. 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 influence
from a varying & and a varying decay-time acceptance within each subsample become negligible. The
values of |1go| and ¢y were extracted from a global likelihood fit to the asymmetries constructed
from these different data samples as in Eq. (51b), with the summed weights N,, and N, calculated
using the regeneration weights alone. The phenomenological expression to be used in the fit is then
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Fig. 21. (a) The measured decay-time distribution for K°(K®) — 7n°7°, overlayed with the result of the simulation of this

decay (solid line) and the different background channels according to Table 9. The background is shown separately for
contributions from pp annihilations (dashed line) and K — 7°z°7® decays (dotted line). (b) The measured asymmetry
Ag’ (7). The solid line shows the result of the fit.

Table 9
Background contributions to the final data sample in the decay-time interval 0-20 s

Background channel Contribution (%)
Ky — n°n%z° 0.137 4 0.005
pp — KUAKOKEaT 4+ 7° 0.065 + 0.017
pp— i +an’ (n=0) 0.511 4 0.020

The quoted errors are statistical.

written as

al — 1 |100|€1/PTs=IL cos(Amt — ¢hoo)

A = —
OO(T) Oﬂé“‘l 1+ ‘;/,00|26(FS—FL)T

(53)

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 A" is shown in Fig. 21b. The oscillation of the #Z-violation interference
term is clearly visible, diluted by the decay-time resolution and by the K; — n°7°z° background at
late decay times.

The of values of the different momentum subsamples were free parameters in the fit, together
with |170o| and ¢go. The result of the fit is shown as a solid line in Fig. 21b. The correlation
coefficient between ¢ and |ngo| given by the fit is 0.03. The ¢ values have a weighted average of
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Table 10

Summary of the systematic errors on ¢oo and |1oo]

Source $oo (%) 00| (107%)
Decay-time resolution 0.6 0.16
K%/K® identification efficiencies 0.29 0.01
Photons from secondary interactions 14 0.13
Backgrounds

pp— ntn +nn’ (n>0) 1.1 0.07
pp — KOKOK*nT + 7° 0.16 0.05
Ky — 37° 0.26 0.06
Regeneration 0.2 0.07
Total 1.9 0.24
Am 0.34 0.003
s 0.036 0.001

(&) =1.178 £0.003, where the error is statistical, and Re(er) is set equal to twice the world-average
value of o, [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 ¢go and |rgo| 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 effect on
¢oo and ’1100\-

Systematic uncertainties introduced by a possible deviation of the relative tagging efficiencies &
from a constant and by a different 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 K%(K°) — n°z° 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 affected. According to simulations such events contribute to about 0.7% of the data and the
relative tagging efficiency for these events is 10% smaller than for correctly reconstructed events.
The uncertainty in determining the number of such events has been evaluated from a fit 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 identification
efficiency for K° and K° by 5%.

Uncertainties in the determination of the background channels were estimated from various fits 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 K° and K° signal
by 5%. For Ki — 7°7°7° and for pp — KO(K®)K*aT + 7°, the relative amount of background
in K° and K° is identical to the relative tagging efficiency ¢ for the signal events. However, for
the pionic background pp — ntn~ +nn’ (n > 0) it is 15% smaller.

Our final result from 2 x 10° reconstructed K%(K®) — 7%z events is

boo = 42.0° £ 5.6°

stat

+ 1.9

syst »

00| = [2:47 £ 0.3 145 & 0.24,4] x 107 .

The dependence of ¢go and |17go| on Am (in units of 107 A/s) and ts (in units of ps) is given by
boo = [42.0 + 0.24(Am — 530.7) + 0.40(zs — 89.22)]° ,
00| = [2.47 — 0.002(Am — 530.7) + 0.015(ts — 89.22)] x 1073

with correlation coefficients between ¢oo and Am and |1go| and Am 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 n’7°
and nn~ is performed in the experiments of Refs. [88-90] with the measurement of ¢, — o,
see Fig. 22¢, and Refs. [105-109] with the measurement of |go/n,—|, see Fig. 22d.

4.4. ntnn'"—Measurement of Re(n,_o) and Im(n,_o) [9]

The parameter 1, _, measures ¥ violation of Ks — n"n~7n’, and is defined by Eq. (47) referred
to that decay. This violation is expected to be as large as ¥ violation of K — 7 n~, with 1, _o ~
n+—. The n,_¢ contribution to the interference term in the decay rates of Eq. (44) is isolated by
forming the asymmetry of Eq. (48),

Ry —o(t) = Ry (1)

Ao = O T Ro)

=2Re(e + 0) — 2" IS~V [Re(1y, o) cos(Amt) — Im(14_o) sin(Am1)] . (56)

The expected ¥Z-violating asymmetry is plotted in Fig. 23a and shows that the maximum sensitivity
on the real and imaginary parts of the €% parameter is obtained at early decay time.

For n7n~n° 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 pp annihilations
to K"K~ n"n~ as well as ntn~ and semileptonic decays of neutral kaons. At the output of the
topological filter we requested that the invariant mass of the secondary particles 7t7~ 7 be smaller
than 600 MeV/c?, see Fig. 24a—the charged-pion momenta were given by the track-fit procedure
while the K® momentum was defined as the total missing momentum in the pp annihilation. The
remaining background was estimated from the difference between data and simulated z*7~n” events
properly normalized, see Fig. 24b. Since a background, not associated with semileptonic events, is
clearly seen below 4 15, we chose to normalize the simulated data to real data above 6 tg where the
background is only contributed by semileptonic events. We concluded that with our selections the
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Fig. 22. CPLEAR measurements of neutral-kaon decays to =nm compared to previous

experiments  for

Am = (530.0 £ 1.2) x 107 #/s and 15 = 89.35 & 0.08 ps [85]: (a) ¢+ and |;_| from Refs. [7,86-93]; (b) oo and
n~ are directly compared with decays to
7°7°, (¢) ¢ — Poo from Refs. [88-90] and (d) |roo/n+—| from Refs. [105-109].

[700| from Refs. [8,88,102—104]. In some of these experiments decays to 7

+
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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 A5° (7). The solid line is the fit result. The broken line shows the
asymmetry expected when assuming 7+—o = #+—. (b) The real and imaginary parts of n+_o: the central value (o) 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(#4—_o), obtained by fixing Re(n:+—¢) = Re(e), is also shown (A) with its statistical and
total errors.

data sample was dominantly composed of neutral-kaon decays to n* 7~ n° 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

Ni(t) = Ni(2)

expr_\ _
i (T)_Nk(f)+Nk(T)
a1\ | 4G - ()]
”<5N+1) Gl o) (37)

where the subscript & refers to the Dalitz-plot integration domain, £y is the primary-vertex mean
normalization factor, and {g(7) is the parametrization of the total-background distribution, defined
as the relative difference between the data and the simulated 7t 7~ 7° events, as a function of the
decay time. The quantities N;(7) and N(t) denote the event summed weights (see Section 3.1),
and A, the phenomenological expressions of the asymmetries. If the integration extends to all the X
values, A;(7) becomes 4, _o(7) and is given by Eq. (56). In the fitting procedure the ¥% parameters
of Aj, and the mean normalization factor &y were left to vary freely—however the dependence of
the normalization on the primary Kz pair kinematic was obtained in the standard way from 77~
decays in the range 1-4 t5. The quantity Re(es) contained in Ay, see Eqgs. (56) and (58), was taken
to be equal to Re(er) and fixed to d,/2. This approximation has no consequence on the result.

The experimental asymmetry Affo(r) obtained from the complete data set is shown in Fig. 25a
together with the result of the fit to the data. The fit, performed using Egs. (57) and (56), yiclded
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Table 11
Statistical correlation coefficients between 17— and &y in the fit to the complete data set
Re(n1-0) Im(#1—0) N
Re(n+-0) 1
Im(#4—0) +0.68 1
N —0.21 —0.51 1
100 ———————————————————— W7 T T
<Re(n.g>=-227 <Re()>=28+7
<Im(n4p)>=-2+9
, B <Im(@A)>=-10£8
X2 /ndf = 0.96 X2/ndf=1.32
50 — 50 -
@
o o
5 =
= =
~ ol m < o} B
T E
£
E
-50 - -50 T
Re(n,q)>=-27 | L Re(\)=28+7
Im(n,g)>=-229 | L Im(\)=-10+8
T S — .100"“‘1““1““1““
-100 -50 0 50 100 -50 0 50 100 150
@ Re (1,.) [10°%] (b) Re (A) [1073]

Fig. 26. The values of (a) Re(n4+—o) and Im(n+—o), and (b) Re(4) and Im(4) fitted 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 y?/ndf = 0.86, and the statistical correlation coefficients of Table 11. The results for the
various data-taking periods are reported in Fig. 26a.

The systematic errors which affect the determination of #,_ o are summarized in Table 12. They
mainly come from differences in the background content between the K® and K° data sets which are
not described by the background parametrization {g: the background component at early decay times
was isolated by adding together K° and K° data, to eliminate, to first order, any ¥Z-conserving or
€ #-violating effects coming from Kg decays. Our final result on n,_q is

+4 .
Re(n+—0) = | =2 £ Ttar 1 syst | X 10 5

+2 73
Im(’l+—0) = | —2 £ 9ytat 1 syst | X 10 .
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Table 12

Summary of the systematic errors on the real and imaginary parts of 174 _¢

Source Re(n4—0) (107%) Im(n4 o) (1073)
Pionic and kaonic background—amount and normalization ( tég) ( fg; )
A(1115) background +4.1 +1.9

€ ?-conserving Ks decay amplitude —0.1 —

Decay-time dependence of normalization® +0.2 +04
Decay-time resolution +0.2 +0.2
Regeneration <0.1 <0.1

Am, Fs, FL and Re(b‘s) —_— —_—

(1) (5)

*Error 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(#,_¢)) [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 |74_o| < 0.017 at the 90% CL.

