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Abstract

A detailed analysis of neutral kaons decayingrtor — =" is presented based on the com-
plete data set containing half a million events. Time-dependent decay rate asymmetries are
measured between initially tagg&d andK" and for different regions of the phase space.
These asymmetries, resulting from the interference between the CP-conserving decay am-
plitude of K, and the decay amplitude &g — either CP-violating or CP-conserving —
allow the determination of thEg parameterg ( (CP-violating) and\ (CP-conserving),

and also of the main isospin components of Khedecay amplitude. The branching ratio

of Kg — 77~ 7" (CP-conserving) is deduced directly fromIn addition, we extract the

slope parameters describing the energy dependence &thes =+ 7 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).

(Submitted to European Physical Journal C)



1 Introduction

The CPLEAR experiment at the Low Energy Antiproton Ring at CERN uses a new ex-
perimental approach to study CP, T and CPT violation in neutral kaon decays. Neutral kaons,
produced inpp (at rest) - 7+K~K° or 7 K*K?", are initially strangeness tagged, event by
event, and time-dependent decay-rate asymmetries betWesmmdK° are measured for decays
to 2r, 3r andwer,. From these asymmetries the CP, T and CPT parameters — describing 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 focusomthe® final
state. The search for the CP-violating amplitud&ef— 77 7° decays is motivated by the
search for CP violation itself, but the interest extends far beyond it. Recently the experimental
precision in the measurement of the phase of the CP-violating parameter, _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 parametgrs,, describing the yet unobserved CP-violating
Ks decay, and\, describing the interference between laeandK;, CP-allowed amplitudes, is
reported together with a detailed description of the method, the selection criteria and the system-
atic error estimation. In this framework we also present the measurement of the parameters de-
scribing the Dalitz distribution foK;, — 77~ 7 and the determination of the CP-conserving
Kg — 777 amplitude in terms of its isospin components. The resultg,op and \ are
already contained in a short version of this report [4].

In Section 2 we recall the conventional parametrization of the neutral-kaon decay am-
plitudes, and the definition of the CP-violating and CP-conserving parameters. In Section 3,
we describe the experimental method applied to extract these parameters. The CPLEAR experi-
ment is presented in Section 4, followed by the event selection and corrections in Section 5. The
final results, obtained with the complete data set, are reported in Section 6, which is devoted to
the measurement of the CP-violating and CP-conserving parameters, and in Section 7, devoted
to the measurement of the isospin components okihandK;, decay amplitudes and of the
Dalitz-plot slope parameters. The CPLEAR contribution to the study of neutral-kaon decays to
ntr~ 7% is summarized in Section 8.
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2 Phenomenology of the neutral-kaon decay intart 7= 7°

The probability to find a given momentum configuration for ther 7" state is given
by the Dalitz distribution function (Dalitz plot). It is often parametrized as a function of the
Lorentz invariantsX andY. In the kaon rest fram&’ is proportional to the difference of the
charged-pion energies anddepends linearly on the neutral-pion energy. The definitioA of
andY and the boundaries of the Dalitz plot are given in Section 2.1.

The Dalitz distribution is proportional to the modulus squared of the decay amplitude
AT7%(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 mEss,(X,Y) can be expanded as a
polynomial in the relative momentum of the 7= subsystem and in the momentum of tHe
or equivalently as a function of andY’. 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 amplitudéto ° is

ATUXY) o T+ arY + apX + ...

Each term of the expansion is related to the angular momehtirie 7° relative to ther *7—
subsystem, and to the total isosgin

A further variable is the CP eigenvalue of the final state, which depends on the angular
momentum configuration of the three pions and is giver{-by)'**. SinceK’ andK° states
are superpositions of the two physical stakeésand Ky, four contributions toA™ (X, Y)
should be considered. Two of them come from KaeandK;, decays to art7 7" state with
CP = +1 and two from the decay into@P = —1 state. The low kinetic energy available in the
kaon rest frame suppresses high pion angular-momentum configurations. As a consequence, the
K°(K°) — 7~ decay is strongly dominated by tig, decay amplitudéCP = —1,/ = 0),
which is CP-allowed and kinematically favoured. The second contribution is due tdsthe
decay amplitud¢CP = +1,/ = 1), which is CP-allowed and kinematically suppressed. Other
contributions are expected from CP-violatikg (CP = —1,1 = 0) andKy, (CP = +1,1 = 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 i thend K° decay
amplitude:

ATUXY) A ATV £ (AT Y) + AT TR Y),

where the upper and lower signs apphibandK®, respectively.

