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Abstract. A detailed analysis of neutral kaons decaying to 777~ 7° is presented based on the complete
data set containing half a million events. Time-dependent decay rate asymmetries are measured between
initially tagged K°® and K° and for different regions of the phase space. These asymmetries, resulting from
the interference between the CP-conserving decay amplitude of K1, and the decay amplitude of Kg — either
CP-violating or CP-conserving — allow the determination of the Kg parameters n4+_¢ (CP-violating) and A
(CP-conserving), and also of the main isospin components of the Ks decay amplitude. The branching ratio
of Ks = ntn—n® (CP-conserving) is deduced directly from . In addition, we extract the slope parameters
describing the energy dependence of the Ky, — m 77~ 7° Dalitz plot. The whole set of our results fits well
within the current phenomenological picture of the neutral-kaon system including CP violation and Chiral

Perturbation Theory (ChPT).

1 Introduction

The CPLEAR experiment at the Low Energy Antipro-
ton Ring at CERN uses a new experimental approach to
study CP, T and CPT violation in neutral kaon decays.
Neutral kaons, produced in pp (at rest) — 77K~K° or
7~ KTKDO, are initially strangeness tagged, event by event,
and time-dependent decay-rate asymmetries between K°

and K° are measured for decays to 27, 37 and wev,. From
these asymmetries the CP, T and CPT parameters — de-
scribing the violation of the corresponding symmetries in
the neutral-kaon system — can be extracted with small
systematic errors [1].

In this paper based on the analysis of our complete
data set, we focus on the 777~ 70 final state. The search
for the CP-violating amplitude of Kg — 7t7~ 7% decays
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is motivated by the search for CP violation itself, but
the interest extends far beyond it. Recently the experi-
mental precision in the measurement of the phase ¢4 _ of
the CP-violating parameter 74 _was increased allowing for
an improved indirect CPT test. To take full advantage of
these new measurements, the precision of the CP-violating
parameters of neutral kaons decaying to three pions also
needs to be improved substantially [2,3].

The measurement, of the parameters 74 _¢, describing
the yet unobserved CP-violating Kg decay, and A, describ-
ing the interference between the Kg and K, CP-allowed
amplitudes, is reported together with a detailed descrip-
tion of the method, the selection criteria and the system-
atic error estimation. In this framework we also present
the measurement of the parameters describing the Dalitz
distribution for K;, — 7#t7~ 7% and the determination of
the CP-conserving Kg — nt7~ 7% amplitude in terms of
its isospin components. The results on ny_¢ and A are
already contained in a short version of this report [4].

In Sect. 2 we recall the conventional parametrization of
the neutral-kaon decay amplitudes, and the definition of
the CP-violating and CP-conserving parameters. In Sect.
3, we describe the experimental method applied to ex-
tract these parameters. The CPLEAR experiment is pre-
sented in Sect. 4, followed by the event selection and cor-
rections in Sect.5. The final results, obtained with the
complete data set, are reported in Sect.6, which is de-
voted to the measurement of the CP-violating and CP-
conserving parameters, and in Sect. 7, devoted to the mea-
surement of the isospin components of the Kg and Ky, de-
cay amplitudes and of the Dalitz-plot slope parameters.
The CPLEAR contribution to the study of neutral-kaon
decays to 77~ 70 is summarized in Sect. 8.

2 Phenomenology of the neutral-kaon decay
into 7T~ w°

The probability to find a given momentum configuration
for the 7779 state is given by the Dalitz distribution
function (Dalitz plot). It is often parametrized as a func-
tion of the Lorentz invariants X and Y. In the kaon rest
frame X is proportional to the difference of the charged-
pion energies and Y depends linearly on the neutral-pion
energy. The definition of X and Y and the boundaries of
the Dalitz plot are given in Sect. 2.1.

The Dalitz distribution is proportional to the modulus
squared of the decay amplitude AT=°(X,Y). Its shape
depends on the spin and the parity of the final state. As
the sum of the masses of the three pions is close to the
kaon mass, AT ~9(X,Y) can be expanded as a polynomial
in the relative momentum of the 777~ subsystem and in
the momentum of the 7%, or equivalently as a function of
X and Y. In addition, the final state has to satisfy the
Bose statistics requirement and be symmetric under the
interchange of any two pions. Owing to these properties
the general form of the neutral-kaon decay amplitude to
atr a0 is

ATUXY) oc 1+ arY +asX + ...
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Each term of the expansion is related to the angular mo-
mentum [ of the 7° relative to the 7t7~ subsystem, and
to the total isospin I.

A further variable is the CP eigenvalue of the final
state, which depends on the angular momentum configu-
ration of the three pions and is given by (—1)"*!. Since K°
and KV states are superpositions of the two physical states
Ks and Ky, four contributions to AT~%(X,Y") should be
considered. Two of them come from the Kg and Kj, de-
cays to a mTn 7Y state with CP = +1 and two from
the decay into a CP = —1 state. The low kinetic en-
ergy available in the kaon rest frame suppresses high pion
angular-momentum configurations. As a consequence, the
K°(KY) — 77~ 7" decay is strongly dominated by the K,
decay amplitude (CP = —1,1 = 0), which is CP-allowed
and kinematically favoured. The second contribution is
due to the Kg decay amplitude (CP = 41,1 = 1), which is
CP-allowed and kinematically suppressed. Other contribu-
tions are expected from CP-violating Ks (CP = —1,1 = 0)
and Ky, (CP = 41,1 = 1) decay amplitudes. The latter
is suppressed both by CP-violation and centrifugal effect
and is thus neglected in most of this work. Three main
contributions remain in the K° and K° decay amplitude:

AT UX,Y) & A CP=D (X ) 4 [Ag” (CP=+1) (X Y)

+ A7)

where the upper and lower signs apply to K° and KO,
respectively.

The decomposition of each contribution as a function
of I, 1, X and Y is developed in Sect. 2.2, where we also de-
fine the Dalitz distribution observables in terms of the am-
plitude components. The observables describing the CP-
conserving and CP-violating parts of the Kg decay ampli-
tudes are defined in Sect. 2.3.

2.1 The Dalitz variables X and Y

The two Dalitz variables X and Y are defined as

Sp— — Sp+
X = s
=

and S50
where m .+ is the mass of the charged pion. The variables
Sy are given by

sr = (Px — Pr)u(PK — P2)*

where p, and pgx are the four-momenta of the pion and
the neutral kaon, respectively. The variable sg is defined
as

s0= 3 (Sp+ + Sx— + Sy0).

The Dalitz variable Y varies in the range

S0

2
mﬂi

Ymax:2< ! —1)

Yoin =4 — and
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while the kinematic limits for X are given by

S0 S0 S0
mi—i Y- (mii a 4) (5mii
(e — ) (1 4 )

_|_ —
i Y+ so/m2s

—3) el

Xlzim(Y) = Y2 -4

2.2 Parametrization
of the neutral-kaon decay amplitudes

We first recall that the 7t7~ 70 final state, as any pion
state, can be decomposed into a superposition of states
with definite total isospin I. The amplitudes of a neu-
tral kaon decaying to 77~ 7° can be written as a sum of
products containing the isospin, angular momentum and
energy-momentum dependences [5]. Owing to the Bose
statistics these amplitudes must be symmetric under the
interchange of the 7° with the 7% or the 7= and of the
7T with the 7—.

The total isospin I has a value between zero and three.
For the angular momentum, we consider the relative an-
gular momenta [; between the two charged pions, and [o
between the 777~ subsystem and the 7°. Owing to the
zero spin of the neutral kaon, [y = Il = [. Therefore the
nTr~ 7Y state always corresponds to the eigenvalue —1 of
the parity operator P. The eigenvalues of the operators C
(charge-conjugation) and CP are (—1)! and (—1)!*!, re-
spectively. Since the kaon mass is very close to the three-
pion mass, higher angular momentum are suppressed due
to the centrifugal barrier, and we will consider only the
values I =0 and [ = 1.

The symmetry properties of each isospin state with re-
spect to the exchange of any two pions among the three
are obtained by writing each state in terms of the various
isospin configurations and of Clebsch—Gordan coefficients
[6]. As summarized in Table 1, the I = 0 and I = 3 states
are, respectively, antisymmetric and symmetric. There are
two I = 1 states, one of which is symmetric. The other
I =1 state and the I = 2 state show a so-called mixed
symmetry: they are symmetric and antisymmetric, respec-
tively, only with respect to the exchange of the charged
pions. In all cases a full symmetrization is obtained by
an appropriate choice of the space wave functions which
multiply the isospin states.

As the total angular momentum is zero, the space wave
functions can be written in general as linear combinations
of terms of the form [6]

Promn = G BB fe,man(@ + @+ a3)

where ¢; are the moduli of the pion three-momenta q; in
the kaon rest frame. The indices k, m,n can take any in-
teger value (the lowest possible values being preferred be-
cause of the small pion momenta) and fi ., is a function
of ¢? 4+ q2 +¢3. For example, the antisymmetric state I = 0

391

Table 1. The isospin states of the 777~ 7% system

Total isospin Isospin state CPp
I symmetry eigenvalue
0 antisymmetric +1
1 symmetric, mixed -1
2 mixed +1
3 symmetric -1

is symmetrized by using the lowest order antisymmetric
space function

D =i (g5—a3) + & (65 — ai) + 45 (a1 — a3)| f (G + @5+ a3)

which shows that the I = 0 component is strongly sup-
pressed by kinematics. The I = 3 component is instead
suppressed by the AI = 1/2 rule. The complete decom-
position of the neutral-kaon decay amplitudes in terms of
isospin and pion momenta can be found in [5]. More com-
monly, the Dalitz variables X and Y are used instead of
the pion momenta for describing these amplitudes.