4.5. ntnn’—Measurement of Re(A) and Im(1) [9]

In a different analysis, the two asymmetries obtained by separating the rates according to whether
the Dalitz variable X is negative or positive,
CR.y(X S 0,1)—Rio(X S0,7)

Ay o(X £ 0,7)= =
XS 0= T X < 0.0 1 Reo(X < 0,0)

=2Re(¢ + 0) — 2e s~ TL)2
x[Re(17;—o F 2) cos(Ama) — (11— F ) sin(Amr)] , (58)

are used to determine the ¥#-conserving parameter A, defined by Eq. (46). The upper and lower
signs correspond to rates integrated over positive and negative values of X. The expected €Z%-
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 A5+ (X > 0,7) and 47" (X < 0,7) are formed from the
corresponding samples. Their time dependences, given by Eq. (57), are fitted to the data in two
steps. Firstly, a simultaneous six-parameter fit of the functions A5 (X > 0,7) and 45" (X < 0,7)

to the relevant data set gives the following results:
Re(ni—0) =[— 2 £ Tsta] ¥ 107° >
Im(ny ) = [ — 2+ 9] X 1073,
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Table 13
Statistical correlation coefficients between 7;_o, 4 and & when the mean primary-vertex normalization ¢y is assumed to
be different for the regions of the Dalitz plot with X < 0

Re(n+-0) Im(77+—0) &° S Re(4) Im(2)
Re(n+-0) 1
Im(#4-0) +0.677 1
x>0 —0.149 —0.364 1
&= —0.147 —0.362 0 1
Re(2) +0.008 +0.003 —0.149 +0.147 1
Im(/) +0.003 +0.004 —0.364 +0.362 0.677 1

Re(A) =[ 427 & Tga] x 1073,
Im(2) =[ — 12 4 9¢y] x 1073,

é)I\(T<O =1.118 &+ 0.0osstat H
&0 = 1.114 £ 0.0054y ,

with a y?/ndf =0.88 and the statistical correlation matrix of Table 13. The results on Re(#7.,_¢) and
Im(n4—o) are identical to those obtained by fitting the experimental asymmetry integrated over the
whole Dalitz plot. Since there is almost no correlation between A and n,_¢, n4—o was fixed to the
known value of n._ [78], thus increasing the statistical accuracy without any implicit assumption on
direct ¥ violation in the decay or ¥2.7 -invariance in the mixing matrix. In addition, since & >°
and X< are statistically compatible, the equality &5~0 = &<0 = &y was assumed. Therefore,
in the second step, a simultaneous fit of the asymmetries 45" (X > 0,7) and 47" (X < 0,7) was
performed by varying freely A and ¢y and by fixing n,_ to the world average value [78]. The
results of our measurements are shown in Fig. 27 with the result of the fit. The fit yields a value
of ¥?/ndf = 0.85, and statistical correlation coefficients of 0.68 between Re(/) and Im(/), and zero
between these two quantities and &y.

Table 14 summarizes the systematic errors which affect the determination of 1. They are largely
the same as those affecting the determination of 1, _o. We note, however, that the sensitivity to
the normalization is weak in the simultaneous fit (there is no correlation between A and &y) and
the uncertainty on the background normalization also cancels in first order. On the other hand, the
difference between the two halves, X > 0 and X < 0, of the Dalitz plot, and the difference in the
background normalization lead to the dominant systematic error on A.

As a final value for 4 we obtain

Re(/l) = [ + 28 + 7stat + 3syst] X 10_3 5
Im(2) = [ — 10 = 8gar & 2555] x 1073 .

The CPLEAR measurements are reported in Fig. 27a together with the result of the fit. The fitted
value of 1 is compared to the best earlier experiment [112] in Fig. 27b. The results of the fits for the
various data-taking periods are shown in Fig. 26b. Although 4 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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For comparison, the result of Zou et al. [112] is also shown (A) with its statistical and total error.

Table 14
Summary of the systematic errors on the real and imaginary parts of A
Source Re(4) (1073) Im(2) (107%)
Pionic and kaonic background—amount and X asymmetry ( 1—1431) < —_'—gg )
A(1115) background—amount and X asymmetry ( J_rg; ) < J_rgz )
Decay-time dependence of normalization® +0.2 +0.2
Decay-time resolution +1.1 +0.7
Regeneration <0.1 <0.1
+0.1
Am and Ig +0.1 (_0.2)
Acceptance +2.0 +1.8
Total +3 +2

*Error determination limited by statistics.

inputs, the determination of the branching ratio of the ¥Z-conserving Ks — n*n~n’ decay requires
the phenomenological parametrization of the amplitudes of the neutral-kaon decay to n*n~7n°. This
will be discussed in the next section.
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4.6. ntn~n’"—Measurement of the Dalitz plot slope parameters and other decay parameters [9]

The probability to find a given momentum configuration for the n*n~ 7" 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 Kg and Ky decay amplitudes as follows:

AT ) s TV
ATV ) 2 X (1 +10y) — S XY
AN TTIX Y)Y (1 +101) — BY (1 + i) + EY2 - LX) + (7P + 1Xx?)

&{in(CP:H)(AX; Y) ~ SL&{?SM(CP:+1)()(, Y) ] (59)

The parameters contained in the above functions, shortly denoted as isospin components, are related
to the isospin amplitudes ao; and a;, of Eqgs. (43), and have equal weak phases (that is direct €2
violation is not included). The nr interaction in the final states (rescattering) gives the phases 0,
and 0y, if the state isospin is / =1 [113], and J, if / =2. The amplitudes &, yy and { correspond
to angular momenta / > 1 and final-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 K; — n*n~x° which is usually parametrized as

| /i7" (X Y)F oc 1+ gY 4+ hY? 4 X + kX2 + fXY . (60)

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

2
g:—2£, h:2§+é+<ﬂ>’ k:gc—é,
o 3

04 04 04

szRe(sL)g, f:ZRe(sL)Z—g. (61)
(A non-zero value of the slope parameters j and f would indicate ¥ violation in K decays to
ntnn0.)

Previous to CPLEAR, the isospin components «, 5, 7, &, {xy and { were determined by a fit to all
known neutral-and charged-kaon decay rates [113,117] and also estimated by fits to data using chiral
perturbation theory (ChPT) at next-to-leading order [117,118]. In these calculations both A7 =1/2
and A/ =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 Egs. (59), we deduce the following relations:

Ny—0=2¢&s ,

y(adyo — Bl ) — alxyly
062](),0 — 20(ﬂ]0’1 + ﬁzl(),z ’

Re()) = (62)
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Table 15
The real and imaginary parts of the ¥Z2-conserving parameter A

K expts. [117] ChPT [117] ChPT [118] E621 [112] CPLEAR
Re(4) 0.028 - 0.003 0.031 +0.031 +0.038 £0.010 +0.028 £ 0.008
Im(2) — — —0.006 —0.006 £ 0.012 —0.010 £ 0.008

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

P(o(02 — 01)1,0 — P(02 — dim)]1,1) + alxydily
o2lo.0 — 20plo1 + o ’

where the coefficient 7, , represents the integral, over the Dalitz plot, of the quantity X"Y”. We
note that for the parameter / describing the interference between the Kg and K; #Z-allowed decay
amplitudes, an imaginary part could exist only because of the rescattering phase or a possible direct
%#-violation contribution. Both, however, are small, and 4 is expected to be almost real.

Table 15 shows a comparison between the values of 4 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 y and &yy of the Kg
decay amplitudes, and the slope parameters of the K; decay to n™n~n’. Besides being of intrinsic
interest, these measurements provide, by comparison with those of previous experiments, an overall
consistency check of our systematic errors.

Im(1) = (63)

4.6.1. Ks decay: the isospin components of the amplitude, y and Eyy

CPLEAR has measured directly the isospin components y and Cyy of the Kg — ntn~n° amplitude.
Using the parametrization of the neutral-kaon decay amplitudes given in Egs. (59), at each point of
the Dalitz plot, we define the asymmetry

_[RXY,1]X < 0) + R, Y, 7|X > 0)] — [RX, Y, 7]X > 0) + R(X, Y, 7|X < 0)]

A:(X, Y, 1) = —= g
Xrn=5x Y, 7|X < 0) + R(X, Y, 7|X > 0)] + [R(X, Y, t|X > 0) + R(X, Y, 7|X < 0)]
Y — Y
{x J—

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 fitted simultaneously, with a likelihood fit, to the experimental asymmetries, constructed
as usual from the corresponding summed weights of events:

APX Y1) = (1 - XY, 0))4:(X Y1) ,

where (g(X, Y, 1) is the parametrization of the total-background distribution as a function of the decay
time 7 and the Dalitz variables X and Y, see Section 4.4. In this fit, y and {xy vary freely while
o and f are fixed to the experimental values of Ref. [117], see first column of Table 20. Table 16
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Table 16
Summary of the systematic errors on y and Exy

Source y Exy
+0.20 +0.31
Pionic and kaonic background—amount and asymmetry in X
—0.06 —0.05
+0.12 +0.05
A(1115) background—amount and asymmetry in X
—-0.32 —0.28
Decay-time resolution +0.10 +0.01
Regeneration _
Am and I’g +0.01 —
o and f§ +0.03 +0.03
Total +0.3 +0.3

summarizes the systematic errors which affect the determination of y and Eyy, mostly from the same
sources as A. The uncertainties on the values of « and f have a negligible effect. The final results
for y and Eyy are

Y =33 £ 0.4 £ 0.3 ,
é)(y - 04 :I: O-7stat + O-3syst 5

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

4.6.2. K; decay: the slope parameters

The slope parameters defined in Eq. (60) were extracted by fitting the energy dependence of the
Ky — n"n~n° events in the Dalitz plot. The Dalitz distribution was constructed from initial K° and
K events in the decay-time interval between 2 15 and 24 15 so as to remove the Kg 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 Ki 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 fitted to the data.

The events were split into samples corresponding to disjoint decay-time intervals of 2 tg width
where the acceptance is assumed not to depend on the decay time. These event samples were sep-
arately fitted to obtain the slope parameters as a function of the decay time and the results then
averaged with a minimum-y? procedure. The results of the fit 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 #,_o and A 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 15 are used in the analysis. The final results for the slope
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Fig. 28. X and Y distributions for K; decays to "7~ 7 with a decay time greater than 2 ts. The crosses indicate the

data while the solid lines are calculated with the results of the slope-parameter fit.

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

g h J k S
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 Kp decays to 7 n~ 7’
Source g (107%) h (107%) j (1073 k (1073) f (1073
Acceptance shape +3.8 +14 +2.8 +23 +5.6
Acceptance statistics +23 +0.1 +0.9 +0.5 +1.7
Resolution in X and YV +0.5 +0.1 +0.6 +0.5 +1.0
Total 44 1.5 3.0 24 59

The uncertainties due to radiative corrections, primary-vertex normalization, semileptonic background and regeneration
effects were all found to be negligible.
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Table 19
The slope parameters of the Ki decays to "7~ n°: the values measured by CPLEAR are compared with other existing
results

K experiments [117] ChPT ¢(p*) [117,118] PDG’98 [78] CPLEAR
g 0.67 + 0.01 0.67 0.670 4+ 0.014 0.682 4 0.007
h 0.08 £ 0.01 0.06 0.079 & 0.007 0.061 4 0.015
j — 1.1 x 107* 0.0011 = 0.0008 0.001 4 0.004
k 0.01 + 0.04 0.006 0.0098 + 0.0018 0.010 & 0.003
f — 3.7 %107 — (454+64)x 1073

The values in the first two columns were obtained from the kaon decay amplitudes of Table 20, by using Egs. (61)
with Re(er) = d,/2, where J, is the Ki lepton-charge asymmetry as given in [78].

parameters are

g = 0.6823 4 0.0044, + 0.0044 ,
h=1[6.1 % 044y £ 1.545] x 1072,
J=11.0 & 244u £ 3.054] x 1077,
k=104 4 0.174y + 0.2444] x 1072,
f =145+ 244 +59] x 1077 .

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 a reported in Table 20, first column, we
deduce, using Eq. (61), the values of the K; decay amplitudes f, & and { which are reported in
Table 20, last column, together with the values of y and &yy measured directly. These results are
compared in Table 20, with the values given by either a phenomenological fit to all known kaon
decay rates or ChPT calculations [117,118]. Our direct measurement of y and Cyy is in agreement
with these values and has a comparable uncertainty.