The decomposition of each contribution as a functiord ,of X andY is developed in
Section 2.2, where we also define the Dalitz distribution observables in terms of the amplitude
components. The observables describing the CP-conserving and CP-violating part&ef the
decay amplitudes are defined in Section 2.3.

2.1 The Dalitz variablesX and Y
The two Dalitz variablesX andY are defined as

Sp— — Sg+ Sp0 — S
X="—" and YV = " ¢

mﬂ_i mﬂ_i

wherem .+ is the mass of the charged pion. The variaBleare given by

Spr = (pK - pﬂ),u(pK - p?r)ua



wherep, and pyx are the four-momenta of the pion and the neutral kaon, respectively. The
variables is defined as

s0= 3 (Sq+ + Sp— + Sp0) -
The Dalitz variablé” varies in the range

2 2 . 2\2
Yomin = 4 — —2—  and Ymaxzz(sg _1>_J(3 %0 _2> (M —m)®

mﬂi mﬂi

while the kinematic limits forX are given by

2 . 2\2 4
XE () =Y 4 Y—(SS ‘4> (5 2 ‘4>+w(1 —>

- 2
m2, m2. m2. miy Y + so/m? .

2.2 Parametrization of the neutral-kaon decay amplitudes

We first recall that ther 77 final state, as any pion state, can be decomposed into a
superposition of states with definite total isospimThe amplitudes of a neutral kaon decaying
to 7*7~7° 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 thewith ther™ or ther— and of ther* with ther .

The total isospinl has a value between zero and three. For the angular momentum, we
consider the relative angular momentebetween the two charged pions, akdetween the
7tn~ subsystem and the’. Owing to the zero spin of the neutral kadn,= I, = [. There-
fore ther* 77" state always corresponds to the eigenvahieof the parity operator P. The
eigenvalues of the operators C (charge-conjugation) and CP-drné and (—1)'*!, respec-
tively. 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 vatuésand! = 1.

The symmetry properties of each isospin state with respect to the exchange of any two
pions among the three are obtained by writing each state in terms of the various isospin configu-
rations and of Clebsch—Gordan coefficients [6]. As summarized in Table 1 #h@and/ = 3
states are, respectively, antisymmetric and symmetric. There ark #wbstates, one of which
is symmetric. The othef = 1 state and thé = 2 state show a so-called mixed symmetry: they
are symmetric and antisymmetric, respectively, 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.

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

Table 1: The isospin states of them— 7" system.

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]

Dpyn = "G frmn (@ + @5 + 3)



whereg; are the moduli of the pion three-momeagtan the kaon rest frame. The indicksm, n

can take any integer value (the lowest possible values being preferred because of the small pion
momenta) and ..., is a function of¢? + ¢3 + ¢3. For example, the antisymmetric stdte- 0

is symmetrized by using the lowest order antisymmetric space function

®=[¢(53 —a3) + (63 — &)+ 63(6 — @) f (0 + a5+ d3),

which shows that thed = 0 component is strongly suppressed by kinematics. The 3
component is instead suppressed by Mve= 1/2 rule. The complete decomposition of the
neutral-kaon decay amplitudes in terms of isospin and pion momenta can be found in Ref.
[5]. More commonly, the Dalitz variable§ andY are used instead of the pion momenta for
describing these amplitudes.

A further decomposition concerns the initial stal&'sandK” . The corresponding decay
amplitudes to a7 7 state with given angular momenturnand isospin/ are defined as

Al’[ = a1716i61 and Zl,l = (—1)l+1a2‘,16i51,

whereq, ; describes the part of the decay amplitude coming from the weak interactiofy and

Is the rescattering phase due to the strong interaction between the final-state pions (owing to
the small phase space availabjas expected to be small). Thg, andKg amplitudes are then

given by

Ay = pl+ea)ar — (D)1 —en)af e’ (1)
AYr = Sl +es)ayr + (1)1 (1 = es)aj e’

wheresg ande;, are the CP-violation parameters in tRé—K° mixing. They are defined as
e, = € — 0 andeg = ¢ + 4. In the K’-K° mixing ¢ describes T-violation and a possible
non-conservation of CPT invariance [3]. If CPT invariance holgdsr c5 = <.