A further decomposition concerns the initial states KO
and K°. The corresponding decay amplitudes to a 7+ 7~ 7
state with given angular momentum [ and isospin I are
defined as

A= aue“s’ and A5 = (—1)l+1ailei51,

where a; ; describes the part of the decay amplitude com-
ing from the weak interaction and §; is the rescattering
phase due to the strong interaction between the final-state
pions (owing to the small phase space available d; is ex-
pected to be small). The Ky, and Kg amplitudes are then
given by

1 .
AFp = =1 +eL)ar — (=)L — ep)ag e

V2

ATy = 10+ ey + (1)1 e e, (1)
where €5 and ¢, are the CP-violation parameters in the
K%K mixing. They are defined as e, = ¢ — § and eg =
£+ 6. In the K°-K° mixing ¢ describes T-violation and §
a possible non-conservation of CPT invariance [3]. If CPT
invariance holds, e, = eg = €.

By using (1) and the Bose statistics symmetry require-
ments one can develop the Kg and Ky, decay amplitudes
as a function of I and of the Dalitz variables X and Y
[5—12]. Considering up to quadratic terms in X and Yand
neglecting direct CP violation, we obtain:

Agw(CPz—l)(X’Y) ~ gsAiW(CP=—1)(X’ Y)

ATOP=T(X YY) v X (1 +65) — Exy XY

AOP="D (X ¥ a1 +i6,) — BY (1 +id1as)
FE(Y2— LX)+ (Y24 %X R

3
ACP=D (X v m e AZTCOPHY (X ), (2)
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Table 2. Expected values of the neutral-kaon amplitude com-
ponents appearing in (2). They result from fits to all known
charged and neutral-kaon decay rates using either (2 (left) or
Chiral Perturbation Theory (ChPT) calculations (center and
right)

K experiments ChPT O(p?) ChPT O(p*)

[11] [11] [12]
et +84.3+0.6 +84.2
153 —28.1+0.5 —28.1
¢ —0.05+0.2 —0.6
13 —-1.3£0.5 —1.4
N 126403 +2.9
fxy  —0.340.7 0.1
01 - - 0.13
O1m - - 0.41
P - - 0.047

All amplitude components are related to the isospin am-
plitudes ap,1 and a1 of (1) and have equal weak phases
(no direct CP violation). The quantities §; and d15; are
rescattering phases for I = 1 states [7]. The rescatter-
ing phase for I = 2 states is d3. Angular momenta > 1
and final state interactions contribute to the amplitudes
¢, £xy and (. These second order terms are small and
their rescattering phases (which are also expected to be
small) are neglected [12].

The isospin amplitudes «, 3, v, &, Exy and ¢ have been
determined by a fit to all known neutral- and charged-kaon
decay rates [7,11] and also estimated by fits to data using
Chiral Perturbation Theory (ChPT) at next-to-leading
order [11,12]. In these calculations both AI = 1/2 and
AI = 3/2 transitions were taken into account, while the
rescattering phases and their kinematical dependence were
only considered in [12]. The values obtained are summa-
rized in Table 2.

The isospin amplitudes also enter the energy depen-
dence of the Dalitz distribution for K;, — 77~ 7% which
is usually parametrized as

AT (X, V)P o 1+ gY +hY? + X + kX% + fXY. (3)

The so-called slope parameters g, h, j, k, and f are ex-
pressed in terms of the isospin amplitudes of (2) as

2
g:_gé h:2H+(6> k:gg
« « 3

« (0%

(4)

VB

. Y
=2R - -
J e(fL)a a2

f =2Re(er)

The expected and measured values for the slope parame-
ters are given in Table 3. We note that a non-zero value of
the slope parameters j and f would indicate CP violation
in K, = 7t7 =70 decays.
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Table 3. The slope parameters of Ki, — 7 7~ 7 decays. The
values quoted in the first two columns were obtained from the
values of the kaon decay amplitudes given in Table 2, by us-
ing (4) and by setting Re(er.) = 6;/2 where §; is the charge
asymmetry measured in semileptonic decays [13]

K experiments ChPT O(p*) PDG’96
[11] [11,12] [13]
g 067+ 0.01 0.67 0.670 £ 0.014
R 0.084 0.01 0.06 0.079 + 0.007
j - 1.1x10™*  0.0011 4 0.0008
k. 0.014 0.04 0.006 0.0098 4+ 0.0018
f - 3.7 x 107° -

2.3 The CP-conserving
and the CP-violating parameters

37(CP=—1)

The K, decay amplitude A} (X,Y) interferes with

both the CP-conserving Kg decay amplitude Agﬁ(cpzﬂ)

(X,Y) and the CP-violating Kg decay amplitude
Ag”<cp:71)(X,Y). The former interference term, anti-
symmetric in X, is observed by separating the events with
X > 0 and X < 0 and by measuring the CP-conserving
parameter A defined as

Ymax [X1im(Y) ,+ 3x(CP=-1) 37 (CP=+1)
fy fo Ar e (X,Y)AY (X,Y)dXdYy

- fyxnax fxlim(y) |Aiﬂ'(cpzil>(X,Y) 2dXdY

Ymin 0

A=

(5)

This contribution vanishes when the data are integrated
over the whole phase space, allowing the observation of
the latter interference term through the measurement of
the CP-violating parameter 1y _qg given by

-0 = (6)
Ymax [+X1im(Y) ,* 3x(CP=-1) 37(CP=-1)
mein fqumm AT (X,Y)AS (X,Y)dxdYy
Ymax [+X1im(Y) | ,37(CP=-1) 2
A X,Y)|2dXdy
fY ffxlim(y) I L ( )l

min

By using the parametrizations of (2), and by neglect-
ing second-order terms in the rescattering phase differ-
ences and second order terms proportional to 5¢xy, Y&,
7¢, E€xy and ({xy, we deduce

N+-0 = E€s
_ Y(adio—phia) —aéxylin
Re(d) = a?lyo — 20811 + (%1p 2 @
Im(A) = (8)
V(02 — 61) 11,0 — B(62 — dim)T11) + aéxydili
a?lyg —2081p1 + 321p2 .

The coefficients

Ymax X1im(Y)
/ X"ymdxdy
Ymin 0

In,m =
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Table 4. The values of the integrals I, . The quoted errors are due to the uncer-

tainties in the masses of K°, 7% and

nom Inm n o m LInm n o m I m

0 0 50372400044 1 0 49960 £0.0066 2 0 6.8879 £ 0.0121
0 1 0.5016+0.0006 1 1 0.3169+0.0004 2 1 0.2713 &+ 0.0003
0 2 24358+£0.0042 1 2 19063 +£0.0042 2 2 2.1687 £ 0.0057

Table 5. The values for the real and imaginary parts of the
CP-conserving parameter \, as obtained from the neutral-kaon
decay amplitudes given in Table 2 using (7) and (8)

K experiments ChPT O(p*) ChPT O(p*)
[11] [11] [12]
Re(\)  0.028 £ 0.003 0.031 +0.031
Im()\) - - ~0.006

are given in Table 4. The parameter A describing the in-
terference between the Kg and Ky, CP-allowed decay am-
plitudes, is expected to be almost real. An imaginary part
could exist because of the final-state rescattering phases
or a possible direct CP-violation contribution; both how-
ever are small. With the values of Table 2, we obtain for
the real and imaginary parts of A the values summarized
in Table 5. The parameter 74 ¢ measures CP violation for
Ks — nt7— 7% This violation is expected to be as large
as CP violation for Ky, — 77~ and ny_o &~ ny_.

3 Experimental method

The CPLEAR experimental approach to the determina-
tion of n4_o, A, v and {xy is based on the measurement of
time-dependent decay-rate asymmetries between initially
tagged K® and K. This method allows for small system-
atic errors since the detector efficiency, the geometrical
acceptance and the background are almost the same for
K° and K, and thus cancel in the experimental asym-
metries. Moreover, the measurement of the interference
between Ky, and Kg through the decay rate asymmetries
allows the determination of the CP-conserving and CP-
violating parameters without any theoretical assumptions
on the decay amplitudes.

The measurement of the slope parameters is more con-
ventional since it uses the Dalitz distribution of K, —
aT7~ 7% decays corrected by the experimental acceptance.

3.1 Decay-rate asymmetries to extract n4_o and A

The time-dependent decay rate Ri_o(X,Y,7) and
Ry _o(X,Y, ) for initial K® and K° decaying at a proper
time 7 to a 7t7~ 70 state with Dalitz variables X and
Y are given to first order in Kg — 77~ 7° decay ampli-
tude by Eq. A on top of the next page, where Am is the

35

2.5

Time dependent asymmetry A, g [10_3]

0.5

ol by b b b b b by Ly
0 2 4 6 8 10 12 14 16 18

Neutral kaon decay time [t4]

N
o

Fig. 1. The expected time-dependent decay-rate asymmetry
At _o(7), (9), computed by assuming n4+—o = n+— and by tak-
ing the world average values for n4+_, I's, I, and Am [13]

K1, —Kg mass difference, and I, (I's) is the decay width
of the Kr, (Kg). The integration over the Dalitz plot be-
tween the Y boundaries and over X > 0 or X < 0 leads to
the integrated decay rates R, (), Ry (1) or R_(7), R_(1),
respectively (see Eq. B on top of the next page).

The 14 _¢ contribution to the K;,—Kg interference term

appearing in these rates is isolated by forming the decay-
rate asymmetry (see Eq. 9 on top of the next page).
The measurement of this time-dependent asymmetry al-
lows the determination of the CP-violating parameter
N+—o- Otherwise, the two asymmetries obtained by sep-
arating the rates for X > 0 and X < 0 (see Eq. 10 on top
of the next page), are used to determine the CP-conserving
parameter \.