By using Eq. (62), with the above values of y and &xy the resulting Re(4) can be compared with
the measured one obtained when Im(/) is fixed to zero. Both determinations of Re(1) agree within
the errors, confirming our understanding of the X and Y dependence on the background.

4.6.3. Branching ratio of €P-allowed Ky decays to n*nn°

The ratio of the partial decay widths of Kg and Ki decays to ntn~n’ (I'§™® and I} °,
respectively) is expressed as a function of the isospin components, «, f and y, see Egs. (59),
if the amplitude Cyy is neglected:

10 JoloS TP AY Y, ho
ry~ Jo |*52/imcp:_])(X, Y)Pdx dY a2ly0 — 20101 + B2l

(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
o +843+0.6 +84.2 — —
p —28.1+£0.5 —28.1 —282+0.6 —288+£03
¢ —0.05+£0.2 —0.6 —0.08£0.2 —05+04
¢ —-13+£05 —14 —13+02 —-1.8+£04
Y +2.6+03 +2.9 — +33+05
Exr —-03+0.7 —0.1 — +04+£08
o1 — — 0.13 — —
S1m — — 0.41 — —
02 — — 0.047 — —
02 — 0y — — —0.083 — —0.33£0.29

For comparison, earlier values are reported in the first three columns. They result from fits to all known charged-and
neutral-kaon decay rates using either Eqs. (59) (first column from left) or chiral perturbation theory (ChPT) calculations
(second and third columns). In the last two columns, the values of f5, { and & were computed using Egs. (61), o =
+84.3 £ 0.6, and the slope parameters measured in earlier experiments [78] and by CPLEAR; the values of y and &xy
were instead directly measured by CPLEAR. The phase difference (J, — ;) was computed from the value of Im(A)
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 y through Re(4) by using

Eq. (62). With this option, we obtain

Lo(0*lo,0 — 2aBloy + f*lo2)
(ady,0 — Bli,1)?

By taking the world average value for BR(Ky — n*n~ ") [78], and the experimental values for o

and f (first column of Table 20), we arrive at the following numerical relation between the desired
branching ratio and Re(4):

r
BR(Ks — n'n n%) = FL x BR(K. — ntnn%) x Re(4)? x
S

BR(Ks — nfn~7%) = Re(4)* x (3.24 + 0.06) x 107* . (66)
Using the above equation with the CPLEAR value of Re(1) we finally obtain for the branching ratio

of the €#-conserving Kg decay to n*n~n°
+13 405
BR(Ks — ntn n’)= (2.5 stat syt | X 1077,
—-1.0  —-0.6

where the systematic error also includes a contribution from the uncertainties on the K; isospin
components. This result is currently the most precise determination of the ¥Z-conserving Kg decay
rate to 7'~ nn” with small systematic errors, and it is in good agreement with previous measurements.

From our measured value of Im(Z), by using Eq. (63), we have obtained a limit on the rescattering
phase difference (J, — d1). For this purpose we used the values of o, f and y from ChPT (Table 20)
since only in that case were the rescattering phases taken into account. The term proportional to Eyy
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could be neglected, and an uncertainty of +x on (J, — 1) was assumed. Finally we have that at
90% CL

—46° <(52—51) <9° 5

where the confidence interval is mainly determined by the total uncertainty on the measured value
of Im(2).

4.7. n°2°n®—Measurement of Re(nooo) and Im(nogy) [10]

In contrast to the 7*n~n° final state, the 7n°n°n® state has a well-defined ¥ eigenvalue and the
%P-conserving Kg — n°n°n® decay does not occur. The ¥Z-violation parameter 1y is the ratio of
Ks to Kp decay amplitudes for this final state, and is more accurately defined by Eq. (47): Re(#000)
is a measure of ¥Z violation in the mixing of neutral kaons, and Im(#gg) is sensitive to a possible
direct ¥ violation in the decay amplitudes.

The decay K°(K°) — n%2%° — 6y is selected by requiring two charged tracks that have been
identified 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 flight 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 pp — K°(K°)K*7nF and the neutral-particle cascade K® — n%7°7° — 6y through
a constrained fit. This fit requires energy and momentum conservation, the missing mass at the
annihilation vertex to equal the K° mass, and the yy invariant masses of the three )y pairs to equal
the 7° mass. The fit assumes that the six photons originate from a common point located on the
flight direction of the neutral kaon, namely the unknown neutral-kaon decay vertex. As can be
shown by simulation, the K momentum and the precise measurement of the photon conversion
points contribute most of the information required to find the neutral-kaon decay vertex. The photon
energies are used in the fit in order to find the correct association of the six photons to the three
intermediate neutral pions. This is achieved by application of the constrained fit to all 15 possible
7y pairings. The pairings with the lowest y* values are chosen. The directions of the showers are
not used in the fit. 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 y? probability provided by the fit can be expressed as the sum of two
almost uncorrelated probabilities: one related to the reconstruction of the K® missing mass determined
by the charged particles (Xgharged ), and one related to the reconstruction of the n° invariant masses
determined by the six photons ()2..)- A cut at 10% on the y2,,.,-probability is used for event
selection and for background reduction, but no cut is applied to the Xgharged—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¥n¥ emerging from pp annihilation when selecting six showers
in the ECAL. Only events with a neutral kaon detected within a decay-time interval of —1 to 20 ts are retained.
Overlayed are the signal and background contributions resulting from the fit (see text). One can distinguish the signal
events (which correspond to the neutral-kaon mass) from the kaonic-annihilation channels with an additional 7° (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 GeV?/c*. Overlayed are the
signal and background contributions resulting from the fit (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 15 (RMS) between 0 and 20 t5. Because of the finite 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 pp — K°(K°)K*nTnr’, the pionic
annihilation channel pp — n*n~ + nn’ (n > 0) with a charged pion mistaken for a charged kaon,
and the neutral-kaon decay K° — 7n°7® — 4y with two additional photons that originate from the
strong interaction or the decay of the accompanying charged particles in the calorimeter.

The number of K°(K°) — %%z events and the contribution of background to the data are deter-
mined from the reconstructed decay-time distribution and from the K*¥n¥ missing-mass spectrum, by
fitting 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-identification
detector. The proportion of signal to background events in the data is determined from a simulta-
neous fit 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 fit.

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 fit. Also shown are the individual
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Table 21
Contributions of signal and background to the final data sample in the decay time interval —1 to 20 ts and within a
missing-mass square interval of 0.15-0.35 GeV?/c*

Contribution (%)

Signal

pp — KUKOHK*nT; ROK®) — n'n°z° 50.0 +0.8
Background

pp — RUKOHKF Tz’ ROK®) — 7' 49402
pp — KOKOHK*nT7%; KOK®) — n°z° 3.7+02
pp — KUK®)KFnF + photons; K°(K®) — n°z° 16.5+0.3
pp—ntn +nr’ (n=0) 249405

The quoted errors are statistical.

contributions of signal and background. The correlation coefficients between the signal and the differ-
ent background contributions given by the fit 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* 77 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 7°
(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 GeV?/c* 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 significant amount
of background, a decay-time interval of —1 to 20 g is selected. The events K%(K?) — n%z%z° with
an additional n° 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 yy invariant mass of all possible yy combinations be larger than 12 MeV/c?. Table 21
summarizes the contributions of signal and background to the final data sample, in a missing-mass
square interval of 0.15-0.35 GeV?/c* and a decay-time interval of —1 to 20 7.

Selecting the missing-mass square region of 0.15-0.35 GeV?/c*, a total of 17300 K(K°) —
n°7°7° events were reconstructed in the decay-time interval —1 to 20 5. The successive analysis
followed the procedure used for the n°n° 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(79g0) and Im(#gg0) were extracted from a likelihood fit comparing the measured
asymmetries with the following phenomenological expression:

af —1
oaf +1

Here o = [1 + 4Re(es)], while ¢ is again the normalization factor of the primary Km pair
(see Section 3.1).

Agpo(T) = — 2[Re(1000 ) cos(Amt) — Im(17900 ) sin( Amt)]e~V/DEs=Ioe (67)
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Fig. 30. (a) The measured decay-rate asymmetry A4,y. The solid line shows the result of the fit of Eq. (67) to the data
(e), taking into account the decay-time resolution, and the background contributions as listed in Table 21. (b) The contour
plot for Re(#o00) and Im(#oo0) 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 fit. The fit 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 fit; the tagging
efficiency was assumed to be the same for all kaonic annihilation channels. The relative contribution
of pionic background to the K° and K° signal is determined from the study of the energy-loss
distribution in the scintillator and is fixed to 1.18 £ 0.02.

The contributions to the systematic uncertainties in the determination of Re(#og0) and Im(7g00)
are summarized in Table 22. We note the following.

e The resolution in reconstructing the neutral-kaon decay time. To evaluate the systematic errors in
the values of Re(#g00) and Im(7999) 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
fitting the asymmetry with a resolution function of 5 g (RMS) for all decay times. The effect of
different 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(17000) Im(#000)
K°(K®) decay-time resolution } 0.01 0.01
Amount of background in K® + K° 0.02 0.02
Difference in background contribution to K° and K° 0.05 0.01
Regeneration <0.01 <0.01
Am, 15 and 1L <0.01 <0.01
Total 0.06 0.03

e The amount of background contributing to the sum of K° and K°. Systematic uncertainties
in the amount of signal and background in the data were estimated by comparing the results
from the simultaneous fit with the level of signal and background obtained from independent
fits of the reference distributions to the measured missing-mass and decay-time distributions. The
proportions of signal and background obtained from the different fits 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 fit. The systematic errors on Re(#gg9) and Im(rgp) 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(7000)
and Im(#o0o)-

e The relative contribution of background to the K° and K signal can be different from the relative
tagging efficiency of K° and K°. The tagging efficiency 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 fit. The relative contribution of pionic background to the K°
and K° 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(7900) and Im(#g) are evaluated by
varying the relative contribution of background to K° and to K® within +5% for each background
channel.

Our final result is
Re(17000) = 0.18 £ 0.141 £ 0.064y4 ,
Im(#900) = 0.15 £ 02045 & 0.03 4y ,

with o = 1.10 £ 0.03,. The result of the fit is shown as a solid line in Fig. 30a. The correlation
coefficient between Re(npp0) and Im(ngo) given by the fit is 0.79. The correlations of oé with
Re(77000) and Im(nggo) are —0.09 and —0.56, respectively.
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This is the first determination of #g using the rate asymmetry of initially pure K° and K°
decaying to n°7°n°. We have obtained an improved sensitivity for 199 compared to the previous
measurement [119], as shown in Fig. 30b. We note that this result does not depend on assumptions
on €27 invariance.