By using Egs. (1) and the Bose statistics symmetry requirements one can develop the
Ks andK;, decay amplitudes as a function bfand of the Dalitz variableX andY [5-12].
Considering up to quadratic terms.handY and neglecting direct CP violation, we obtain:

ATCP=D(x Y)Y & e ATCPTY (XY
Agw(CP:Jrl)(X’ Y) ~ ’yX(l + i(SQ) — Exy XY )
ATOPEXY) r a(l+idy) — BY (1 +idia) + E(Y2 = 1X2) 4 ¢(Y2 + 1X2) @
Aiﬂ'(CP7+l)(X’ Y) ~ gLAgW(CP:Jrl) (X, Y)

All amplitude components are related to the isospin amplitugesanda, » of Egs. (1) and

have equal weak phases (no direct CP violation). The quanditiesd j,,, are rescattering

phases for = 1 states [7]. The rescattering phase for 2 states is),. Angular momenta- 1

and final state interactions contribute to the amplitudes, 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, £, £xy 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 calculationaBoth

1/2 andAI = 3/2 transitions were taken into account, while the rescattering phases and their

kinematical dependence were only considered in [12]. The values obtained are summarized in

Table 2.



K experiments [11] ChPD(p*) [11] ChPTO(p*) [12]

o +84.3+ 0.6 +84.2
6 —28.140.5 —28.1

¢ —0.0540.2 —0.6

3 ~1.34+0.5 —1.4

¥ +2.6+0.3 +2.9

Exy —0.3+0.7 —0.1

51 - - 0.13
01 - - 0.41
5o — — 0.047

Table 2: Expected values of the neutral-kaon amplitude components appearing in Egs. (2). They
result from fits to all known charged and neutral-kaon decay rates using either Eqgs. (2 (left) or
Chiral Perturbation Theory (ChPT) calculations (center and right).

The isospin amplitudes also enter the energy dependence of the Dalitz distribution for
K;, — 7 T7~7° which is usually parametrized as

ATT(X,Y)P oc 1+ gY + hY? + 5 X + kX? + fXY. (3)

The so-called slope parameters:, j, k£, andf are expressed in terms of the isospin amplitudes
of Egs. (2) as

2
«Q o o 3 «
J= 2Re(5L)g f= 2Re(€L)Z—§.

The expected and measured values for the slope parameters are given in Table 3. We note that a
non-zero value of the slope parametgiend f would indicate CP violation ifK;, — 77 7°
decays.

K experiments [11] ChPD(p*) [11,12] PDG'96 [13]

g 0.67 £ 0.01 0.67 0.670 & 0.014
h 0.08 £ 0.01 0.06 0.079 = 0.007
j - 1.1 x 1074 0.0011 4 0.0008
k 0.01 + 0.04 0.006 0.0098 £ 0.0018
f - 3.7 x 1077 -

Table 3: The slope parametersiéf — 777 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
using Egs. (4) and by settinge(s,) = ¢;/2 whereJ, is the charge asymmetry measured in
semileptonic decays [13].

2.3 The CP-conserving and the CP-violating parameters
The K, decay amplituded’™ "= (X, V) interferes with both the CP-conservifg

decay amplitudet?™ “"="" (X, v') and the CP-violatinés decay amplitudet:™ “"= " (X, v).
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The former interference term, antisymmetricXn is observed by separating the events with
X > 0andX < 0and by measuring the CP-conserving paramegfined as

L f)}’;iix fOXIim(Y) Ai 37T(CP:*1)(X Y)A?’W(CP +1)(X Y)dXdY
o T AT (Y pxay

(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), _, given by

le:iix j))(il,;n(%) AL 37r(CP:—1)(X Y)A?’”(CP—_I)(X Y)dXdY

=0 = e+ Xim(Y) | 437(CP=—1
Jopmes 3 m G0 | AP (X V) PAX Y

(6)

By using the parametrizations of Eqs. (2), and by neglecting second-order terms in the
rescattering phase differences and second order terms proportigig@altov¢€, v¢, £€xy and
(Exy, we deduce

N+—0 = &s
Re()) Y(advg — Bl1) — aéxylia
a?lyy — 20811 + 321p2
Y(a(dy — 51)11 0 — B(02 — 51M)]1 1)+ aéxyoily, L

I —
m(}) a?lyo — 2aBly, + B2y ®)

(7)

The coefficients
Y;l)ax Xlun
/ / ' ymaxdy

nl in

are given in Table 4. The parametedescribing the interference between KigandK;, CP-
allowed decay amplitudes, 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 however
are small. With the values of Table 2, we obtain for the real and imaginary paxthefvalues
summarized in Table 5.

n o m Inm nom Inm nom Inm

0O O 5.0372-0.0044 1 O 4.9966-0.0066 2 0 6.887%0.0121
O 1 05016£0.0005 1 1 0.316920.0004 2 1 0.27130.0003
0 2 24358:£0.0042 1 2 1.90630.0042 2 2 2.168% 0.0057

Table 4: The values of the integrals,,. The quoted errors are due to the uncertainties in the
masses oK', 7+ andr®.