The expected CP-violating and CP-conserving asym-
metries are plotted in Figs. 1 and 2, respectively, as a func-
tion of the proper time measured in units of 75 (75 =
1/I's). They show that the maximum sensitivity on the
real and imaginary parts of the CP parameters is obtained
at short decay time. Moreover, the asymmetry related to
the CP-conserving amplitude is at least one order of mag-
nitude higher than the one related to CP violation.
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x exp[—(I's — I'L)7/2], (11)
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g::zéij ;: :; x [1F 2Re(es)] |A] %X, Y) > exp(—Iu7) + {Re [A;rfo(X, V)AL (X, Y)*] cos(AmT)
— Im [AS (X, Y)AT (X, Y)"] sin(Am 1)} exp[—(Is + I'1)7/2], (A)
gi E:; x [1 F 2Re(es)] exp(—IL7) £ 2[Re(n+—o0 + A) cos(Am 1) — Im(ny—o + A) sin(Am 7)] exp[—(I's + I'1.)7/2],
(B)
%: E:; o [1 F2Re(es)] exp(—IvnT) £ 2[Re(n+—0 — A) cos(Am 1) — Im(n4—o — A) sin(Am 7)) exp[—(I's + I1.)7/2].
A+_0(T) —_ [EJr(T) +§* (7)} — [R+(T) + R- (T)]
[R+(7) + R—(7)] + [R4(7) + R—(7)]
= 2Re(es) — 2[Re(n4+—0) cos(Am7) — Im(n4+—o) sin(Am 7)] exp[—(I's — [1.)7/2]. 9)
As(r) = % — 2Re(es) — 2 [Re (4o £ A) cos(Am 7) — Im (ns—o = A) sin(Am 7)) exp|—(Is — TL)7/2],  (10)
SETTT T ' ' ' ' ' ' [R_(X,Y, )+ Ry (X,Y,7)]-[Re(X,Y,7)+R_(X,Y,7)]
4 — ] [7,(X,Y,T)—|-R+(X,Y,T)]+[E+(X,Y7T)—I-R,(X7Y7T)]
3_ _ = 2|X\7’y —bxv¥ cos(Amr)
L / X<0 ]

Time dependent asymmetry A+ [10_3]
o

_5'...I...I...I...I...I...I...I...I...I...'
0 2 4 6 8 10 12 14 16 18 20

Neutral kaon decay time [t4]

Fig. 2. The expected time-dependent decay-rate asymmetries
Ay(r) for X > 0 and A_(7) for X < 0, (10), computed by
taking n+_o = n+—, the world average values for n+_, I's, I,
Am [13] and the expected value of A, Table 5, last column

3.2 Decay-rate asymmetry to extract v and £xy

The same method can be used to directly extract the
isospin components v and ¢xy of the Kg — nt7~ 70 am-
plitude. This determination, however, relies on the para-
metrization of the neutral-kaon decay amplitudes given in
(2). In each point of the Dalitz plot, we define the asym-

metry

Ae(X,Y,7) =

where the rescattering phases and second-order terms in
X and Y are neglected. This asymmetry is then used to
extract simultaneously the two isospin amplitudes v and
¢xy, by fixing the Ky, decay amplitudes a and 3 to the
experimental values given in Table 2.

3.3 Extraction of the Kg branching ratio

Although X is determined without any theoretical inputs,
the determination of the corresponding branching ratio of
the CP-conserving Kg — 7tn~ 70 requires the theoreti-
cal parametrization of the neutral-kaon decay amplitudes.
The branching ratio of the CP-conserving Kg decay is de-
fined as

3T
BR(Ks — ntr 70) = i BR(Ky, — 777 7°) F% .
I T
(12)
Here Fg’” and I'?™ are the partial decay widths for Kg and
K1, decaying to 77~ 7%, Their ratio can be expressed as
a function of the amplitudes «, § and v in (2):

Ymax +X1im(Y) | 437(CP=+1)
gr fY Lxlim(y) |Ag (X,Y)]2dXdY
3T T Yimax +Xiim(Y) | 437(CP=—1
It mean —Xlim((Y)) |Af, ( )(X, Y)|2dXdY
2 Iz
06210,0 - 20‘510,1 + 6210727

(13)
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CPLEAR Detector

Magnet coils At support rings
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DDD - Electromagnetic calorimeter -
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|

D%/ - Cherenkov and scintillator counters - \%}
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Fig. 3. A longitudinal view of the CPLEAR detector up to
mid 1994

if we neglect direct CP violation and the amplitude &xy .
By combining (13) with (7) and (12), we obtain

BR(Ks — nt770)
I
= ITL x BR(Kp, — 777~ 7%) x Re(\)?
s

y L o(a?Io,0 — 2a8Ip1 + 31y 2)
(alyo — fB111)? .

By taking the world average value for BR(Ky, — 77~ 79)
[13], and the experimental values for o and 3 given in Ta-
ble 2, we obtain the following numerical relation between
the desired branching ratio and Re(\):

BR(Ks — nt7 %) = Re(\)? % (3.2440.06) x 10~ . (14)

4 The CPLEAR experiment

In the CPLEAR experiment, initial K and K° are pro-
duced in about 4 x 1073 of the antiproton—proton annihi-
lations through the reactions

pp (at rest) — K-7K® and Pp (at rest) — K7 K°,

where the conservation of strangeness in strong interaction
implies that a K° is accompanied by a Kt and a K° by
a K. Thus for the above class of events (golden events)
the identification of the charged kaon and the sign of its
electric charge tags the strangeness of the neutral kaon at
the time of production.

The CPLEAR detector [14], shown in Fig.3, deter-
mines the strangeness of each initial neutral kaon and
identifies its decay products. It has a cylindrical geom-
etry and is mounted inside a solenoid of 3.6 m length and
1 m radius, which produces a magnetic field of 0.44 T
parallel to the antiproton beam. At the centre of the de-
tector, antiprotons with a momentum of 200 MeV/c are
brought to rest and annihilate in a target of gaseous hy-
drogen at a rate of 1 MHz. For data recorded from 1992
up to 1994, the target was spherical with a radius of 7 cm
and a pressure of 16 bar. During the 1994 data-taking, it
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was replaced by a cylindrical one with a radius of 1.1 cm
at a pressure of 27 bar.

The identification of the charged kaon is performed by
using a threshold Cherenkov counter sandwiched between
two layers of scintillator. The Cherenkov radiator, liquid
FC72, was chosen to separate efficiently charged kaons
from charged pions. In the momentum range of the ex-
periment, most pions generate Cherenkov light while the
kaon momenta are below the threshold of light emission.
In addition, the scintillators allow particle identification
by dE/dz and time-of-flight. They also provide fast iden-
tification of the charged particles to the trigger system.

The sign of the charge and the momentum of the
charged particles are determined by the curvature of the
track, measured by two proportional chambers, six drift
chambers and two layers of streamer tubes. Target and
tracking-chamber materials are minimized (~ 1072X, and
~ 5 x 1073 interaction length) in order to reduce multiple
scattering and regeneration effects.

Photons are detected in an electromagnetic calorime-
ter composed of eighteen layers of lead converters and
tubes working in a high-gain mode. Each of these layers is
equipped with two layers of pickup strips, allowing a three-
dimensional reconstruction of electromagnetic showers.

To cope with the high rate and select the neutral kaons
among the multipionic annihilations, a multilevel trigger
was used. It is based on the recognition of the associated
K*7F pair at the annihilation vertex. It uses dedicated
hardwired processors which reconstruct the kinematics of
the event and identify the charged kaon in about 6 pus. In
1995, a cylindrical proportional chamber with a radius of
1.5 cm was added around the new target. This chamber,
being very close to the annihilation vertex, was used by
the first stage of the trigger to reject more efficiently the
annihilation background.

For the 7T 7~ 7Y final state, the data-taking started in
1992, when the calorimeter and the trigger were fully op-
erational, and finished at the end of 1995. During this pe-
riod, about 8 x 10'2 antiproton—proton annihilations were
collected, corresponding to about 4 x 10? events on tape.

5 Event selection and corrections

The selection of neutral kaons decaying into 7+7~ 7 is
performed by a set of topological cuts, constrained fits and
particle-identification criteria. The remaining background
is then estimated from the difference between data and

simulated 77~ 70 events properly normalized.

5.1 Topological filter

The selected events contain four charged-particle tracks,
with zero total charge, and one or more electromagnetic
showers in the calorimeter, which are well separated from
any charged track. The latter requirement considerably re-
duces the background from pp annihilations into
KTK~ 77~ as well as 777~ and semileptonic decays of
neutral kaons.
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The pp annihilation vertex is reconstructed from the
charged-kaon candidate and a pion of opposite electric
charge coming from the centre of the detector and thus
defined as primary particles. This vertex is required to
be well within the target volume. The neutral kaon de-
cay vertex is reconstructed from the remaining 7% and
7w~ tracks defined as secondary particles. The distance be-
tween the two vertices in the transverse plane is required
to be greater than 1.2 cm.

The opening angle of the secondary pions has to be
larger than 8° in order to remove e™e™ pairs from ~y con-
versions or 7° Dalitz decays, and smaller than 172° in
order to remove events with particles back-scattered from
the detector’s outer components.

At the output of the topological filter we cut on the
invariant mass of the secondary particles 77~ 7%, The
charged-pion momenta are given by the track-fit proce-
dure while the 7° momentum is defined as the total miss-
ing momentum in the pp annihilation. The 77~ 7° in-
variant mass has to be lower than 600 MeV/c? to further
reject neutral-kaon decays to 777~ and semileptonic final
states.