By fixing Re(7000) to Re(e) = 1.635 x 1073 [78] in the fit, we obtain

Im(#000) = —0.05 £ 01245 = 0.05y4; -

Using the definition of g9 and BR(Ky — n°7°7%)=(21.12+£0.27)% from Ref. [78], an upper limit
for the branching ratio of the Ks — 77z decay is deduced to be

BR(Ks — 7°7°7%) < 1.9 x 1073

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

4.8. €2 summary and conclusions for the pionic channels

Departures from %2 invariance were searched for in the neutral-kaon decay rates to nn and nnm,
by directly comparing the decay rates of #Z-conjugated states, K° and K. To this purpose the
experiment relied on tagging the strangeness of K° and K° produced through pp annihilation, in
contrast to the methods based on K; and (regenerated) Kg beams generally used in the past (see
however Ref. [82]).

As a principle, when K and K° decay to ¥2-conjugated states (any 2 eigenstate of a multipion
system is 2 self-conjugated) a difference between the corresponding rates is an unequivocal proof
of €2 violation: however the difference in itself does not discriminate between mixing (|AS|=2)
and decay (|AS| = 1) effects. The rate difference is due to the presence (with opposite sign for K°
and K°) of a term whose behaviour with time depends on the strength of ¥Z violation through the
parameter #,,; (Or H..), 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 #n,_ and 7y nowadays lies in the
crucial role these parameters play in indirect tests of 2.7 invariance, see Section 8.3, and of some
basic principles, see Sections 9.1 and 9.3. ¥2 violation with three-pion decays still remains to be
demonstrated, but lowering the upper limits on n,_o and 7y also improves the tests of €27
invariance.

For the nn 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 ¢ together with |ng| rely either on a beam containing a known mixture of K° and K°
[86,88,91,104] or on a K| beam, regenerating in matter [87,89,90,92] or not [93]. Values of |1, _|
and |19| alone are obtained by measuring K; and Kg branching ratios [85].

Of the two experiments measuring 7, _o, one [110] makes use of K° produced by a K™ beam
via charge exchange in a bubble chamber filled with liquid xenon, and the other [111] of a beam
containing a mixture of K and KO. For #900, the other earlier values were obtained in the liquid-xenon
bubble chamber [119]. Recently, at the ¢ factory of VPP-2M, tagged Kg decays to n’n’zn®
have been searched for, pushing the upper limit of the branching ratio down to 1.4 x 107> at
90% CL [120].



A. Angelopoulos et al. | Physics Reports 374 (2003) 165-270 231

In summary we note the following.

e 171 —CPLEAR ¢, _ and |n,_| 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 ¢psw =43.50°+
0.08° [85], which is a test of ¥2.7 invariance, see Section 8.3.

o 1°7°—CPLEAR ¢ and 00| are the second best measurements currently available.

o 171 n"—CPLEAR results constitute the most precise determination of the real and imaginary
parts of 5,._o. Compared to the published values of Barmin et al. [110] and Zou et al. (only
Im(ny—¢)) [111], our errors are smaller by more than one order of magnitude and by a factor of
four, respectively. Our sensitivity on the ¥Z-violating parameter, however, is still one order of
magnitude away from the expected ¥“-violation effect.

o 1°7°7°%—The values obtained for Re(#009) and Im(#goo) represent the best sensitivity to €2 vio-
lation in this decay mode. These parameters provide an important experimental input to a test of
€27 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 K; and Kg decays to ntn~n® when ¢ is conserved.

e We have performed the most accurate determination of the branching ratio of the Kg decay to
ntrn .

e By analysing the Dalitz-plot distributions of the sum of K® and K° decays to n*n~ 7, we have
extracted the amplitude components 5, y, &, &yy and { contributing to Kg and K; 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 (7 and $29)

The simultaneous comparison between K° and K° 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 7 violation, as
discussed in Section 2.1.

CPLEAR measured env 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 pp annihilation, and the final states were characterized by the two charge configurations
(e*n~) and (e~ n"). A typical env 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: Ar, As and Aa,. Two of the asymmetries, At and A, flatten out at early decay times to a
continuous level below 1%. The asymmetry Ax, instead shows a pronounced oscillatory behaviour.

The data analysis was performed along the same lines as the m'n~ analysis of Section 4.1.
However, the following points deserved special care.

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

e The need for e/n separation introduces a potential bias between e~

efficiency ratio of these final states demanded precise calibrations.
e 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.
e The K°/K? initial ratio was determined using the 777~ 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 45 asymmetry (it
also cancelled in the 77~ asymmetry), and has no impact in the measurement of Am. However,

and e~ 7" final states. The
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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 Ar. Here a careful discussion of the physics consequences
is needed.

The asymmetry behaviours for At and A4s are not strongly time dependent, which renders the
measurement more susceptible to normalization and efficiency effects, and less sensitive to the
values of parameters such as Am, I's and I'L. The asymmetry A, however shows a large
dependence on time (as was the case for the asymmetry measured in the ntn~ decay channel),
thus allowing the measurement of Am with high precision. The Am measurement is in turn
sensitive to I's and to the absolute decay-time scale.

The env statistics was lower by a factor 50 compared to the #tn~ sample: most of the reduction
occurred because the env sample originates essentially from K, of which only 3% decay within
the fiducial volume of the CPLEAR detector.

Finally, the systematic errors affecting our measurements were shown to be smaller than the

statistical ones. The consistency of the results for the three asymmetries in the different 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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value.

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

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

The effects of the above contributions are summarized in Tables 23-26 for the Aa,,, At and 45 anal-
yses, respectively, together with the systematic errors arising from the phenomenological parameters
used in the fit. The systematic errors were evaluated by allowing each error source to vary within
its uncertainty in the fit procedure.
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Table 23
Summary of systematic errors on the results from the A%’ asymmetry
Source Precision Am Re(x;)
(107 #/s) (1073)
Background level® +10% +0.2 +4.4
Background asymmetry +1%
Normalization (a¢) +34x107*
and +0.1 +0.1
Normalization (1) +20x 1073
Normalization () +(4-9) x 1074 +0.1 —
Decay-time resolution® +10% +0.1 +0.3
Absolute time-scale® +2x107* +0.1 +03
Regeneration Ref. [24] — —
ts =Hh/Is +0.08 x 107"% s +0.1 +0.7
Total +0.3 +4.5
A relative precision is given.
Table 24
The correlation coefficients from the A4, fit
Re(0) Im(0) Re(x_) Im(xy)
Re(0) 1 0.44 —0.56 +0.60
Im(d) 1 —-0.97 +0.91
Re(x_) 1 +0.96
Im(xy) 1
Table 25
Summary of systematic errors on the results from the A5 asymmetry
Source Precision Re(d) Im(0) Re(x-) Im(x;)
(1074 (107%) (1072) (107)
Background level® +10% +0.1 +0.1 +0.1 +0.1
Background asymmetry +1% +0.2 +0.3 +0.2 +0.3
Normalization (&) +34x 1074 +0.5 +0.03 +0.02 £0.03
Normalization(#) +2.0x 1073 +0.02 +0.03 +0.02 +0.03
Decay-time resolution® +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

A relative precision is given.
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Table 26
Summary of systematic errors on the results from the AT" asymmetry
Source Precision (AT?) Im(x;)
(107) (107)
Background level® +10% +0.03 +0.2
Background asymmetry +1% +0.02 +0.5
Normalization (&) +43 x 1074 +0.2 +0.1
Normalization (17) +20x 1073 +1.0 +0.4
Decay-time resolution® +10% Negligible +0.6
Regeneration Ref. [24] +0.1 +0.1
Total +1.0 +0.9

A relative precision is given.

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

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

cos(Amt) — 2 Im(x_ ) sin(Amr)
cosh(AI't/2) — 2 Re(xy ) sinh(AI't/2) °

Aam(t) = (68)
After including the background rates, Eq. (68) folded with the decay-time resolution was fitted to
the data 43" (1), see Eq. (51e), with Am and Re(x; ) as free parameters, and Im(x_) =0 (that is
€27 invariance was assumed for possible AS # AQ decay amplitudes).

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

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

e Since Am is proportional to the frequency of the K® = K oscillation, this measurement is very
sensitive to the absolute time-scale precision.

e Folding the decay-time resolution distribution to the 4, asymmetry results in a shift of +1.3 x
107 #i/s for the value of Am and —2.9 x 10~3 for the value of Re(x,). The uncertainty on this
correction was estimated to be +10%.

e The A, asymmetry is sensitive to a possible correlation in the detection efficiencies of the primary
charged kaon and the decay electron. This required a normalization factor w for a part of the data
with an overall correction for Am of +0.6 £0.1 x 107 #/s.

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

Am = (529.5 4 2.0qa & 0.34y) X 107 fi/s
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Re(xy) = (—1.8 £ 4.1y £ 4.545) x 1077,
¥*/ndf =0.94, ndf =606 .

The correlation coefficient between Am and Re(x, ) is equal to 0.40. This Am 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 AS = AQ 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 Am and Im(x_). If we assume Am = (530.1 £ 1.4) x 107 A/s, we obtain Im(x_) =
(—0.8£3.5) x 1073,

5.2. Measurement of €PJ -invariance: the As asymmetry [13,14]

For this analysis we refer to Eq. (51d), and the fitting equation becomes, in the limit of negligible
background,
Re(0) sinh(AI't/2) + Im(J) sin(Amr)
cosh(AI't/2) 4 cos(Amr)

Re(x ) cos(Amt) sinh(AI't/2) — Im(x, ) sin(Amz) cosh(AFr/Z)
[cosh(AT't/2)]* — [cos(AmT)]?

After including the background, Eq. (69) folded with the decay-time resolution was fitted to the
data A5"(t), with Re(d), Im(J), Re(x_) and Im(x,) as free parameters. The measured asymmetry
A3P, together with the fitted function, is displayed in Fig. 36. We stress that the analysis of the
nn~ decay channel [7] gives exactly the quantity aé=(1+4Re(e))¢ which enters the asymmetry
presented here, and we do not use the result of any external measurement for the quantity Re(er).
On average we have (&) = 1.12756 4+ 0.00034. The A4; asymmetry depends only weakly on 7. The
level of the background contributions remains below 2% of the signal. The regeneration corrections

As(1) =4Re() + 4

(69)
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Fig. 36. The A" asymmetry versus the neutral-kaon decay time (in units of 7s). The solid line represents the result of
the fit.

result in a shift of the 45" value of the order of 0.3 x 1073, The systematic errors are shown in detail
in Table 25: the main systematic error on Re(d) results from the uncertainty in the normalization
factor &, while Im(J), Re(x_) and Im(x, ) are mainly affected by the uncertainty in the background
charge asymmetry. The dependence of the fit results on Am, I's and I'L errors is negligible. Our
final results are the following:

Re(3) = (3.0 £ 3335 £ 0.6555) x 1074,
Im(3) = (—1.5 & 2340 £ 0.3y5) X 1072,
Re(x_) = (0.2 £ 1.3ga & 0.355) x 1072,
Im(x; ) = (1.2 & 2240 £ 0.355) X 1077,
y*/ndf = 1.14, ndf =604 .