K experiments [11] ChPD(p') [11] ChPTO(p') [12]
Re()\) 0.028 4+ 0.003 0.031 +0.031
Im(\) - - —0.006

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

The parameter, , measures CP violation fadfs — 77 7. This violation is expected to be
as large as CP violation féf;, — 77—, andn, _o ~ n,_.
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3 Experimental method

The CPLEAR experimental approach to the determinatiop af, \, v andéxy is based
on the measurement of time-dependent decay-rate asymmetries between initiallji{agged
K°. This method allows for small systematic errors since the detector efficiency, the geometrical
acceptance and the background are almost the sami€’fand K°, and thus cancel in the
experimental asymmetries. Moreover, the measurement of the interference bEwaedk g
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 conventional since it uses the Dalitz
distribution ofK;, — 77 ~7" decays corrected by the experimental acceptance.

3.1 Decay-rate asymmetries to extrach_o and A

The time-dependent decay rates (X,Y,7)andR, ((X,Y,7) forinitial K° andK°
decaying at a proper timeto artn 7" state with Dalitz variable&” andY” are given to first
order inKg — 77~ 7 decay amplitude:

R+_()(X Y 7') _
_ T 1 F 2R AFY(X, )P —T
R+_0(X, Y, 7_) [ :F e(gs)] | L ( ) )| eXp( LT)

+{Re[AS (X, Y)AY(X,Y)"] cos(Am )

— Im[AS %X, VAT Y(X, V)] sin(Am 7))} exp[—(Is + I1)7/2],
whereAm is theK;—Kg mass difference, anfl, (Is) is the decay width of th&, (Ks). The
integration over the Dalitz plot between thieboundaries and oveX > 0 or X < 0 leads to

the integrated decay ratés (7), R, (t) or R_(7), R_(1), respectively:

R (7)
R.() o [1F 2Re(es)] exp(—I17)

+2 [Re(n4—0 + A) cos(Am 1) — Im(ny_o + A) sin(Am 7)] exp[—(Ls + I1.)7/2],

%(7) o [1F 2Re(es)] exp(—I17)
+2[Re(ny—o — A) cos(Am 1) — Im(ny_o — A) sin(Am 7)] exp[—(I's + I1.)7/2].
Then, , contribution to the<; —K interference term appearing in these rates is isolated

by forming the decay-rate asymmetry

[Ry(r) + (1)) = [Ry(

(B (1) + B_(7)] + [Ry(7
= 2Re(es)

—2[Re(ns—o) cos(Am 1) — Im(ny—o) sin(Am )] exp[—(I's — I'L)7/2].

\1

A+_0 (T) (9)

+ |+
5|
S

The measurement of this time-dependent asymmetry allows the determination of the CP-violating
parameter), _,. Otherwise, the two asymmetries obtained by separating the ratés fer0
andX <0,

Ri(r) — Ri(7)
A = = 10

i(T) Ri('/—) + Ri(’r) ( )
= 2Re(zeg)
—2 [Re (n4—0 £ A)cos(Am 1) —Im (91— £ A) sin(Am 7)] exp|—(I's — I'L)7/2],

7



are used to determine the CP-conserving parameter

The expected CP-violating and CP-conserving asymmetries are plotted in Figs. 1 and 2,
respectively, as a function of the proper time measured in units 6fs = 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 magnitude higher than the one related to CP violation.

3.2 Decay-rate asymmetry to extracty and £ xy

The same method can be used to directly extract the isospin componantk yy of
theKg — 77~ 7" amplitude. This determination, however, relies on the parametrization of the
neutral-kaon decay amplitudes given in Egs. (2). In each point of the Dalitz plot, we define the
asymmetry

AdX,V\1) = [R_(X,Y,7)+ R.(X,Y,7)] — [R.(X,Y,7) + R_(X,Y,7)]
S T TRX,Y, 1)+ R (X,Y, 1)+ [Re(X,Y, 1)+ R_(X,Y,7)]
v —ExyY

a—pY

where the rescattering phases and second-order terinsundY” are neglected. This asymme-
try is then used to extract simultaneously the two isospin amplitydasl( iy, by fixing the
K;, decay amplitudes and/ to the experimental values given in Table 2.