5.2 Kinematically constrained fits

In order to further remove the background originating
from pp annihilations and neutral-kaon decays to other
channels, events are then selected using kinematically con-
strained fits which also permit to improve the decay-time
resolution of the selected sample. The constraints applied
to satisfy the kinematics of the process pp(at rest) —
K-7ntK? with K — 7t7= 70, or its charge conjugate

(c.c.), are the following:

— conservation of total energy and momentum with the
constraints that the missing mass at the primary ver-
tex is the mass of the neutral kaon, and the total miss-
ing mass is the 7% mass;

— collinearity of the neutral kaon momentum vector and
the vector connecting the primary vertex and decay
vertex in the transverse plane.

Events are kept if the kinematical hypotheses are sat-
isfied by only one track combination with a probability
larger than 5%. In addition, the primary K*#¥ pair of
the selected events has to be the primary K*nF chosen
by the trigger algorithms of the hardware processors.

At this stage, the selected sample is compared to the
distribution for simulated 7t7~7° and semileptonic
neutral-kaon decay events, as shown in Fig. 4. The con-
tribution from neutral kaons decaying into semileptonic
final states is found to be strongly suppressed at short de-
cay times. There the decay particles, crossing the propor-
tional chambers, have a better momentum resolution, re-
sulting in a more efficient rejection by the constrained fits.
A background, not associated with semileptonic events, is
also clearly seen below 4 7g. This fact justifies our choice
to normalize the simulated data to real data above 6 7g
where only semileptonic events contribute to background.

We conclude that at this stage the data sample is dom-
inantly composed of 7+ 7~ 7° decays of neutral kaons with
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Fig. 4. The decay-time distribution of the sum of initial K°
and K° decaying into 717~ 7° for real and simulated data after
applying the topological filter and kinematically constrained
fits. The full line shows the simulated distribution built from
the sum of the 777 7% and semileptonic decays of neutral-
kaons, normalized to the real data set above 6 7s. The dis-
tribution of the simulated 77~ 7° events is shown by the
dashed line, while the background contribution from semilep-
tonic events is given by the shaded area. The excess of real data
at short decay time shows the short decay-time background at
this intermediate stage of the analysis

a 4% contamination of long decay-time background com-
ing from semileptonic decays of neutral kaons, and an
8% contamination of other, short decay-time, background.
This type of background may originate from Kg decays
and pp annihilation processes other than golden. Its sup-
pression is discussed in detail in Sect. 5.3.

5.3 Background suppression
using particle identification criteria

By simulation of neutral-kaon decays to n#t7~ it was
proved that, mainly owing to the effectiveness of the con-
strained fits, the background resulting from Kg — 777~
decays is reduced to a negligible amount. The same holds
for many other annihilation channels such as multi-pion
final states, whose contribution is at most 0.002%. We esti-
mate that at short decay times, the remaining background
contributions are the following:

pp — Kt77K° (or c.c.) events with a Kg decaying to
7979, followed by a 7° Dalitz decay to eTe™7;

pp — KTK~7nt 7~ events passing the selection criteria
because of a badly reconstructed track;

pp — m’KT7~K° (or c.c.) events, where a Kg decays
into 7t7~and the primary charged pion is taken as a
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Fig. 5. The invariant-mass distribution of the 777~ cross-
combination pair for real data events with a decay time
smaller than 2 75 plotted before (unshaded area) and af-
ter (shaded area) applying the criteria rejecting the pp —
7Kt 7 K°(Ks — 77 ~) or c.c. events

secondary pion and vice versa, even though the vertex
resolution in the transverse plane is &~ 1.5 mm.

These backgrounds are further reduced by kinematical
cuts and particle-identification criteria chosen by compar-
ing real data and simulated K°, K® — 77~ 70 decays.

The Dalitz decay events of type (a) are almost fully
eliminated by removing events where the invariant mass
of the secondary particles, computed with the ete™ hy-
pothesis, is small and the measured time-of-flight is not
compatible with a 777~ pair.

Events of type (b) are reduced by discarding events
where the four- or three-track vertex-fit probability is high
and the total missing momentum is low. In addition, the
time-of-flight information of the charged particles is used
to confirm the primary K7 and secondary 77 hypotheses.

Events of type (c) are rejected if the cross-combination
fulfils invariant-mass and vertex alignment constraints con-
sistent with the pp — m'Kt7"K°® (Ks — 7#77~) or c.c.
hypothesis. These cuts are only applied to events with at
least three tracks coming from the centre of the detector.
The rejection of this background is illustrated in Fig. 5,
showing the 777~ invariant mass of the cross-combination
for real data with a decay time smaller than 2 7g before
and after applying the cuts.

The addition of the new proportional chamber close
to the centre of the detector (see Sect.4) allowed an im-
provement of the selection criteria for the 1995 data sam-
ple, by requiring a hit in this chamber for the primary
K*7F tracks and no hit associated with the secondary
particles of the neutral-kaon decay. This condition allowed
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Fig. 6. The invariant-mass distribution of the secondary parti-
cles with the pr~ hypothesis, for K° events with a decay-time
below 0.75 75 before applying the time-of-flight cut. The excess
of events appearing around 1115 MeV/c? shows the A(1115)
background component, in the 1995 data sample

the release of the cuts described above in order to reject
pp — KTK=7t7~ and pp — 7°K+7~K° (or c.c.) back-
ground, and led to a substantial increase (about 30%) in
the signal acceptance at short decay times.

However, the new amount of material around the anni-
hilation region had also enhanced the production of
A(1115) — pr~ through K° or K~ interactions with nu-
clei (K~ originated from K*K~ 77~ background). These
processes only contaminate the K° data set, thus simu-
lating a CP-violation asymmetry. The A(1115) signal is
located well below 1.25 75, with a maximum at 0.75 7g. It
amounts to ~ 20% of the previous short decay-time back-
ground. Figure 6 shows the A(1115) signal in the invariant-
mass distribution of the secondary particles with the pr—
hypothesis, for K° events with a decay-time lower than
0.75 7s. The A(1115) background is reduced by a factor
of two by using the time-of-flight information to identify
the proton. Since the remaining amount of A(1115) back-
ground is at the limit of our sensitivity, the induced K°-K°
asymmetry is treated as a source of systematic error.

With these criteria, the final data set contains a to-
tal of 508 000 events with a decay time between 0.25 and
19.75 75. The nt7~7° invariant-mass distribution of the
selected events is shown in Fig. 7, together with the dis-
tribution for simulated 777~ 7" and semileptonic neutral-
kaon decay events. The corresponding decay-time distri-
butions which eventually give the background/signal ratio
are discussed in Sect. 5.4.
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resulting from our track-fit procedure. The 7° momentum is
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tion. The plain histogram shows the simulated distribution
built from the 77~ 7% and the semileptonic decays of neutral
kaons, normalized to the real data set above 6 7s. The back-
ground contribution due to semileptonic decay events alone is
given by the shaded area

5.4 Remaining background in the final data set

Figure 8 shows the real and simulated decay-time distribu-
tions of the selected data sample. The simulated distribu-
tion, given by the sum of neutral-kaon decays to 77~ 7°
and to wly; weighted with the corresponding Ky, branch-
ing ratios, is normalized to the real data for decay times
above 6 7g, where semileptonic decays are the only source
of background. The normalization factor is obtained by
fitting a constant to the ratio of these two decay-time dis-
tributions.

The excess of data up to 1.25 75 represents our short
decay-time background whose origins have been discussed
in the previous section. The excess of simulated events
around 2.5 7g can be associated to an imperfect simulation
of the proportional-chamber hit resolution for a neutral-
kaon decay vertex close to the wire plane (at a radius of 10
cm). Since the chamber response had been calibrated with
single tracks, for the purpose of this analysis we performed
a fine tuning of the two-hit resolution and so matched the
simulated decay-radius distribution to the measured one.

It is important to note that the improvement in the
chamber simulation does not affect the evaluation of the
short decay-time background, because the latter originates
at a radius (< 4 cm) much smaller than the proportional
chamber radius. The additional error introduced on this
background, owing to the tuning, is about 10%, which is
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negligible compared with the overall uncertainty discussed
in Sect.6.1.2.

The total-background fraction of the events (g(7), in
the time interval between 0.25 75 and 19.75 73, is defined
as the relative difference between the data and the simu-
lated 77~ 70 events. Figure 9 shows the total-background
fraction as a function of the decay time, and also the line,
parametrized as the sum of a linear and an exponential
term, which is fitted to the data points. The linear part
describes the semileptonic contribution while the expo-
nential part accounts for the short decay-time background
below 1.25 7g.

When fitting the asymmetries to data (see Sect. 6), the
total-background fraction is taken into account by using
this parametrization of (p(7):

Cp(7) = exp{—1[0.2+ 0.6 (stat.)]
— [4.1+£1.3 (stat.)] x I'sT}
—[0.008 £ 0.004 (stat.)]
+[0.0062 £ 0.0004 (stat.)] x Is7].

The total semileptonic component is found to be 4.15%
while the total short decay-time background is 0.16%.
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Fig. 9. The total-background fraction (g(7) (+), defined as
the relative difference between real data and simulated 77~ 7°
data (normalized above 6 7g). The solid line results from the fit
with a parametrization consisting of a linear term, describing
the semileptonic contribution, and an exponential term, which
accounts for the short decay-time residual background. The
analytic shape of (g(7) is used when fitting the asymmetries
to data. Also shown are the values (o) obtained after retuning
the chamber simulation (see text)

5.5 Decay-rate corrections

Before constructing the experimental asymmetries corre-
sponding to (9), (10) and (11), three corrections were ap-
plied to the data.