The correlation coefficients of the fit 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 AS = AQ rule holds. When we fix
Re(x_)=Im(x;) =0 in the fit, we obtain

Re(3) = (2.9 £ 2645 £ 0.6555) x 1074,
Im(3) = (—0.9 & 2.9 £ 1.045) x 1072,

that is a negligible change for Re(d) but an error of Im(J) smaller by an order of magnitude. The
correlation coefficient is —0.5. In this case, the systematic error on Re(d) does not change while the
systematic error on Im(J) becomes three times smaller.

5.3. Measurement of 7 -violation: the At asymmetry [12,14]

The At asymmetry represents a direct comparison of < -conjugated rates. For this analysis we
refer to the asymmetry (51c). The measured asymmetry A7 " is shown in Fig. 37. Between 1 and
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20 75 the data points scatter around a constant offset from zero, the average being
(A5P) = (6.6 £1.3) x 107,
7*/ndf =084, ndf =607 .

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

Ar(t) = 4(Re(e) — Re(y) — Re(x-))

Re(x_ ) (e~ WVDAIT _ cos(Amt)) + Im(x, ) sin( Amr)

+2 :
cosh(5 AI't) — cos(Amr)

(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) simplifies when 2.7
invariance in the env decay amplitudes is assumed (Re(y)=0 and Re(x_)=0). We allowed, however,
for a possible violation of the AS = AQ rule (Im(x,) # 0). The fitting procedure then contains
only two parameters, Re(¢) and Im(x,), both 7 violating. After including the background rates,
Eq. (70) folded with the decay-time resolution was fitted to the data 47°(t). The final results are
the following.

4Re(e) = (6.2 & 1dga & 1.0gyg) x 1077,
Im(x; ) = (1.2 & 1.9 £ 0945 ) x 1077,
¥*/ndf =0.84, ndf =606 .

The correlation coefficient between 4 Re(¢) and Im(x, ) is 0.46.

We observe clear evidence for 7 violation in the neutral-kaon mixing. Im(x, ) is compatible with
zero. Thus, no J violation is observed in the semileptonic decay amplitude which violates the AS =
AQ rule, should this amplitude be different from zero. We note that Im(x, ) is given by the values
of the asymmetry at early decay times while 4 Re(e) is determined by the late decay-time values.
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Fig. 38. Neutral-kaon decays to env: the parameters of the AS=AQ 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. 2.7 invariance is assumed,
thus Re(x) = Re(x+) and Im(x) = Im(xy).

Therefore, the average (47') between 1 and 20 ts is essentially equal to 4 Re(e). The systematic
errors on (A7") also apply to 4Re(e) for the case of the two-parameter fit. 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 (47"). The dependence of the fit on the
error of Am, I's and I'y is negligible.

5.4. Measurement of AS # AQ amplitudes

The AS=AQ rule first postulated in 1958 [49] was for many years just an experimental fact, and
its accuracy was determined by the experiment. The different asymmetries considered by CPLEAR
were studied at first with separate analyses and different hypotheses on the parameters describing
the AS # AQ amplitudes, with and without ¥2.7 invariance. We summarize as follows.

® Ap, depends on Re(x,) and Im(x_): we assume Im(x_)=0.
e A5 depends on Re(x_) and Im(x;): no assumption was made.
e At depends on Im(x,) and Re(x_) (and Re(y)): we assume Re(x_) =0 (and Re(y) =0).

The fit results are given in the corresponding sections. Earlier experiments [83,124] were always
analysed assuming ¥2.7 invariance for the decay amplitudes, thus we compare their results with
the CPLEAR values of Re(x) = Re(x,) from A, and Im(x) = Im(x,) from Ar, see Fig. 38.
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the fit result (solid line) superimposed on the data points (e). (b) The value of the slope 1, (see text) is displayed,
together with the values of the most accurate earlier experiments [125].

5.5. Measurement of the q* dependence of the K% form factor [15]

This analysis is based on the g*> dependence of the decay rates integrated over all lifetimes,
where ¢ 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] A =0.0245 4 0.00124,; 4= 0.0022y;,
to be compared with the world-average value /4, = 0.0300 & 0.0016. The ¢* dependence of the
form-factor is displayed in Fig. 39a, and shown to be linear. The addition of a quadratic term to
f+(g?) 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 p® of Chiral Perturbation Theory [126].

5.6. I and €PT summary and conclusions for the env channels

Departures from .7 and ¥2.7 invariance were searched for in the decay rates to ez~ v and et v
of initially strangeness-tagged K and K°. 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.

e Ar—We have directly observed 7 violation in the neutral-kaon mixing matrix by comparing two
J -conjugated rates. The asymmetry At was measured for the first time and is well compatible
with 4 Re(¢). In the limit of ¥27 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 AS = AQ rule. Effectively it manifests the
difference of 7 -conjugated processes as the difference between the rate of oscillation from K° to
K° and from K° to K° The question of the 7 -odd effects, especially in relation to the KTeV
result [127],where they might falsely be interpreted as the outcome of 7 violation, is dealt with in
Refs. [73]. For the CPLEAR experiment, on the other hand, a theoretical discussion [128] shows
that 2.7 -violating effects in the decay which possibly could fake At # 0, concerning the kaon
development, can be excluded.
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Fig. 40. The K. — Ks mass difference Am : the CPLEAR values obtained from the analysis of neutral-kaon decays (a)
to n*n~ (Section 4.1) and (b) to env 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 ¥27 invariant, and Im(x_) = 0. The CPLEAR value (c) obtained using strong interactions
as time markers (Section 7.1) is also shown.

As—We have directly measured ¥2.7 invariance through the parameters Re(d) and Im(J). 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(d) which enabled us for the first time to set a limit on the K — K°
decay-width difference, and to disentangle possible cancellation effects [29], see Section 8.3.
Aan—From the asymmetry Aa,, we obtained the best individual measurement for Am, which is
one of the fundamental parameters of the neutral-kaon system. The Am result is compared with
previous experiments in Fig. 40.

Decay amplitudes to env and the AS = AQ rule—This rule is now understood in a simple quark
model where semileptonic strange decays are seen as s — u/~ v (and charge-conjugated reaction)
[68]. Our results on the AS = AQ rule are compared with previous experiments in Fig. 38, all
assuming 27 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 env and €27 invariance—For the AS # AQ amplitudes see above the
value of Re(x_); a limit on Re(y) could only be achieved in a global fit, see Section 8.2.
Decay amplitudes to env and form-factor slope—Our value for A, 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 — ete™) [16]

The decay Ks — eTe™ is a flavour-changing neutral-current process, suppressed in the Standard
Model and dominated by the two-photon intermediate state. Full event reconstruction together with
e/m separation in the calorimeter, and in the PID for momenta below 200 MeV/c, allowed powerful
background rejection and high signal acceptance. A constrained fit 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(Kg — eTe™) < 1.4 x 1077 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 Am (method c) [26]

Very early, after the hypothesis of particle mixture had been advanced for K® and K° [4], the
change of strangeness content with time was predicted, as a consequence, for beams starting as pure
K° or K° [5]. Proposals followed on how to monitor the strangeness oscillations and measure the
Ki — Kg mass difference Am, that is the oscillation frequency modulus %. It was suggested that
starting with a pure K° (or K%) beam, one could observe the building up of a K° (or K°) flux by
measuring either weak decays to env [39] or the products of strong interactions in a thin slab of
material [40]. These suggestions were soon followed by the first experiments [40,130,131]. In another
approach [79,132,133] it was shown that the intensity of the Kg component transmitted through an
absorber is a very sensitive function of the mean life 7 and of the K; —Kg mass difference, and this
led to the first 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 Am 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, modified for the regeneration amplitude measurement, see Section 4.2, was
also used to determine the K; — Kg mass difference by a method where neutral-kaon strangeness
oscillations were monitored, both at the initial and final time, using kaon strong interactions, method
(c), rather than semileptonic decays, method (b), thus requiring no assumptions on ¥2.7 invariance
for the decay amplitudes.

For this measurement, the strangeness at the production was identified with the standard method
of Section 3.1. In order to identify the strangeness at a later time ¢ = 7, 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 K® and K° interacting with the absorber’s
bound nucleons in one of the following reactions:

K'+p—K"'+n K'+n—K +p, K4n—-n"+A(—np). (71)

In the case of initial K°, we denote by N, and N_ the numbers of K® and K® which are measured
to interact at time t in the absorber, and by N, and N_ the corresponding numbers for initial K°.
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These numbers N+ and N4 are converted to the probabilities 24 and 24 using the cross-sections

of reactions (71) and the detection efficiencies of the relevant particles. However, all cross-sections

and efficiencies cancel in the ratios N, /N, and N_/N_, except for the detection/tagging efficiency

of K° relative to K° at the production. The latter is expressed by the ratio ¢ between the detection

efficiencies of the accompanying charged K= pair, ¢ = €(Ktn~)/e(K™nt):
N, 12, N_. 12_

- — _7, = — o T= . 72
N, ¢2.° N ¢ (72)
If we compare the experimental asymmetry 45" (7),
Ni(t)/Ni(tr) — N_(r)/N_
50 ey = MO0 - NN () -
No(0)/N+(7) + N_(2)/N_(1)
with the phenomenological asymmetry Aa,(7),
Apn(t) = P (1)) P4(x) — P_(1)]P_(x) _ 2cos(Amt)cosh(3AI7) (74)

P ()P (1) + P_(1)/P_(1)  [cosh(JATT)] + [cos(AmT)]*

the relative efficiency & also cancels. On the right-hand side of Eq. (74) additional terms, quadratic
in 7 - and 27 -violation parameters of the mixing matrix, are neglected as they were shown to
be irrelevant in the fit.

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
€ P-violation measurement in the n"n~ 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 1.3-5.375. About 5.6 x 10® triggers were recorded. Three sets of measured asymmetries
were formed with the N+ and N samples, depending on whether the negative strangeness in the
final state was detected by the presence of a K™ or a A, or both. Each of these asymmetries was
fitted with Monte Carlo simulations of Eq. (74) performed for values of Am in the range (515—
545) x 107 #i/s. The simulations included the neutral-kaon momentum distributions, the 2 and Py
probabilities, the secondary-vertex spatial resolutions, and a time resolution of 0.025ts due to the
uncertainty on the determination of the K momentum. The simulated asymmetries were compared
with the experimental asymmetries, and the values of Am corresponding to the minimum y? were
determined. Given the agreement between the Am values obtained with the two ways of tagging
the stangeness of K°, our final result is that given for the combined (K~ + A) sample, shown in
Fig. 41b.

Various sources of systematic uncertainties were investigated as summarized in Table 27. Our
final result is the following:

Am = (534.3 & 6.3 & 2.55y5) x 107 #i/s .

This result is in good agreement with the current values [85]: Am = (530.0 &= 1.2) x 107 A/s (fit)
and Am=(530.741.5) x 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
Am, is the Kg mean lifetime. We conclude that this measurement of Am provides a valuable input
for many €27 tests.
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Fig. 41. (a) Display of an event (transverse view): the K*n~ pair produced in a Pp annihilation together with a K° is
shown. The K°, interacting in the carbon absorber, produces a A subsequently decaying to pn~ (also shown). (b) AR (7):
the data points (squares) of the (K™ + A) sample are fitted with the simulated asymmetries (triangles), see text.