= 2[X| cos(Amr) exp[—(Is — I1)7/2], (11)

3.3 Extraction of the Kg branching ratio

Although )\ is determined without any theoretical inputs, the determination of the corre-
sponding branching ratio of the CP-conseniiig— =7~ 7" requires the theoretical parametriza-
tion of the neutral-kaon decay amplitudes. The branching ratio of the CP-cons&ryishecay

is defined as

T 3
“L BR(K, — 7T+7r*7r0)%.
L

BR(Ks — ntr 7%) = T
S

(12)

HereI'S™ and I?™ are the partial decay widths féts andKy, decaying tor "7~ 7°. Their ratio
can be expressed as a function of the amplitudesand-~ in Eq. (2):

max Xim Y 7T (CP=
rge e AT (YY) PAXAY Lo

= — — — = X
e Sy f+/{}1$ﬂ((yy)) |Aiﬁ(cp__1)(X, Y)|2dXdY ! a?lyp — 2081y + 321p2

, (13)

if we neglect direct CP violation and the amplitugle,-. By combining Eq. (13) with Egs. (7)
and (12), we obtain

[2,0(04210,0 — 201y, + 52[0,2)

I, 2
BR(Kg — 7 7% = — x BR(K;, — nmt7 7%) x Re(\)” x
s | (. )< Re() b b

I's

By taking the world average value f&R (K, — 77 7°) [13], and the experimental values
for o and given in Table 2, we obtain the following numerical relation between the desired
branching ratio andke(\):

BR(Kg — mtm 7°%) = Re(\)? x (3.24 + 0.06) x 107, (14)



4 The CPLEAR experiment
In the CPLEAR experiment, initiak® and K° are produced in about x 103 of the
antiproton—proton annihilations through the reactions

pp (atrest) - K=7"K° and pp (at rest) - K77 K,

where the conservation of strangeness in strong interaction implieskasaccompanied by

aK* and aK by aK~. 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, determines the strangeness of each initial
neutral kaon and identifies its decay products. It has a cylindrical geometry 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 detector, antiprotons with a momentum of
200 MeVk are brought to rest and annihilate in a target of gaseous hydrogen 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 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 experiment, most pions generate Cherenkov light while the kaon momenta are below the
threshold of light emission. In addition, the scintillators allow particle identificatiod Bydx
and time-of-flight. They also provide fast identification 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 minimiz6d%(X, and
~ 5 x 1073 interaction length) in order to reduce multiple scattering and regeneration effects.

Photons are detected in an electromagnetic calorimeter 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 annihila-
tions, a multilevel trigger was used. It is based on the recognition of the associatédodir at
the annihilation vertex. It uses dedicated hardwired processors which reconstruct the kinemat-
ics of the event and identify the charged kaon in abous.8n 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 ther* 770 final state, the data-taking started in 1992, when the calorimeter and the
trigger were fully operational, and finished at the end of 1995. During this period, &kdt?
antiproton—proton annihilations were collected, corresponding to dbout)® events on tape.

5 Event selection and corrections

The selection of neutral kaons decaying intor 7 is performed by a set of topologi-
cal cuts, constrained fits and particle-identification criteria. The remaining background is then
estimated from the difference between data and simutated 7° events properly normalized.
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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 reduces the backgroundpfsannihilations into
KTK 7*t7— aswell asr*7— and semileptonic decays of neutral kaons.

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 decay
vertex is reconstructed from the remainifigandr ~ tracks defined as secondary particles. The
distance between 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 larger8&thamorder to remove
eTe~ pairs from~ conversions or’ Dalitz decays, and smaller thaf2° 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
particlesrt*7—7°. The charged-pion momenta are given by the track-fit procedure while the
7 momentum is defined as the total missing momentum irpthannihilation. Ther 7 7°
invariant mass has to be lower than 600 Me\tb further reject neutral-kaon decaystor
and semileptonic final states.

5.2 Kinematically constrained fits

In order to further remove the background originating frgprannihilations and neutral-
kaon decays to other channels, events are then selected using kinematically constrained fits
which also permit to improve the decay-time resolution of the selected sample. The constraints
applied to satisfy the kinematics of the procpggat rest)— K 77K with K — 7+7 7%, 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 vertex is the mass of the neutral kaon, and the total missing massrfs the
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 satisfied by only one track combination
with a probability larger than 5%. In addition, the primafy~* pair of the selected events has
to be the primanK*7 ¥ chosen by the trigger algorithms of the hardware processors.

At this stage, the selected sample is compared to the distribution for simufatec:’
and semileptonic neutral-kaon decay events, as shown in Fig. 4. The contribution from neutral
kaons decaying into semileptonic final states is found to be strongly suppressed at short decay
times. There the decay patrticles, crossing the proportional chambers, have a better momentum
resolution, resulting in a more efficient rejection by the constrained fits. A background, not asso-
ciated with semileptonic events, is also clearly seen beley Zhis fact justifies our choice to
normalize the simulated data to real data above @/here only semileptonic events contribute
to background.