The first takes into account the dependence of the tag-
ging efficiency of K° relative to K® on the charged-kaon
and pion momenta. The tagging efficiencies of K° and
KO are equal to the detection efficiencies, e(K*,7~) and
e(K—, mT) respectively, of the associated primary Kz pair.
They are not identical owing to the different strong inter-
action cross-sections of K™ and K—, and of 7™ and 7, in
the detector. These effects induce an average difference at
the level of 12% between the K® and K° tagging efficien-
cies. In addition, the momentum dependence of the cross-
section introduces a difference in the decay-time distribu-
tions at a level of 1%, since the momentum distributions
are related to the decay time. This correlation arises from
the finite decay volume and the decay-radius dependent
acceptance. To correct for this distortion, a normaliza-
tion factor ¢{n(pk,Pr), defined as e(K*, 77 )/e(K—, 7 ),
was measured with the 777~ data set at short decay
time, since it does not depend on the decay mode of the
neutral kaon. The neutral-kaon decay-time distribution is
then corrected by weighting each event with the measured
detection-efficiency ratio which depends on the kinematics
of the events. After this procedure, the time dependence of
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€(K%) and €(K?) is the same, and the overall normalization
between 0.25 and 19.75 7g,

NEK® - rtr—7%) fOQOTS (K% 7)[R4(7) + R_(r)]dr
N(KO — ata=z0) = 207 (K0 7)[R, (r) + R_(r)]dr
= [1 + 4Re(es)] x &,

is preserved. The mean normalization &y is equal to
(e(K))/(e(KP)).

The second correction comes from the coherent regen-
eration which appears when neutral kaons cross our detec-
tor. Owing to the small amount of material in the central
region, the expected difference in the K® and K° decay-
time distributions is up to a few per mil. To correct for
this effect, each event is weighted by the ratio of the de-
cay probability of a neutral kaon propagating in vacuum to
its decay probability when it travels through the detector.
This ratio is computed by using, for the forward-scattering
amplitudes of K® and K° in the momentum region of this
experiment, the results of [15] which agree well with the
recent CPLEAR measurements [16].

The third correction takes into account the fact that
the cuts removing T’KT7~K° (or c.c.) background act
differently on the two secondary pions, depending on the
charge of the primary kaon. This induces a fake asymme-
try between the X > 0 and X < 0 samples, at a level of
1%, distorting the measurement of the CP-conserving pa-
rameters. Therefore, each decay rate is corrected for this
effect as estimated from simulated distributions.

6 Measurement of the CP-violating
and the CP-conserving parameters

The selected data set contains neutral kaons decaying into
7t7~ 70 and some residual background. Since the amounts
of K? and K° are slightly different, the experimental decay-
rate asymmetries are equal to

Ny (1) = Ni(7)
Nk(T) + Nk(T)

(&1 46N (1 — (B(7)]
N(£N+1)+ (Ex +1)2

where the subscript & refers to the Dalitz plot integra-
tion domain, £y is the mean normalization factor, (g(7)
is the parametrization of the total-background fraction as
a function of the decay time. A, _(7) is given by (9) and
A4 (7) (vesp. A_(7)) by (10). When fitting these asymme-
tries to the data, the CP parameters in Aj and the mean
normalization factor, &y, are left to vary freely. In (15),
the Re(es) coming from Ay in (9) and (10) is taken to
be equal to Re(er,) and fixed to 0;/2. The world average
values are used for Am and Is [17], 6; and [T, [13].

AP (r) =

Ag(7), (15)

6.1 Measurement of the CP-violating parameter 14 _g

The experimental asymmetry AP (7) obtained from the

complete data set is shown in Fig. 10 together with the
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Table 6. Summary of the systematic errors on the real and imaginary parts of 14 _o
Source of systematic error Re(n4—0) [107%]  Im(n4—o) [1077]
Pionic and kaonic background — amount and normalization ( :} 75 > ( :()) 27 )
A(1115) background +4.1 +1.9
CP-conserving Kg decay amplitude -0.1 -
Decay-time dependence of normalization * +0.2 +0.4
Decay-time resolution +0.2 +0.2
Regeneration < 0.1 < 0.1
Am, I's, I'nand Re(eg) - -
* Error determination limited by statistics
02 e e e e e KV data sets which are not described by the background
| parametrization. To isolate the background component
| at short decay times, K° and K° data were added to-
| gether. This eliminates, to first order, any CP-conserving
o1 L | or CP-violating effects coming from Kg decays. The (5 (7)
5] | parametrization cannot be determined separately for K°

Time dependent asymmetry A
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Fig. 10. The measured CP-violating decay-rate asymmetry
between 0.25 and 19.75 75. The solid line is obtained by fit-
ting (15) to the data. The broken line shows the asymmetry
expected when assuming 14 _g = 74—

result of the fit. The fit of (9) to the data yields

Re(ni_o) = (=247 (stat.)) x 1073
Im(n; o) = (=2 £ 9 (stat.)) x 1073
Ex = 1.116 £ 0.004 (stat.)

with a x?/d.o.f. = 0.86 and with the following statistical
correlation coefficients:

Re(ny—o0) Im(n4—0) &n

Re(n+-0) 1
Im(ny—o) +0.68 1
&N —0.21 —-0.51 1

Table 6 summarizes the systematic errors which affect
the determination of 74 _g. They mainly come from dif-
ferences in the background content between the K° and

and KO.

6.1.1 Method for evaluating the systematic uncertainties

The systematic errors due to uncertainties on the knowl-
edge of the short decay-time background, the finite bin-
ning and the decay-time resolution are estimated by using
a simplified simulation of our data sets. The decay-time
of signal and background events is generated according to
their decay-time distributions:

(a) The decay-time distributions of signal events with pos-
itive and negative X are constructed from the phe-
nomenological decay rates of K and K°, calculated
with the expected values of Re(n4—o), Im(n4_g), Re(\)
and Im(\) and multiplied by the acceptance of 77~
events. The acceptance is parametrized according to a
set of Monte Carlo events fully simulated.

The decay-time distribution of background events is
obtained separately for the semileptonic and short
decay-time background. The semileptonic contribution
is generated according to the phenomenological decay
rates multiplied by the corresponding acceptances. The
short decay-time contribution is obtained by subtract-
ing the semileptonic distribution from the total back-
ground given by (p(7) times the simulated rate of the
signal.

The decay time of each generated event is then smeared
according to the decay time resolution determined with
the full simulation. From each set of simulated decay rates,
containing ~ 5 x 10° events, CP asymmetries are formed
and fitted in order to determine the values of 14 _¢. This
procedure is repeated 2000 times to minimize the effect
of statistical fluctuations. The systematic error of 1y _g is
then estimated by the difference between the average of
the fitted values and the expected one.

This procedure is applied by varying the different pa-
rameters which are possible sources of systematic errors
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within their estimated accuracy. The resulting systematic
errors are given in Table 6. For a more detailed discussion
see below.

6.1.2 Discussion of systematic uncertainties

o Amount and normalization of short decay-time back-
ground
The amount and the shape of the short decay-time
background are estimated by comparing the decay-
time distribution of real data and of simulated 7+ 7 =7
and wly; events. In order to evaluate the uncertainty
on the amount of short decay-time background, we use
the decay-radius distribution and we compare the sim-
ulated distribution normalized to the data at various
decay-radius intervals. The first interval between 4 and
7 cm is far away from the position of the first propor-
tional chamber at 10 cm and thus free from any effect
resulting from an acceptance distortion (see Sect. 5.4).
The second region was chosen between the second pro-
portional chamber at 13 cm and the first drift chamber
at 25 cm. The amount of short decay-time background
evaluated beween 0 and 4 cm depends on the value
used for the normalization to the data and ranges be-
tween 0.16% and 0.36%.

Since the charged-kaon momentum distribution
of this background is different from the signal, the
K°/K° normalization of the background at short de-
cay time may also be different from the signal. We
have then analysed samples of KTK=nt7n~ and of
7OKO7T K~ (or c.c.) events, defined as being rejected
by the associated cuts. The K°/K° normalization fac-
tor measured for the first class of events is 1.146+0.019,
and 1.108 £ 0.023 for the second. The systematic er-
ror of n4_¢ was estimated by using in our simplified
simulation the maximum amount for the background
at short decay time (0.36%), and for the K°/K° nor-
malization factor the central values given above + one
standard deviation.

e The A(1115) background

The fraction of A(1115) — pm~ events (only contained
in the K data set) was estimated by constructing the
invariant-mass distribution of the secondary particles
with the pm~ hypothesis and counting the excess of
real data events over simulated K° — 7t7~ 70 decays
in the mass window between 1105 and 1125 MeV/c?
(Fig. 6), and turned out to be (0.013 & 0.006)%. The
decay-time distribution was obtained by counting the
excess of events as a function of the decay-time when
the time-of-flight cut was relaxed. The systematic error
of 3 _¢ was estimated by introducing in the simplified
simulation a A(1115) background, with its decay time
distribution, for an amount of 0.019%, and only for K°
decay rate.

me"“‘ f*x“m(y) «(X,Y)]A

37 (CP=

: —1) 2
. (X,Y)|2dxdYy

o (CP-conserving Kg decay amplitude

The CP-conserving Kg amplitude does not cancel in
the CP-violating asymmetry A4 _o(7) if there is any
difference in the detector acceptance €(X,Y) for the
phase-space regions X > 0 and X < 0. In that case,
the interference between the CP-conserving Kg and K,
amplitudes integrated over the whole phase space does
not cancel and contributes to Re(n4_g) through the
additional term CP (see Eq. C on top of the page).
This term is evaluated directly from our data, tak-
ing into account all the acceptance distortions. We ob-
tained Tcp = (—0.740.4) x 10~%. The systematic error
of n4_o is given by the Tcp central value minus one
standard deviation.