Table 27

Summary of the systematic errors on Am (method ¢)

Source Am (107 #/s)
I's 1.0
Efficiencies 0.5

Monte Carlo 1.5

Binning and fit range 0.5

Selection criteria 1.5

Total 2.5

8. Global evaluations
8.1. ¢._ and Am [27]

Given the different strong correlation of the measurement of ¢, _ and Am for most of the exper-
iments, averaging the measurements of ¢, and Am 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 ¥ depending on the parameters Am, ¢, _ and
75, as the product of individual likelihood distributions corresponding to the various experiments.
The best estimates for the values of Am, ¢,_ and tg are then attained by maximizing .%.
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Fig. 42. The result of the global fit to ¢,_ and Am measurements from different sources: the ellipse delimiting the white
area is the one-standard-deviation contour plot. This fit updates the result of Ref. [27] by including the CPLEAR final
results. The narrow stripe labelled ¢sw is the one-standard-deviation region around the line 2Am = AT tan(¢.—). The
results of the individual measurements entering in the fit are also shown. For the earlier results, the inclined stripes refer
to experiments measuring together ¢ and Am, from Refs. [86-88], while the horizontal stripes refer to measurements
of Am alone, from Refs. [121-123]. The results from later experiments are displayed as regions of less than one standard
deviation from their average (¢+—, Am). The ellipses labelled E731 and E773 were computed using Refs. [89] and [90],
respectively. The CPLEAR ellipse is a global fit to the CPLEAR results of Ref. [7] for Am together with ¢, _, and from
Refs. [14,26] for Am alone.

CPLEAR performed a first evaluation of this kind [27] taking into account the correlation between
¢ and Am with the 75 correlation handled in some approximation. The fit was recently repeated
including the final CPLEAR results for ¢, — and Am (measured by method a), Section 4.1, and of
Am measured by method b, Section 5.1, and method ¢, Section 7.1. For tg, the updated average
value given in Ref. [85] was used, 75 = 89.40 & 0.09 ps.

Fig. 42 shows the result of the global fit as the one-sigma white ellipse. The central values are
¢,_ =(432+0.5)° and Am = (5302 £ 1.2) x 107 A/s. The result of the fit to the values ¢,_ and
Am measured by CPLEAR is the one-sigma black ellipse with central values ¢, = (42.7 + 0.7)°
and Am=(529.3+1.8) x 107 #/s. The values of ¢sw computed with the Am and 75 values returned
by these fits, and the average value of 71 given in Ref. [85], were computed to be 43.51° and 43.47°
for the global fit and CPLEAR alone, respectively, with errors of = 0.1°.

82. T and €PT 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 7~ and ¥2.7 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 ¥2.7 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 Kg — Ky basis, the Bell-Steinberger relation [52] can be written as

— (A = 2s)(KL[Ks) = > (A w[KL)* (/| wk[Ks) (75)

where we sum over all the decay final states /. With the definitions of Eq. (36) the above equation
becomes

1
2(iAm +T)
The sum on the right-hand side of the above equation can be written as

S ptis=>> (1 rsInan) + D (1 1 W)
+2[Re() — Re(y) — i(Im(x; ) + Im(3)]| f/m |

Re(e) — ilm(d) = XY sl petls (76)

with
|‘Q/fs|2 = BRinFS 5
|/ | =BRL, I,

vy
|f/’7rv'|2 = BR]fnvFL .

Here BR stands for branching ratio, the upper index refers to the decaying particle and the lower
index to the final state, ., and #.,, are the ¥%-violation parameters for neutral kaons decaying
to two and three pions, respectively, and 7/ denotes electrons and muons. The radiative modes,
like n*n~yp, are included in the corresponding parent modes [78]. Channels with BR?- (or BRI; X

I't/T's) < 1073 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(J):

Im(é) . FS u —1
Re(s) ) 20 —|frm/H@@+ 1D\ 1 p

y [1 = 7LosBR/z IRe(ar) + [ — 2BR7,Re() + BRERe(Mrnr)]1Los 7
[1 = 7LosBRY g, IIM (1) — [BRE 1 IM(#rr) + 2BR7, Im(x ) ytos

with
Re(Nar) = |04~ [cos(ds— )(1 — [(1 — r) + rsin(Ag) tan(, - )]BRS o)
Im(nzr) = 14— | sin(¢, )1 = [(1 — r) — rsin(A¢) cot(¢.— )]BR30)
BRL, . Re(1znr) = BRE, o Re(4—0) + BRY 00 Re(o00)
BRI (rne) = BRY, o Im(175 ) + BR 00 Im(1000)
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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) x 1073 [7,78]
i 43.6° 4+ 0.6° [7,78]
Am (5302 + 1.5) x 107 #i/s see text
A —0.3°40.8° [88]

:%ﬂ% 0.9930 + 0.0020 [78]

i
Re(n+-0) (=2+8) x 1073 [9]
Im(54—0) (=2+£9)x 1073 [9]
Re(1o00) 0.08 +0.11 [10,110]
Im (000 ) 0.07 +£0.16 [10,119]
BRY (31.39 + 0.28)% [78]
BR:, (12.56 + 0.20)% [78]
BR% 00 (21.12 £ 027)% [78]
BRY, (65.95 +0.37)% [78]
s (89.34+0.08) x 1072 s [78]
T (5.17£0.04) x 1073 s [78]
and
2Am FL |1’]00’
u VLos = = Ap = oo — P .

= = . 5 F=E) r s
Z(F - |f/n\’|2) FS |n+*|

Table 28 summarizes the experimental values of the parameters to be entered on the right-hand side
of Eq. (77). The value of Am in Table 28 results from experiments [78] which do not assume ¢2.7
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(J), Re(d), and Re(x_),
do enter in the following two semileptonic asymmetries:

R, — R_[1 + 4Re(eL)]
R, +R_[1 +4Re(er)]

=2(Re(e) — Re(y) + Re(d))

Im(x, ) sin(Amt) — Re(x_ ) sinh(Al't/2)

2
* cosh(AI't/2) — cos(Amr) ’

(78)

and

R_ —R.[1+4Re(er)]
R_+R.[1+4Re(e)]

=2(—Re(e) + Re(y) + Re(d))
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Table 29
The correlation coefficients for the parameters Im(xy), Re(y), Re(d), Re(x_), Re(e) and Im(J)

Im(xy) Re(y) Re(9) Re(x_) Re(e) Im(d)

Im(xy) — —0.624 —0.555 0.651 —0.142 0.075
Re(y) — 0.279 —0.997 —0.159 —0.075
Re(d) — —0.349 0.039 —0.051
Re(x_) — 0.060 0.109
Re(e) — —0.256
Im(J) —
Table 30

Summary of the systematic errors arising from the CPLEAR semileptonic data

Source Im(x;) Re(y) Re(d) Re(x-) Re(e) Im(d)
(107%) (107%) (107%) (107%) (107°) (107°)

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
ol 0 +0.1 +0.5 +0.1 0 0

n +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(0) + 2Re(x_ )] sinh(AI't/2) + [2Im(x, ) + 4Im(J)] sin(AmT)
+ cosh(AI't/2) + cos(Amr) ’

Using as constraint the Bell-Steinberger relation, Eq. (77), and the K; charge asymmetry o,,
the determination of the parameters Re(e), J, Im(x,), Re(x_) and Re(y) is possible. For J, we
use the value from Ref. [78]:

8, =2Re(s) — 2Re(8) — 2Re(y) — 2Re(x_) = (3.27 £ 0.12) x 1073 . (80)

(79)

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 fit; all known correlations among these quantities were
taken into account. From the fit we obtained a value of y?/ndf =1.09 with the correlation coefficients
between the various parameters shown in Table 29. The contribution to the final errors arising
from systematic effects in the CPLEAR semileptonic data were determined in the same way as in
Section 5, and are summarized in Table 30. Our final result, assuming only unitarity, is

Re(e) = (164.9 4 2.5 + 0.14y5) x 1077,
Im(8) = (2.4 & 5.0qa & 0.14y5) x 1077,
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and
Re(5) = (24 & 2. 7ga £ 0.64y5) X 1074,
Re(p) = (0.3 & 3.0 & 0.6455) X 1072,
Im(x, ) = (—2.0 £ 2.6 £ 0.545) x 1072,
Re(x_) = (—0.5 £ 30515 £ 0.3555¢) x 1077 .

Our results on Re(¢) and Im(0) 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 significant contributions. The fact that Re(¢) and Im(J) 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(d) 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
fit. If we consider their sum we find

Re(y +x_)=(—02+03)x 1073 . (81)

This quantity appears in the asymptotic value of the time-reversal asymmetry Ar measured by
CPLEAR (see Section 5.3). The present result confirms that the possible contribution to this asym-
metry from ¥ -violating decay amplitudes is negligible.

The error on Re(¢) and Im(0) is dominated by the error on #g99. The CPLEAR accuracy on 7, g
is such that its contribution to the error becomes negligible. If we assume that there is no / =3
decay amplitude in the three-pion decay, it follows that 1, _¢ = 1900 and our analysis yields

Re(e) = (165.0+1.9) x 1077,
Im(8) = (—0.54+2.0) x 107>,

thus reducing the errors on the parameters Re(¢) and Im(0) by a factor of two, while the correlation
coefficient reduces to —0.003.

8.3. K° — K° mass and decay-width differences [29]

The 2.7 theorem [48], which is based on general principles of the relativistic quantum field
theory, states that any order of the triple product of the discrete symmetries 4, £ and 7~ should rep-
resent an exact symmetry. The theorem predicts, among other things, that particles and antiparticles
have equal masses and lifetimes. The ¥27 symmetry has been tested in a variety of experiments
(see for example Ref. [85]) and remains to date the only combination of ¥, £ and  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 2.9
to be constructed [138].
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The K° — K mass and decay-width differences may be obtained as the differences between the
diagonal elements of the neutral-kaon mass and decay matrices,

mMgo — mMgo = MKOK() - MKOKO, Yo — Yo = FK()K() - FKOKO .
In Refs. [78,88] the mass difference between K° and K® was evaluated as

o e 28m|n|(3¢+— + 3¢00 — Psw)
A sin(sw)

We recall that ¢ and ¢ are the phases of the parameters 7, _ and 7 describing ¥Z violation
in the two-pion decay channel (|n|=|n.—| = |noo|), and ¢sw(superweak phase) = arctan(2Am/ATI’).
Here we would like to stress that Eq. (82) contains the assumption of 27 invariance in the decay
of neutral kaons and neglects some of the contributions from decay channels other than two-pion. >

These limitations were overcome in the CPLEAR evaluation by taking advantage of the values
of the €27 -violation parameters Re(d) and Im(J), 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 (J)) and its normal (J, ):

(82)

1 FKOKO - FKOKO 1 MKOKO - MKOKO
=- 0] == .
4 \/Am? + (AT)2)? 2 \/Am? + (AT)2)?
The quantities o and 0, can be expressed as functions of the measured quantities Re(d), Im(d)

and ¢sw as
0| = Re(6) cos(psw) + Im(d) sin(¢sw) ,

01 = —Re(d)sin(¢sw) + Im(d) cos(Psw) , (84)
and allow in turn the K — K® decay-width and mass differences to be determined as
2AT
cos(¢psw)
AT

L7 Cos(dsw)

Thus the evaluation of the K — K° mass and decay-width differences is straightforward, once the
€PJ -violation parameters Re(d) and Im(J) are known.