We conclude that at this stage the data sample is dominantly composedof’ decays
of neutral kaons with a 4% contamination of long decay-time background coming from semilep-
tonic decays of neutral kaons, and an 8% contamination of other, short decay-time, background.
This type of background may originate frdig decays ang@p annihilation processes other than
golden. Its suppression is discussed in detail in Section 5.3.
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5.3 Background suppression using particle identification criteria

By simulation of neutral-kaon decays 40 7~ it was proved that, mainly owing to the
effectiveness of the constrained fits, the background resulting fem— =+7~ 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 estimate that at short decay
times, the remaining background contributions are the following:

(@) pp — KT7~K° (or c.c.) events with & decaying tor’7°, followed by az® Dalitz

decay tae"e ;

(b) pp — KTK 77 events passing the selection criteria because of a badly reconstructed
track;
(c) pp — 7°K*7~K" (or c.c.) events, wherelgs decays intar* 7—and the primary charged

pion is taken as a secondary pion and vice versa, even though the vertex resolution in the

transverse plane s 1.5 mm.

These backgrounds are further reduced by kinematical cuts and particle-identification criteria
chosen by comparing real data and simuldédk® — =+7~7° decays.

The Dalitz decay events of type (a) are almost fully eliminated by removing events where
the invariant mass of the secondary particles, computed wittr'téie hypothesis, is small and
the measured time-of-flight is not compatible with&r~ 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 prinkaryand secondaryn hy-
potheses.

Events of type (c) are rejected if the cross-combination fulfils invariant-mass and vertex
alignment constraints consistent with thg — 7°K*7~K° (Kg — 7+7~) 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 invariant
mass of the cross-combination for real data with a decay time smaller tharefore and after
applying the cuts.

The addition of the new proportional chamber close to the centre of the detector (see Sec-
tion 4) allowed an improvement of the selection criteria for the 1995 data sample, by requiring
a hit in this chamber for the primaity* =¥ tracks and no hit associated with the secondary par-
ticles of the neutral-kaon decay. This condition allowed the release of the cuts described above
in order to rejecpp — KTK-7t7~ andpp — 7m°K*t7~K?° (or c.c.) background, and led to a
substantial increase (about 30%) in the signal acceptance at short decay times.

However, the new amount of material around the annihilation region had also enhanced
the production of\(1115) — pm— throughK® or K~ interactions with nucleil{ ~ originated
from K*K—7*+7~ background). These processes only contaminat&thdata set, thus sim-
ulating a CP-violation asymmetry. Thg(1115) signal is located well below 1.2%, with a
maximum at 0.755. It amounts tex 20% of the previous short decay-time background. Figure
6 shows the\(1115) signal in the invariant-mass distribution of the secondary particles with
the pm— hypothesis, folK® events with a decay-time lower than 0.75 The A(1115) back-
ground is reduced by a factor of two by using the time-of-flight information to identify the
proton. Since the remaining amount/ofl115) background is at the limit of our sensitivity, the
inducedK’-K° asymmetry is treated as a source of systematic error.

With these criteria, the final data set contains a total of 508 000 events with a decay time
between 0.25 and 19.75. Thenr 7 #? invariant-mass distribution of the selected events is
shown in Fig. 7, together with the distribution for simulatetr—7° and semileptonic neutral-
kaon decay events. The corresponding decay-time distributions which eventually give the back-
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ground/signal ratio are discussed in Section 5.4.

5.4 Remaining background in the final data set

Figure 8 shows the real and simulated decay-time distributions of the selected data sam-
ple. The simulated distribution, given by the sum of neutral-kaon decaystorn® and torly,
weighted with the correspondirig, branching ratios, is normalized to the real data for decay
times above G, where semileptonic decays are the only source of background. The normal-
ization factor is obtained by fitting a constant to the ratio of these two decay-time distributions.

The excess of data up to 1.25represents our short decay-time background whose ori-
gins have been discussed in the previous section. The excess of simulated events araund 2.5
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 <adius (
cm) much smaller than the proportional chamber radius. The additional error introduced on this
background, owing to the tuning, is about 10%, which is negligible compared with the overall
uncertainty discussed in Section 6.1.2.

The total-background fraction of the evetg7), in the time interval between 0.25
and 19.75rg, is defined as the relative difference between the data and the simufated®
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 exponential part
accounts for the short decay-time background below 4525

When fitting the asymmetries to data (see Section 6), the total-background fraction is
taken into account by using this parametrizationgfr):

(s(1) = exp{—[0.2£0.6 (stat.)] — [4.1 £ 1.3 (stat.)] x I'sT}
—[0.008 £ 0.004 (stat.)] 4 [0.0062 £ 0.0004 (stat.)] x I'sT].

The total semileptonic component is found to be 4.15% while the total short decay-time back-
ground is 0.16%.

5.5 Decay-rate corrections

Before constructing the experimental asymmetries corresponding to Eqgs. (9), (10) and
(11), three corrections were applied to the data.