Decay-time dependence of normalization

The error introduced by the statistical uncertainties
in the K°/K° normalization correction was taken into
account. The data were also corrected for any time de-
pendence of the normalization. A search for any resid-
ual effect due to different trigger topologies was carried
out and found to lead to a small error.

Decay-time resolution

The decay-time resolution varies from ~ 0.05 up to
0.2 75 in our decay-time range. The systematic effects
due to the finite decay-time resolution, bin size, and
the lower limit of the decay-time interval used in fit-
ting the asymmetry, are correlated. The resulting error
was thus determined at once by using our simplified
simulation.

Regeneration

The effect of neutral-kaon regeneration in the detector
material is expected to be negligible. The asymmetry
is maximal at short decay time, and in that region
near the centre of the detector the amount of material
was very small. The uncertainty of the correction was
found to be less than a few 10~° when changing the
regeneration amplitudes within the uncertainties of the
values extrapolated from higher energy data (+13% for
the modulus and +9° for the phase [18]).

Am , Is, I and Re(ﬁs)

The experimental uncertainties on the values of Am
[17], I's, I', and Re(eg) [13] used in the fit have neg-
ligible impact on the results. We note that the value
of ny_¢ obtained from the fit is insensitive to to a
possible difference between Re(eg) and §;/2, within
the known limits on Re(d) related to CPT invariance
[19]. In our analysis a value of Re(d) < 3 x 1074
would shift Re(ny_g) by < 0.6 x 10~* and Im(n_o)
by < 1.5 x 1074
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Fig. 11. The real and imaginary parts of n4_o: the central
value () with its statistical and total uncertainties, and the
statistical correlation ellipses as obtained in this work. For com-
parison, the result of Zou et al. [21] on Im(74—0), obtained by
fixing Re(n4+—o0) = Re(e), is also shown (A) with its statistical
and total errors
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Fig. 12. The values of Re(n4—o) and Im(n4_o) fitted for each
data-taking period (p20, p24—p29) and the resulting mean val-
ues. The plot shows the projection of the measured values in
the complex plane 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
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6.1.3 Final results on the CP-violating parameter 4 _¢

Our final result on n4_g, shown in Fig. 11, is

Re(ny—o) = | —2 £ 7 (stat.) J_rzll (syst.) | x 1073

Im(ns—_o) = | —2 £ 9 (stat.) i—? (syst.) | x 1073,

Assuming no correlation between the systematic errors,
we obtain |74 _g| < 0.017 at the 90% confidence level.

To cross-check the internal consistency of our data set,
we performed the same analysis after splitting the selected
sample according to the data-taking period. The mean
value of ny_¢ of these individual measurements is then
determined by using a x? technique which is minimized
in the (Re, Im, &x) space taking into account the covari-
ance matrix of each individual measurement. A x*/d.o.f
greater than one would indicate that the statistical error
and the statistical correlation are not large enough to ex-
plain the observed dispersion. The result of this analysis
is given in Fig. 12. The mean values obtained are much
the same as the results of the standard analysis, showing
the consistency of our data. The resulting x?/d.o.f. = 0.96
indicates that the dispersion of the measurements around
the mean value is dominated by statistical fluctuations.

The values obtained in this work constitute the most
precise determination of the real and imaginary parts of
N+—0- Compared to the published values of Barmin et al.
[20] and Zou et al. (only Im(ny_o)) [21], our errors are
smaller by more than one order of magnitude and by a
factor of four, respectively. However, our sensitivity on
the CP-violating parameter is still one order of magnitude
away from the expected CP-violation effect.

6.2 Measurement of the CP-conserving parameter A\

For the measurement of the CP-conserving parameter \,
the data set is split into two parts according to the sign
of the Dalitz variable X. The experimental asymmetries
ATP(7) and AZP(7) are formed on the corresponding
samples. Their time dependences, given by (15), are fitted
to the data in two steps. Firstly, a simultaneous six-pa-
rameter fit of the functions AT (7) and AZP(7) to the
relevant data set gives the following results:

Re(n4—o) = [-2 £ 7 (stat.)] x 1073

Im(ny o) = [-2 49 (stat.)] x 1073
Re(A) = [+27 4 7 (stat.)] x 1073
Im(\)  =[-12+9 (stat.)] x 1073
§ <0 = 1.118 £ 0.005 (stat.)

§<>O = 1.114 £+ 0.005 (stat.)



CPLEAR Collaboration: The neutral kaon decays to = 7~ 7°

: a detailed analysis of the CPLEAR data 403

Table 7. Summary of the systematic errors on the real and imaginary parts of A

Source of systematic error Re(M)[107%]  Im(X\)[1077]
Pionic and kaonic background — amount and Xasymmetry fll j irg ;
A(1115) background — amount and Xasymmetry —fg :;,7 —f(? 82
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 s +0.1 ( 0.2 )
Acceptance +2.0 +1.8

* Error determination limited by statistics

with a x2/d.o.f. = 0.88 and with the following statistical
correlation matrix:

Re(1—0) Im(n1—0) &%7° &7 Re(A) Im(A)
Re(n+-o) 1
Im(7]+_0) +0677 1
>0 —0.149 —0.364 1
X< —0.147  —-0.362 0 1
Re()\) +0.008  +0.003 —0.149 +0.147 1
Im(\) +0.003  +0.004 —0.364 +0.362 0.677 1

The results on Re(n4_o) and Im(ny_o) are identical to
those obtained by fitting the experimental asymmetry in-
tegrated over the whole Dalitz plot. Since there is almost
no correlation between the components of 17y _¢ and A,
the statistical accuracy on the mean normalization can be
improved without any implicit assumption on direct CP
violation or CPT invariance by fixing 74 _o to the known
value of ny_ [13]. In addition, since &30 and &% <0 are
statistically compatible, we can assume &§7°0 = &8<0 =
&n. Therefore, in the second step, a simultaneous fit of the
asymmetries AT (7) and AZP(7) is performed by varying
freely A\ and &x and by fixing 74— to the world average
value [13]. Tt is shown in Fig. 13 with the result of the fit.
The fit yields

Re(\) = [+28 £ 7 (stat.)] x 1073
Im()\) = [-10 & 8 (stat.)] x 1073
& = 1.116 £ 0.003 (stat.)

with a y?/d.o.f. = 0.85 and with the following statistical
correlation coefficients:

Re(A) Im(A) &x
Re(A) 1
Im(\) +0.68 1
£x 0o 0 1

Since the measured value of A is not correlated with &y ,
and thus with Re(eg), having Re(eg) = ¢;/2 results in a A
value which is insensitive to a possible CPT violation (see
also Sect.6.1).
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Fig. 13. The measured decay-rate asymmetries for X > 0 and
X < 0 between 0.25 and 19.75 75. The solid curves are the
result of the simultaneous fit of (15) assuming common A and
&. In this determination, we fixed 74— = n4—

Table 7 summarizes the systematic errors which af-
fect the determination of A. They are largely the same as
those affecting the determination of 1y _o. We note, how-
ever, that the sensitivity to the normalization is weak in
the simultaneous fit (there is no correlation between A and
¢n) and the uncertainty on the background normalization
also cancels in first order. On the other hand, the differ-
ence between the two halves, X > 0 and X < 0, of the
Dalitz plot, and the difference in the background normal-
ization lead to the dominant systematic error on A. In the
following section only systematic errors specific to the A
measurement are discussed.
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6.2.1 Discussion of systematic uncertainties

e Short decay-time background asymmetry in X
The normalization of the background at short decay
time may be different for X > 0 and X < 0. This is
the case for the 7K 7 =K (or c.c.) background where
the interchange of the primary pion with the secondary
pion introduces a systematic shift of X since the vari-
able X is proportional to the difference Ecy(7mT) —
Ecym(m™) and on average primary pions have a larger
energy than secondary pions. The reconstructed X is
thus mainly positive for K%tagged events and mainly
negative for K°-tagged events, simulating a CP-con-
serving asymmetry. To quantify this effect, we intro-
duce a background normalization difference yp =
§§<0_§§>0 which is measured on the pure 7K~ 7+K°
(or c.c.) sample. We obtained yp = 0.17 £+ 0.04. The
systematic error of A was determined by by using in our
simplified simulation the maximum amount of back-
ground at short decay-time, with a normalization-fac-

Ymin YO L
fytx)ax f+X1im(Y) (x YMASW(CP:—I)(X Y)|2dxdy (D)
Ymin YO e L ’
L L e B s B B
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tor difference given by the yp central value 4+ one stan-
dard deviation.

o A(1115) background asymmetry in X
The A(1115) — pm~ background component may also
be asymmetric in X owing to the misidentification of
the proton as a pion, shifting the reconstructed X to-
wards a negative value. These events amounting to
0.013% deviate from the symmetric case by (10+20)%.
The systematic error of A was determined by introduc-
ing in the simplified simulation the maximum amount
of A background with an X asymmetry given by the
above central value £ one standard deviation.

e Acceptance
If the detector acceptance €(X,Y) is properly folded
with the right-hand part of (5), we see that the re-
sult of our measurement is A*P (see Eq. D) instead of
A. The difference between AP and A has been deter-
mined by numerical integration of simulated K%, K —
7Tr~ 7Y events, using the isospin decomposition of the
Kgs and Kj, decay amplitudes in (2) and the expected
values for a, 8 and y (Table 2). The real and imag-
inary parts of the difference so obtained, A[Re(\)] =
(+1.1£2.0) x 1072 and A[Im(\)] = (+0.341.8) x 1073,
were considered as the systematic uncertainties of the
results.