From unitarity [52], or from Eq. (7b), it follows that the elements of the I'-matrix are given by
the products of the K® and K° (|JAS| = 1) decay amplitudes to all real final states f, with

FKOKOZZ&/?JZ{f, FKUKOZZ&_/;&_/f, FKOK(’:FI)E(OKOZZ"Q/;‘Q_/f > (86)

where .7 ; and 2 s denote the K® and K° decay amplitudes to a specified final state f. The elements
of the M-matrix on the other hand are given by Eq. (7a) and contain the products of the (JAS|=1)
transition amplitudes to all virtual states as well as a possible (JAS|=2) term which is linear in the

(83)

9

FKOKU — FKOKO = (3” X

MKOKO - MKOKO - 5 (85)

3 However, see L. Wolfenstein in Ref. [78, p. 107]. The relation between ¢, _, ¢oo 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 K; parameters [28,78] used in the present analysis

Parameter Value
I/T's (89.34 + 0.08) x 10~ %~ 's

I (5.17 + 0.04) x 10~ #i~'s

Ar (1117.4 £ 1.0) x 107 As~" = (7355 + 0.007) x 10~'5 GeV
Am (530.2 + 1.5) x 107 #is™' = (3.490 & 0.010) x 10™" GeV

transition amplitude. Thus ¥27 violation could manifest itself in first order in the M-matrix, but
only in higher orders in the I'-matrix.
By using for Re(d) and Im(o) the following values of Section 8.2,

Re(d)=(24+£28) x 107%,
Im(§) =(24£50)x 107, (87)

with a correlation coefficient of 5%, together with the values for AI' and Am of Table 31, we obtain
from Eqgs. (84)

S =(19+20)x 107",

5. =(—15+20)x107%, (88)
and subsequently from Egs. (85)

I'gogo — T'gogo = (3.9 £4.2) x 10718 GeV ,

Mgogo — Mgogo = (—1.5£2.0) x 107" GeV (89)

with a correlation coefficient of —0.95. Fig. 43 shows the error ellipses corresponding to 10,20 and
30. Our result on the mass difference 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(d) now being known
with a smaller error.

The error of Re(d) becomes even smaller if we assume ¥2.J -invariant decay amplitudes, that is
I'xogo = I'gogo or, equivalently, Re(d) = —Im(J) x tan(¢sw). In this case Re(d) can be determined
by Im(d) and the parameter 6, becomes 6 = Im(d)/cos(¢sw). The results for Myoxo — Mgogo are
shown in Table 32 depending on the values for Im(d) which are obtained from the unitarity relation
under different conditions: (a) no restriction [28]; (b) equal ¥Z-violation parameters for the decay
to n°7°7° and to 7t~ 70, i.e. 900 = H4+_o [28]; (c) only the mm 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 g
definitions [70]

n+_:6—5+(

. Im(4p) Re(30)> v (90a)

"Re(49) ' Re(4y)
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Fig. 43. The K® — K® decay-width versus mass difference. The 1o, 20 and 3¢ ellipses are also shown.
Table 32

Mass difference assuming I'gogo — I'gogo = 0: values and modulus limits at 90% CL for different values of Im(J)
(see text)

Im(5) (107°) (Myogo — Mgogo) (107" GeV) [Myogo — Mgogo| (107" GeV)
(a) 24+50 33470 <127
(b) —0.54+2.0 —07+2.38 <48
(©) —01+19 —0.1427 <44
.Im(d4o) = Re(Bo) /
=¢— )
=20+ (g + reag) 00
v L o Re() (i [Im(Az) B Im(Ao)] N [Re(Bz) B Re(Bo)D ‘ (90¢)
V2 Re(4o) Re(42)  Re(4y) Re(42)  Re(4o)

The set of Egs. (90) is visualized in Fig. 44. In this representation, according to the CPLEAR
choice of ¢y =0 (Section 2.1) the parameter ¢ has a phase equal to ¢sw. We have also introduced
the quantity A¢ = Im(I'},z,)/AI" which stands for one-half the phase of the off-diagonal I'-matrix
element I {(OKO corresponding to neutral kaons decaying to channels other than the two-pion (/ =0)
state. From Egs. (90) we obtain expressions for Im(d),Re(d) and, together with Eqs. (84), for d:

Im(8) = cos(psw)|n+—| <¢>sw - % ¢ — % ¢oo> +A¢ (91a)
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Fig. 44. €P-, T - and 62T -violation parameters for neutral-kaon decays to ntn ™.

Re(8) = —sin(cbsw)|1s_| <</>sw - %du_ - % ¢00> + ﬁzgz; , (91b)
o =lmec (v = 5 a3 )+ Adeosthn) — e sinGsw) ©10)

Here, use is made of the fact that |1, _| & |noo| =~ |¢|]. This approximation is no longer appropriate
when computing ¢ for which we obtain

Re(B))
Re(4o)

o = le| — [n4—| + A sin(dsw) + cos(psw) - (92)
Owing to the lack of precise information on |¢| — |, —_|, one evaluates only 0, (and the mass
difference), without any explicit consideration of J (and the decay-width difference). Finally, when

the terms containing A¢ and Re(B,)/Re(4y) are neglected* Eqgs. (91) and (85) reduce to Eq. (82)
and to case (c) of Table 32, leading to the limit [Mgogo — Mgogo| < 4.4 x 1071 GeV (90% CL).

* The measurements of CPLEAR in semileptonic and 37 sectors have allowed stringent limits to be set on Adg.
If one assumes the / = 1 decay amplitude to be dominant in the three-pion decay so that o0 = #4+—0, We obtain
Ap=(—58 £+ 81)x 107 % and 6, =(—04+2.7) x 107>, while 6, =(—0.0+2.6) x 107> for A¢=0. If one uses the
measured value for 7o, the error on A¢ increases by an order of magnitude and becomes dominant in (91), provided
that Re(Bo)/Re(4o) can be neglected. Without this last restriction, and using our evaluation of Eq. (95) the error of J
becomes as large as ~ 2 x 107%.
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With a similar approach, one could also simply use Eq. (90a) and neglect, in addition to A¢ and
Re(By)/Re(4y), also the projection of ¢ along the normal to the ¢sw axis, &, =14 |(d+— —Poo)/3—
which means to neglect the real part of both €27 -violating amplitudes By and B,, see Eq. (95).
This procedure leads to a slightly lower limit, [Mgogo — Mgogo| < 4.0 x 1071 GeV (90% CL).

The limit on the decay-width difference obtained from Eq. (89) is the result of a global evaluation
of a possible violation of 2.7 in the decay. However, we may also give some information on the
individual ¥27 -violating decay amplitudes. For the semileptonic decays, the parameters Re(y) and
Re(x_), describing ¥2.7 violation in AS = AQ and AS # AQ transitions, respectively, and their
sum, reported here for convenience, were already determined in Section 8.2:

Re(y)=(03+£3.1)x 1073,
Re(x_)=(—0.5+3.0)x 1077,
Re(y +x_)=(—2.0+3.0)x 107* .

For the pionic decays, only the parameters Re(B;)/Re(4,) are estimated. Without attempting a global
fit to the data we perform this estimation by expressing the K®—K° decay-width difference, according
to its definition, as

Tgogo — Igoge  Re(Bo) | |41  Re(82)
2T ~ Re(4y) |4o Re(4,)
FL RG(B/)
— |BR(K. — 3 — 2BR(Ky — /mv)R: . 93
+Fs [ (Ky — n)Re(AI) (Kp — Zmv)Re(y) (93)

In Eq. (93), the left-hand side is determined from Eq. (89) to be (2.642.9) x 10~*. On the right-hand
side, the last term is estimated to be ~ 5 x 107® with the values of the branching ratios from
Ref. [78], Re(y) as given above, and the measured value of Re(#._¢) [9] considered as an upper
limit for Re(B;)/Re(A4;). We are then left with the possible contributions to the decay-width difference
from the two-pion decay channel.

Since (0, — dg) = —(42 +4)° [141], and ¢psw = +(43.50 + 0.08)° with the values of Table 31, we
obtain as a good approximation from Egs. (90)

1 1 Re(4) |Re(By) Re(By)
§(¢00 — ¢ )n—| = V3Re(do) | Re(4y) ~ Re(dy)] (%94)

We estimate Re(4)/Re(Ao) ~ [Aa/Ao| ~ 0.04479 £ 0.00020 [113], with Re(B,)/Re(4,) and Re(By)/
Re(4p) <1; we also take |, _| = (2.283 £ 0.025) x 1073 and (¢oo — ¢, ) = (—0.3 + 0.8)° [7,78].
By using these values for Re(4;)/Re(4y),|n+—| and (¢poo — ¢+ —) we obtain from Eq. (93)

Re(B;) n Re(By)
Re(42)  Re(4o)

and from Eq. (94)

Re(By) Re(By)
Re(42) Re(dy)

0.002 x

=(26+29)x107*,

(—13+£34)x107*;
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hence,

Re(By) 4 Re(B)
Re(AO)_(2.6j:2.9)><10 © Re(dy)

In conclusion, without any assumption, the K —K° mass and decay-width differences were shown
to be consistent with 2.7 invariance within a few 107'® GeV. This determination is based on the
measurement of Im(d) and Re(d). The value of Im(d) results from a variety of measurements for
pionic and semileptonic decay channels, many of which are from CPLEAR, while the value of Re(d)
results essentially from the CPLEAR measurement of semileptonic decay-rate asymmetries [13]. In
addition to the mass difference between K° and K°, owing to the Re(§) measurement, we are also
able to evaluate for the first time the decay-width difference, and subsequently analyse it in terms of
individual 2.7 -violating decay amplitudes. The measurement of the decay-width difference relies
mainly on the CPLEAR measurements of the semileptonic decay rates and the parameter Re(d) [13],
also allowing possible cancellation effects to be disentangled. The ratio between €27 -violating
and ¥2.7 -invariant amplitudes is shown to be smaller than a few times 1073~10~* for a number
of cases.

=(13+£45)x107* . (95)

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 fluctuations (space—time
foam) entail an intrinsic, fundamental information loss, and therefore transitions from pure to mixed
states [143]. The K® — K° system is then described by a 2 x 2 density matrix p, which obeys

p=—ilAp - pAT) +d4p (96)
where A is the 2 x 2 matrix of Eq. (6a), and the term §Ap induces a loss of quantum coher-
ence in the observed system. In this context, the time evolution of the K® — K° 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 o, f and y (the six others were assumed to be zero). If different from zero, «,
p and y would point to a loss of coherence of the wave function (and also to ¥2.7 violation).
The decay-rate asymmetries [31] were fitted to data from the n*n~ and env decay channels, with
the constraint of |5, _| and J, measured at long lifetimes [78], see Fig. 45. We obtained, as 90%
CL limits, & < 4.0 x 107" GeV, f <23 x 107" GeV and 7y < 3.7 x 1072! GeV, to be compared
with a possible order of magnitude of (O(mzK/mplanck) =2 x 1072° GeV for such effects. 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) A%" (Section 4.1) and (b) A" (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 fit. The
dashed lines represent the expected asymmetries with positive values of a, f3, 7, which are 10 times larger than the limits
obtained.