The first takes into account the dependence of the tagging efficierd<y mflative toK°
on the charged-kaon and pion momenta. The tagging efficienci&$ ahd K° are equal to
the detection efficiencies(K*, 7~) ande(K~, 7 1) respectively, of the associated primagy
pair. They are not identical owing to the different strong interaction cross-sectidds ahd
K~, and ofr* and=~, in the detector. These effects induce an average difference at the level
of 12% between th&’ andK° tagging efficiencies. In addition, the momentum dependence
of the cross-section introduces a difference in the decay-time distributions 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
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normalization factoéx (pk, pr ), defined ag(K*, 7~) /e(K—, ™), was measured with the" 7~

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:@£°) ande(K?) is the same, and the overall normalization
between 0.25 and 19.75,

NEK® = nta 7% [ e(K°, 7)[Rs(r) + R_(7))dr

NEK® = mrm ) 2% (K9, 7)[Ry (1) + R ()]dr = [1 + 4Re(es)] X &,

is preserved. The mean normalizatignis equal to{e(K°))/(e(KP)).

The second correction comes from the coherent regeneration which appears when neu-
tral kaons cross our detector. Owing to the small amount of material in the central region, the
expected difference in th€® andK° decay-time distributions is up to a few per mil. To correct
for this effect, each event is weighted by the ratio of the decay 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 amplitudeEKbandK° in the momentum
region of this experiment, the results of ref. [15] which agree well with the recent CPLEAR
measurements [16].

The third correction takes into account the fact that the cuts remaVisg~—K° (or c.c.)
background act differently on the two secondary pions, depending on the charge of the primary
kaon. This induces a fake asymmetry betweenthe- 0 and X < 0 samples, at a level of
1%, distorting the measurement of the CP-conserving parameters. 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 decayingrintor® and some residual
background. Since the amountskdf andK® are slightly different, the experimental decay-rate
asymmetries are equal to

Ni(r) = Ne(7)
Nk(T) + Nk(T)
(fN — 1> n 46x[1 — (a(7)]

v +1 (Ex +1)?

where the subscript refers to the Dalitz plot integration domaify 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 Eq. (9) andd, (1) (resp.A_(7)) by Eq. (10). When fitting these
asymmetries to the data, the CP parameterd,irand the mean normalization factgg, are

left to vary freely. In Eq. (15), th&e(cs) coming from A, in Egs. (9) and (10) is taken to be
equal toRe(er) and fixed tod; /2. The world average values are used fon and I's [17], ¢,
andlty, [13].

APP(r) =

Alc (7_)7 (15)

6.1 Measurement of the CP-violating parametem_g
The experimental asymmetry/7” () obtained from the complete data set is shown in
Fig. 10 together with the result of the fit. The fit of Eq. (9) to the data yields

Re(ny_o) = (=247 (stat.)) x 1073
Im(n, o) = (—2+9 (stat.)) x 1073
Ex — 1.116 £ 0.004 (stat.)
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with ax?/d.o.f. = 0.86 and with the following statistical correlation coefficients:

Re(ny—o) Im(ns—o) &x
Re(14-0) 1
Im(ni_o) +0.68 1
SN —0.21 -0.51 1

Table 6 summarizes the systematic errors which affect the determination ofThey mainly

come from differences in the background content betweeikthandK° data sets which are

not described by the background parametrization. To isolate the background component at short
decay timesK® and K data were added together. This eliminates, to first order, any CP-
conserving or CP-violating effects coming frdfy decays. Théy(7) parametrization cannot

be determined separately faf andK°.

Source of systematic error Re(ny—o) [107%]  Im(n;_o) [107?]
Pionic and kaonic background — amount and normalization ( té? > ( tg; >
A(1115) background +4.1 +1.9
CP-conservind{s 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, Fs, FLandRe(Es) — _

* Error determination limited by statistics.

Table 6: Summary of the systematic errors on the real and imaginary payts pof

6.1.1 Method for evaluating the systematic uncertainties

The systematic errors due to uncertainties on the knowledge of the short decay-time back-
ground, the finite binning and the decay-time resolution are estimated by using a simplified sim-
ulation of our data sets. The decay-time of signal and background events is generated according
to their decay-time distributions:

(&) The decay-time distributions of signal events with positive and neg#tase constructed
from the phenomenological decay rates@fandK?, calculated with the expected values
of Re(n; o), Im(n, o), Re(\) andIm()\) and multiplied by the acceptance of 7~ 7"
events. The acceptance is parametrized according to a set of Monte Carlo events fully
simulated.