6.2.2 Final results on the CP-conserving parameter A

Our final result on A, also shown in Fig. 14, is

Re(\) = [+28 4 7 (stat.) £ 3 (syst.)] x 1073
Im(\) = [—10 £ 8 (stat.) &= 2 (syst.)] x 1073.

To cross-check the statistical consistency of the mea-
surements, we repeated the analysis separately for each

Re () [1073]

Fig. 14. The real and imaginary parts of \: the central value
(e) with its statistical and total uncertainties, and the corre-
lation ellipses as obtained in this work. For comparison, the
result of Zou et al. [22] is also shown (A) with its statistical
and total error

data-taking period. The mean values of A, obtained by a
x2-fit using the statistical errors and their correlations, are
shown in Fig. 15 and are equal to those of the standard
analysis with y2/d.o.f. = 1.3.

The branching ratio for the CP-conserving Kg —
7tr~ 70 decays is calculated using (14). We obtained

BR(Kg — ntn~nY)

+1.3 +0.5 -
= (2.5_1.0 (Stat')—().fi (syst.)) x 1077,

where the systematic error also includes a contribution
from the uncertainties on the Ky, decay amplitudes.

We can also deduce a limit on the rescattering phase
difference (02 — 01) from our measured value of Im(\),
using (9). In this relation, the term proportional to £xy
is dropped since its influence is negligible. By taking for
the amplitudes «, 8 and ~ the values expected by ChPT
(Table 2), and by assuming an uncertainty of £7 on (o —
d1n1), we obtain at the 90% confidence level

—46° < (65 — 01) < 9°.

This limit is dominated by the total uncertainty on Im(A).
In conclusion, Table 8 shows a comparison of the values
on A obtained in this work with the values given by a
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Table 8. The CP-conserving parameter A as measured by CPLEAR. For comparison the

values of Table 5 are also reported

K expts. [11] ChPT [11] ChPT [12] E621 [22] CPLEAR
Re(\)  0.028 + 0.003 0.031 +0.031  40.038+£0.010  +0.028 + 0.008
Im(\) - - —0.006  —0.006 +0.012 —0.010 4 0.008

100 —————————————————————
i <Re(A)>=28+7
<Im(\)>=-10+8
x2/d.o.f.=1.32
50 —
—
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= |
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Fig. 15. The values of Re(\) and Im()\) fitted for each data-
taking period (p20, p24-p29) and the resulting mean values.
The plot shows the projection of the measured values in the
complex plane with their statistical correlation ellipse. The
area of the ellipses depends on the recorded statistics. The
mean values are given in the top left corner and the values of
the standard analysis in the bottom right corner

phenomenological fit to all known kaon decay rates [11],
ChPT [11,12] and the best previous experiment [22]. Our
result is currently the most precise determination of the
CP-conserving Kg decay rate into 7+ 7~ 7 with negligible
systematic errors and is in good agreement with previous
measurements.

7 Measurement of the isospin components
of the Ky, and Kg decay amplitudes

We determine the slope parameters of the Ky, decay into
aT7 ™79, which are related to the amplitude components
a, B, & and ¢ of (2). To this purpose we make use of the
parametrization of the detector acceptance and of a like-
lihood function of the Kj, decay rate in the (X, Y, 7)
space. We also measure the interference between the Kg
and Kj, states as a function of the Dalitz variables X and
Y, and extract the isospin components v and £xy of the
Kgs decay amplitudes by a maximum-likelihood fit of the

time-dependent asymmetry A¢(X,Y,7), (11). These mea-
surements have all an intrinsic interest. Moreover, by com-
parison with those of previous experiments, they provide
an overall consistency check of the control quality of our
systematic errors.

7.1 Measurement of the slope parameters
of the Ky, — 777~ 7° decays

The slope parameters defined in (3) are extracted by fit-
ting the energy dependence of the Ki, — 77~ 70 events
in the Dalitz plot. The Dalitz distribution is constructed
from initial K° and K° events in the decay-time interval
between 2 75 and 24 75 so to remove the Kg component
and the short decay-time background.

To correct for the variation of the acceptance across
the Dalitz plot and the semileptonic background, the sim-
ulated distributions of Ky, — ntx— 7Y, muv, and mev, de-
cays are parametrized using orthogonal polynomials in the
Dalitz variables X and Y [24]. Then a function of the form
of (3) multiplied by the simulation acceptance is fitted to
the data.

To avoid binning problems, the maximum-likelihood
technique is used. The method of simulated annealing [25,
26] is applied in order to ensure the fit convergence of the
acceptance functions and of the Dalitz plot density. In ad-
dition, the K events are weighted by the mean normal-
ization factor £y to take into account the different amount
of K® and K.

To obtain the Dalitz-plot slope parameters, the events
were split into samples corresponding to disjunct decay-
time intervals of 2 7 width where the acceptance is as-
sumed not to depend on the decay time. For every decay-
time interval, the acceptance is determined separately.
The problem of parametrizing the acceptance as a func-
tion of the decay time, in addition to X and Y, is thereby
avoided. These event samples were separately fitted to ob-
tain the slope parameters as a function of the decay time
and the results then averaged with a minimum-x? pro-
cedure. The results of the fit are shown in Fig. 16. We
obtained for the slope parameters (all errors statistical)

g = 0.682 £ 0.004
h=(6.140.4) x 1072
j=(1.0+£24)x1073
k= (1.0440.17) x 1072
f=(45+24)x 1073,
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Table 9. Summary of the systematic errors on the Ky, — 777~ 7° slope param-
eters
Source of systematic error  g[1073]  h[107%] j[1073] Kk[107%]  f[1073]
Acceptance shape +3.8 +1.4 +2.8 +2.3 +5.6
Acceptance statistics +2.3 +0.1 +0.9 +0.5 +1.7
Resolution in X and Y +0.5 +0.1 +0.6 +0.5

Radiative corrections -
Normalization -
Semileptonic background -
Regeneration -
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Fig. 16. X and Y distributions for Ky, — 777 7° decays
with a decay time above 2 7g. The crosses indicate the data
while the solid lines are calculated with the results of the slope-
parameter fit

with the following correlation matrix:

g h J ko f
g 1
h +0.011 1

j —0.050 +0.075 1
k 4+0.003 +0.031 —0.017 1
f +0.066 4+0.060 +0.055 +0.005 1

The correlations between the slope parameters are small.

The systematic errors are summarized in Table 9. Con-
trary to the determination of n4_¢ and A which are based
on asymmetries, the determination of the slope parame-
ters depends crucially on the knowledge of the acceptance
shape. However, the systematic errors related to the short
decay-time background are negligible since only data with
decay times above 2 7g are used in the analysis.

e Acceptance shape
The main source of systematic errors is the uncertainty
in the the relative acceptance across the Dalitz plot as
given by simulation. Owing to the acceptance shape
varying with the decay time, the systematic error could
be estimated from the dispersion of the slope parame-
ters for different decay-time slices.

o Acceptance statistics
The coefficients of the polynomials in X and Y used
for the parametrization of the Dalitz-plot acceptance
have errors due to the limited Monte Carlo statistics.
These errors were propagated to the errors on the slope
parameters.

e Resolution in X and Y
To determine the error due to the resolution in X and
Y, not included in the likelihood function, the simu-
lated data were split into two samples of equal size.
One of these samples was used to determine the ac-
ceptance parametrization and the other one to sim-
ulate the data. The systematic errors were evaluated
by comparing the results when using the true and the
reconstructed values of X and Y.

e Radiative corrections
The values for the slope parameters are affected by ra-
diative corrections [27]. We took them into account and
we corrected the slope parameters by Ag = —0.0008,
Ah = —0.0004, Ak = +0.0002 and Af = +0.00009.
The value of j was not affected by this correction
within the quoted accuracy. The systematic errors due
to uncertainties on these corrections are negligible.

e Normalization
An error in the K°-K° normalization leads to an un-
equal amount of K® and K° in the Dalitz distribution,
introducing an additional contribution coming from
the Kg—Kj, interference. The errors on the slope pa-
rameters were obtained by varying the normalization
factor within its uncertainty. The resulting errors are
negligible.

e Background
In the decay time interval used for the determination
of the slope parameters, only the semileptonic back-
ground is relevant. The amount of background was
varied within its errors to establish the influence on
the slope parameters. The effect was found to be neg-
ligible.
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Table 10. The slope parameters of the Ky, decays into 777~ 7", The values measured by
CPLEAR are compared with the values reported in Table 3

K experiments [11] ChPT O(p*) [11,12] PDG’96 [13] CPLEAR
g 0.67 £+ 0.01 0.67 0.670 & 0.014 0.682 & 0.007
h 0.08 + 0.01 0.06 0.079 4 0.007 0.061 4 0.015
j - 1.1x107* 0.0011 + 0.0008 0.001 + 0.004
k 0.01 4+ 0.04 0.006 0.0098 + 0.0018 0.010 £ 0.003
f - 3.7x107° - (4.5+6.4) x 1073

e Regeneration
The influence of the regeneration correction was checked
by repeating the analysis without this correction and
comparing the results on the slope parameters. The
resulting changes are negligible.

The final results on the slope parameter are

g = 0.6823 £ 0.0044 (stat.) 4+ 0.0044 (syst.)
h = [6.140.4 (stat.) + 1.5 (syst.)] x 1072

j = [1.0+2.4 (stat.) + 3.0 (syst.)] x 107°
k= [1.04 +0.17 (stat.) + 0.24 (syst.)] x 1072
f=[45+24 (stat.) £ 5.9 (syst.)] x 1073,

Table 10 shows the comparison of the CPLEAR results
with other existing results summarized in Table 3. In gen-
eral, good agreement is found, as well as an improvement
in the determination of the parameter g by a factor of two.