9.2. Testing the non-separability of the K’K® wave function [25]

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

pp — K°K° . (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 K — K° oscillations the individual
strangeness is time-dependent. An EPR effect 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 final states @ and b, observed at times ¢, and #, respectively, is shown
in Fig. 46a for the case of a K'K° pair with J7¢ =17~ (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 different times, of a A4 and a K™ (unlike
strangeness) or a A and a K~ or two A (like strangeness).

The asymmetries of the yields for unlike- and like-strangeness events (AK' and AK™) were
measured for two experimental configurations C(0) and C(5), see Fig. 47a, corresponding to ~ 0
and 1.2 75 proper time differences between the two strangeness measurements, or path differences
|AZ| 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 K°K® wave
function. The non-separability hypothesis is also strongly favoured by the yield of A4 events. The
probability of satisfying the separability hypothesis of Furry [147] is < 107%.
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Fig. 47. (a) Conceptual sketch of the experiment (see text); (b) asymmetry of the measured AK* yields after background
subtraction. The two points show the long distance correlation of the entangled kaons, in agreement with QM.

9.3. Test of the equivalence principle [32]

By considering the variations of the fitted values of ¢, and |5, _| 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 first 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 effective 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) x 1077,
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 — |/,
the gravitational coupling difference between K and K°, as a function of the interaction range r;
where J =0, 1,2 for scalar, vector and tensor potential, respectively.
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Fig. 48. Limits on the gravitational coupling difference between K° and K°, |g — g|,, obtained from the measured K® — K°
mass difference as a function of the effective interaction range r;, 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 pp 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 significant contribution to this field, 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 K and K° 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 five-pion final 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 (PCO
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 effect 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 pp — KgKg at rest occurs through the 3Py(JP¢ = 07F) and 3P,(JPC¢ = 2*7) initial
states while the reaction pp — KgKy at rest occurs only through the *S;(J7¢ =177) state. The ratio
R=BR(pp — KsKs)/BR(pp — KsKy ) 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 4+ 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 pp annihilations. As any emission amplitude for identical
bosons must be symmetrized, observable correlation effects 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 specific dynamic picture—the Hanbury-Brown—Twiss
(HBT) mechanism [149]—Ilinking 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 first 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 first CPLEAR analysis performed on charged four-pion final states with criteria equivalent to
those of previous analyses.

In a second approach a two-dimensional analysis for well defined pionic final 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 confirmed that equal-charge two-pion correla-
tions indeed peak at small relative momenta (or small invariant mass) [21]. However, the analysis
performed on the five-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 effects.
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 K® and K° time evolutions. The use of pp-annihilation channels pp — KTn*K® and
pp — KT TK? and the detection of the charged particles, KT and nT, has allowed the identification
of the produced neutral kaon as a K° or as a K® (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 4x, 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 significantly 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 42,  and $%7 symmetries in the neutral-kaon system. Appendix C
contains a summary of selected results obtained through CPLEAR measurements.

%2 violation was investigated by comparing K’ and K° decay rates to a common final state
which was a ¥ eigenstate (nn or nnm).
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CPLEAR has improved the accuracy on the real and imaginary parts of the parameter #,_ de-
scribing ¥2 violation in the case of decay to n™n~ . These quantities enter sensitively into indirect
tests of 7 and ¥27 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 final states such as n°7° very
hard. Although CPLEAR has not observed ¥Z violation in the case of decay to wnx, it has improved
the limits on the parameters 1., _o and 799 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(d).

The CPLEAR highlights are the direct tests of 7 and 27 violations. Strangeness tagging the
neutral kaons at decay time in semileptonic decays, in addition to strangeness tagging at production,
CPLEAR, for the first time through a rate comparison, has measured .7 violation and thus demon-
strated that ¥ violation in mixing is related to 7 violation. Also for the first time, CPLEAR has
measured Re(d), thus allowing a ¥2.7 test without assumptions. The same measurement determined
Im(6), however with less precision than the indirect measurement through the Bell-Steinberger uni-
tarity relation.

The CPLEAR measurements, together with the measurements of ¢, — ¢op and ts by other
experiments, have provided sensitive tests on ¥2.7 . In particular, by evaluating the Bell-Steinberger
unitarity relation and by using it as a constraint in the semileptonic asymmetry fits, mass and
decay-width differences of K° and K° are compatible with zero and have errors of 2 x 10~'8 and
4.2 x 10~'® GeV, respectively, without any assumption (e.g. on ¥2.7 invariance in decay). The
parameters describing 2.7 violation in the decays to n"n~ and to emv were also determined
(some by direct measurement as well).

The Ky — Kg mass difference Am was measured with three methods, with different systematic
and statistical errors. The results agree within the errors, thus probing the overall consistency of
the experiment. Using env decays the error is the smallest currently obtained for a Am single
measurement.

The difference between the K and K° forward-scattering amplitudes in carbon was measured for
the first time in such a low momentum range.

As a bonus, valuable measurements related to ¥ Z-invariant neutral-kaon decays were performed
(Dalitz-plot parameters and slope of the K 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 #*#n~ and env
data samples, and on the other with a dedicated measurement.

It was often mentioned in the past that the K® — K° 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 profited of the opportunities offered.
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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.

e 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 first record of a neutral kaon decaying
to two pions.

e 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
7 and the neutral 0, decaying to three and two pions, respectively—had equal masses within
0.5 MeV: It was difficult to believe that this was an accident... [35]. The way was paved to a
critical examination of the symmetries observed in particle physics.

e 1953: For the first time two V-particles were seen at an accelerator [36].

e 1953: The new particles were classified [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*,K®) and (K%, K™) are doublets of isospin 7 = 1/2 with
I;=1/2,—1/2. Strong and electromagnetic interactions conserve isospin, but weak interactions do
not, and in some decays |A/| = 1/2. Within this context the idea of two neutral kaons, one being
the antiparticle of the other, emerged.

e 1954: Gell-Mann and Pais, under the hypothesis of % conservation, consider K® and K° to be
mixtures of particles with definite mean lives [4]. Different proposals are put forward to distinguish
K° from K° 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].

e 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 /3 and to the baryon number B by
0=05L+S5/24+ B/2 where S (strangeness) is a new quantum number to be conserved in strong and
electromagnetic interactions, whereas |AS| =1 interactions are weak interactions. The invariance
of these with respect to the ¥ and £ symmetries has not been contested yet.
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e 1956: Lee and Yang publish their seminal paper on £ non-conservation [42]. The experiments are
quick to establish in January 1957 that 2 and % are violated in weak interactions; 42, 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]. €27 symmetry is still considered untouchable
[48].

e 1964: Cronin et al. demonstrate experimentally the breaking of ¥2 invariance [50]. Soon after-
wards, Wu and Yang [51] perform a phenomenological analysis of ¥ violation in the decay of
K° and K°, including decay amplitudes and the unitarity concept, but assuming ¥2.7 symmetry.
They introduce the phenomenological parameters 1, =¢+ ¢, noo =¢ —2¢', e=(p — q)/p, and
take into account x, the parameter describing the violation of the AS = AQ rule. They consider
four ways for violating % (or 7 ): by interference of the main nn decay mode (/ = 0) with
the nm (I =2) mode, the lepton mode, the 37 mode and/or the off-energy shell contributions to
K° — K° elements of the mass operator.

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

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

e 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
(€2 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 10'® photons,
that is about one billion times fewer protons than otherwise measured.)

e Within the next 10 years the experimental scenario was fixed, 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.

e In the 1980s, while €2 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 €2 violation [58] and €27 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 |AS|=2 transitions as in (a), and |AS|=1 transitions,
as in (b)—(d). The evaluation of the parameters measured by CPLEAR in terms of these diagrams
seems to be a difficult task. Whether it is at all possible conceptually is sometimes questioned
[65], although in some cases one finds numerical agreement with the experimental results. We note,
however, that the current form of the Standard Model excludes any ¥2.7 violation. Thus, 427
tests are also tests of the Standard Model.
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Fig. 49. The diagrams which describe (a) the oscillation K° = K° and enter Am and & computations; (b) decays to env
and the AS = AQ rule; (c) decays to n7n; (d) decays to n°7°7® (left) and ="z~ =® (right).

Appendix C. Selected CPLEAR results

e ¥ violation
K - ntn— Phys. Lett. B 458 (1999) 545
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75— | = (2264 + 0.023 5 + 0.0264,5 & 0.007,5) x 1073
¢ =43.19° £ 053, +0.285, +0.423,,

K° — 7070 Phys. Lett. B 420 (1998) 191
00| = (247 £ 0.3 1 £ 0244y ) x 1073

oo =42.0° £ 5.6%, + 1.95
K° — ntnn° Eur. Phys. J C5 (1998) 191
Re(’?+ 0) —( 2+ 7stat 1syst) x 107 3

Im(”/+70) - ( 2+ 9stat_1 syst) x 107 3

K% — 707070 Phys. Lett. B 425 (1998) 391
Re(1000) = 0.18 =& 0.14 5 & 0.06y5

Im(r000) = 0.15 % 0.2045 & 0.034y

e 7 violation

(A7) = (6.6 & 1340t & 1.04y5) x 1073 Phys. Lett. B 444 (1998) 43
Re(g) = (1.65 + 0.335 & 0.2545) X 1073 (direct) Phys. Lett. B 444 (1998) 43
Re(e) = (1.649 £ 0.025) x 1073 (unitarity) Phys. Lett. B 456 (1999) 297
e 27 symmetry

Re(0) = (3.0 £ 3.3 £ 0.65y5) x 107* (direct) Phys. Lett. B 444 (1998) 52
Im(0) = (—1.5 & 2.3 & 0.34y5) x 1072 (direct) Phys. Lett. B 444 (1998) 52
Im(5) = (24 £5.0) x 1073 (unitarity) Phys. Lett. B 456 (1999) 297
Mgogo — Mgogo = (—1.54+2.0) x 1071% GeV Phys. Lett. B 471 (1999) 332
T'ogo — T'gogo = (3.9 £4.2) x 10718 GeV Phys. Lett. B 471 (1999) 332
e Other parameters of the neutral-kaon system

Am = (529.5 £ 2.0 & 0.34y5) x 10772/s Phys. Lett. B 444 (1998) 38
Am sign This report

Re(x) = (—1.8 £ 4. 15 & 4.555) X 1073 Phys. Lett. B 444 (1998) 38
Im(x) = (1.2 £ 1.9 & 0.95y5) x 1073 Phys. Lett. B 444 (1998) 43
Re(x—) = (0.2 & 1.3 £ 0.35y¢) x 1072 Phys. Lett. B 444 (1998) 52
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