From the observed slope parameters and the experi-
mental value of « given in Table 2, we can deduce, using
(4), the values for the Kj, decay amplitudes 3, £ and ¢
which are reported in Table 12.

7.2 Measurement of the Kg decay amplitudes ~
and {xy

The components v and £xy of the Kg decay amplitude
were extracted from our data by fitting the experimental
asymmetry

AP(X,Y,7)
_INL(X Y, 4N (XY, 7)] = [N (XY, 7)+N-_ (X,Y,7)]
[N_(X,Y,7)+ N, (X,Y,")]+[N 1 (X,Y,7)+N_(X,Y,7)]

[1-((X,Y,7)] //Ag(u,U,T) X Gx(X —u)
xGy (Y — v)dudw,

%

where (g (X, Y, 7) is the parametrization of the total-back-
ground fraction of as a function of the decay time 7 and the
Dalitz variables X and Y, A¢ is the theoretical asymmetry
given by (11), and the functions Gx and Gy are Gaussian
distributions describing the X and Y resolutions. Their
standard deviations were determined by using simulated
neutral-kaon decays at short decay time.

The amplitudes v and &xy entering in the calcula-
tion of A¢ are determined by minimizing the log-likelihood

function defined as [23]

InL
_HT = ij ln[l + AEXP(Xj7}/j,Tj)]
JjES
+Zw]‘ 111[1 — AEXP(Xj,Y},Tj)],
j€S

where the data set S contains K° events with positive
X and K° events with negative X , and S contains K°
events with negative X and K° events with positive X. In
addition, wj; is a weight which takes into account the time
dependence of the K°/K" tagging efficiency, the coherent
regeneration and the distortion in X and Y introduced by
the 7°K°7r+ K~ (or c.c.) cuts. The latter correction was
estimated from a parametrization as a function of X, Y
and 7 of the acceptance of these cuts. It was determined
with simulated events.

When fitting this asymmetry to the data, v and &xy
vary freely while @ and [ are fixed to the experimental
values given in Table 2. We also used the world average
values for Am, I's and I7, [13]. The fit yields

v = 3.3+ 0.4 (stat.)
fxy =04+0.7 (Stat.),

with a correlation of 8% between the two extracted pa-
rameters.

Table 11 summarizes the systematic errors which affect
the determination of v and £xy . Their sources are identi-
cal to those for the determination of . The resulting sys-
tematic errors were estimated by using a simplified simula-
tion where the neutral-kaon decay rates, the background
distribution and the signal acceptance are parametrized
as a function of X, Y and 7. The uncertainties associated
with the acceptance cancel in this asymmetry. The effect
of the experimental uncertainties on the values of a and
[ used in the fit are negligible.

The final results on v and £xy are

v  =33+0.4 (stat.) £ 0.3 (syst.)
Exy = 0.440.7 (stat.) £ 0.3 (syst.).

By using (7), with the above values of v and {xy the
resulting Re(\) can be compared with the measured one
obtained when Im(\) is fixed to zero. Both determinations
of Re(A) agree within the errors, confirming our under-
standing of the X and Y dependence on the background.



408

CPLEAR Collaboration: The neutral kaon decays to 777~ 7°: a detailed analysis of the CPLEAR data

Table 11. Summary of the systematic errors on v and £xy

Source of systematic error ol Exy
Amount of background and background asymmetry in X 1020 +0.31
—0.06 —0.05
. . +0.12 +0.05
A(1115) background and asymmetry in X 0.32 0.28
Decay-time resolution +0.10 +0.01
Regeneration - —
Am and [ 40.01 -
« and +0.03 +0.03

Table 12. Summary of the values of the neutral-kaon decay amplitude components ap-
pearing in (2). For comparison we report in the first three columns the values of Table 2.

The last two columns contain experimental

values either (3, ¢ and &) computed from the

measured values of the slope parameters given in Table 3, using (4) with a = +84.3+0.6,
or (v and &xy) directly measured by CPLEAR. The quantity (d2 — 1) is computed from

the value of Im(\) measured by CPLEAR,

using (9) and the amplitude values given by

ChPT

K expts. [11] ~ ChPT [11] ChPT [12] ~ PDG96 [13]  CPLEAR
a +84.3£0.6 +84.2 - -
B ~28.1£0.5 ~28.1 ~282+06  —28.8%0.3
¢ ~0.05+0.2 - 0.6 —0.08+£02  —05+04
3 ~1.3+05 ~14 ~13+02  —18%04
v +2.6£0.3 +2.9 - +3.3+05
Exy ~0.3£07 ~0.1 - +04£0.8
8 - - 0.13 - -
dim - - 0.41 - -
& - - 0.047 - -
3 — 61 - - —0.083 - ~0.334£0.29

In Table 12, we compare the results on v and &xy
with the values given by both a phenomenological fit to
all known kaon decay rates and ChPT calculations [11,
12]. Our direct measurement of v and £xy is in agreement
with these values and has a comparable uncertainty.

8 Summary and conclusions

Using a technique which employs time-dependent decay-
rate asymmetries between initially tagged K° and K°
CPLEAR studied the neutral-kaon decays into 77~ 7°.
CPLEAR obtains the most accurate determination of the
CP-violating parameter 7, _¢ and the branching ratio of
the Kg decay into mtn~ 7% The latter is in agreement
with the results of a phenomenological fit of both neutral-
and charged-kaon decay rates and with the prediction of
Chiral Perturbation Theory.

By analysing the Dalitz-plot distributions of the sum
of K and K° decaying into 77~ 7% CPLEAR extracts
the amplitude components 3, v, £, {xy and { contribut-
ing to the Kg and Kj, decays. The observed values are

in agreement with the world averages as well as with the
prediction of Chiral Perturbation Theory.

Acknowledgements. We would like to thank the CERN LEAR
staff as well as the technical and engineering staff of our insti-
tutes for their support and co-operation. This work was sup-
ported by the following institutions: the French CNRS/Institut
National de Physique Nucléaire et de Physique des Partic-
ules, the French Commissariat a I’Energie Atomique, the Greek
General Secretariat of Research and Technology, the Nether-
lands Foundation for Fundamental Research on Matter (FOM),
the Portuguese JNICT, the Ministry of Science and Technology
of the Republic of Slovenia, the Swedish Natural Science Re-
search Council, the Swiss National Science Foundation, the UK
Particle Physics and Astronomy Research Council (PPARC),
and the US National Science Foundation.

References

1. L.M. Sehgal, L. Wolfenstein, Phys. Rev. 162, 1362 (1967);
B.R. Martin, E. de Rafael, Nucl. Phys. B 8, 131 (1968); E.
Gabathuler, P. Pavlopoulos, Proc. Workshop on Physics at



CPLEAR Collaboration: The neutral kaon decays to 777~ 7°: a detailed analysis of the CPLEAR data

LEAR with Low Energy Cooled Antiproton, Erice, 1982,
Ed. U. Gastaldi, R. Klapisch (Plenum Press, New-York,
1984) 747

L. Lavoura, Mod. Phys. Lett. A 7, 1367 (1992)

R. Adler et al., CPLEAR Collaboration, Proc. Workshop
on K Physics, Orsay, 1996, Ed. L. Iconomidou-Fayard (Edi-
tions Frontieres, Gif-sur-Yvette, 1997) 307

R. Adler et al., CPLEAR Collaboration, Phys. Lett. B
407, 193 (1997)

C. Zemach, Phys. Rev. 133, 1201 (1964)

W. Grimus, Fortschr. Phys. 36, 201 (1988)

T.J. Devlin, J.O. Dickey, Rev. Mod. Phys. 51, 237 (1979)
L.-F. Li, L. Wolfenstein, Phys. Rev. D 21, 178 (1980)

S. Fajfer, J.M Gerard, Z. Phys. C 42, 425 (1989)

H.-Y. Cheng, Phys. Lett. B 238, 399 (1990)

J. Kambor et al., Phys. Lett. B 261, 496 (1991)

. G. D’Ambrosio et al., Phys. Rev. D 50, 5767 (1994) and

ibid. D 51, 3975(E) (1995)

. R.M. Barnett et al., Particle Data Group, Phys. Rev. D

54, 1 (1996)
R. Adler et al., CPLEAR Collaboration, Nucl. Instrum.
Methods A 379, 76 (1996)

15.

16.

17.

18.

19.

20.
21.
22.
23.
24.
25.
26.
27.

409

P.H. Eberhard et al., Nucl. Instrum. Methods Phys. A 350,
144 (1994)

A. Angelopoulos et al., CPLEAR Collaboration, Phys.
Lett. B 413, 422 (1997)

R. Adler et al., CPLEAR Collaboration, Phys. Lett. B
369, 367 (1996), update with CPLEAR full statistics to
be published

R. Adler et al., CPLEAR Collaboration, Phys. Lett. B
363, 243 (1995)

CPLEAR Collaboration, CP, T and CPT violation in the
neutral kaon system, Proc. HEP97, Jerusalem,1997, in
print

V.V. Barmin et al., Nuovo Cimento A 85, 67 (1985)

Y. Zou et al., Phys. Lett. B 329, 519 (1994)

Y. Zou et al., Phys. Lett. B 369, 362 (1996)

R. Barlow, P. Hinde, Comp. Phys. Comm. 53, 325 (1990)
M. Weisfeld, Numerische Mathematik 1, 38 (1959)

M. Metropolis, J. Chem. Phys. 21, 1087 (1953)

S. Kirckpatrick et al., Science 220, 671 (1983)

A. Neveu et al., Phys. Lett. B 27, 384 (1968); R. Ferrari
et al., Nuovo Cimento A 56, 582 (1968)