(b) The decay-time distribution of background events is obtained separately for the semilep-
tonic and short decay-time background. The semileptonic contribution is generated ac-
cording to the phenomenological decay rates multiplied by the corresponding accep-
tances. The short decay-time contribution is obtained by subtracting the semileptonic
distribution from the total background given kjy(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, contairing
10° events, CP asymmetries are formed and fitted in order to determine the valges,of
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This procedure is repeated 2000 times to minimize the effect of statistical fluctuations. The
systematic error ofy,  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 parameters which are possible sources
of systematic errors 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

e Amount and normalization of short decay-time background
The amount and the shape of the short decay-time background are estimated by compar-
ing the decay-time distribution of real data and of simulatéd 7" and=lv, 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 simulated 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 proportional chamber at 10 cm and thus free from any effect
resulting from an acceptance distortion (see Section 5.4). The second region was chosen
between the second proportional 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 between 0.16% and 0.36%.

Since the charged-kaon momentum distribution of this background is different from

the signal, thé&°/K°® normalization of the background at short decay time may also be dif-
ferent from the signal. We have then analysed sampl&S&f 7+7~ and ofr"Kr K~
(or c.c.) events, defined as being rejected by the associated culs’/Kfenormalization
factor measured for the first class of events$.ist6 + 0.019, and1.108 + 0.023 for the
second. The systematic errorpf_, was estimated by using in our simplified simulation
the maximum amount for the background at short decay (in36%), and for thel°/K°
normalization factor the central values given abavene standard deviation.

e TheA(1115) background
The fraction ofA(1115) — pr— events (only contained in tHe® data set) was estimated
by constructing the invariant-mass distribution of the secondary particles withwthe
hypothesis and counting the excess of real data events over similated 7=+~ 7°
decays in the mass window between 1105 and 1125 ®te(#g. 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), o 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.

e CP-conserving<s decay amplitude
The CP-conservinifs amplitude does not cancel in the CP-violating asymmetry, (7)
if there is any difference in the detector acceptat{Cé€, V') for the phase-space regions
X > 0and X < 0. In that case, the interference between the CP-conseRinagnd
Ky, amplitudes integrated over the whole phase space does not cancel and contributes to
Re(n;—o) through the additional term

S pAm Y e(X, V) A TN (X, V) AT (X Y ) d X dy
max Xiim (Y 3r(CP=-1 .
Jyme [ (X, V) AT PTTY(X V) PdX Y

This term is evaluated directly from our data, taking into account all the acceptance dis-
tortions. We obtainedcp = (—0.7 4 0.4) x 10~*. The systematic error of, , is given

TCP =
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by theTp central value minus one standard deviation.

e Decay-time dependence of normalization
The error introduced by the statistical uncertainties in<t° normalization correction
was taken into account. The data were also corrected for any time dependence of the
normalization. A search for any residual effect due to different trigger topologies was
carried out and found to lead to a small error.

e Decay-time resolution
The decay-time resolution varies from0.05 up to 0.275 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 fitting the asymmetry, are correlated. The resulting error
was thus determined at once by using our simplified simulation.

e Regeneration
The effect of neutral-kaon regeneration in the detector material is expected to be negligi-
ble. 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) > when changing the regeneration amplitudes within the
uncertainties of the values extrapolated from higher energy datal4 for the modulus
and=+9° for the phase [18]).

e Am,Is, I, and Re(es)
The experimental uncertainties on the valueaeof [17], I's, I, andRe(ss) [13] used in
the fit have negligible impact on the results. We note that the valye gfobtained from
the fit is insensitive to to a possible difference betwRe(xs) andd, /2, within the known
limits onRe(d) related to CPT invariance [19]. In our analysis a valuBef§) < 3x10*
would shiftRe(n, ) by < 0.6 x 10~* andIm(n, o) by < 1.5 x 107*.

6.1.3 Final results on the CP-violating parametgr
Our final result om, _,, shown in Fig. 11, is

Re(n. o) = (2= 7(stat) "] (syst)] x 107
+2 »
Im(n;—o) = | =2+ 9 (stat) 1 (syst) | x 1072.

Assuming no correlation between the systematic errors, we optaip| < 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 viaJug of
of these individual measurements is then determined by usigigtechnique which is mini-
mized in the Re, Im, £{y) space taking into account the covariance matrix of each individual
measurement. A%/d.o.f greater than one would indicate that the statistical error and the sta-
tistical correlation are not large enough to explain 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 resuftjidgo.f. = 0.96 indi-
cates 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), . Compared to the published values of Barmin et al. [20] and Zou et
al. (onlyIm(n, o)) [21], our errors are smaller by more than one order of magnitude and by a
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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 parameteh

For the measurement of the CP-conserving parameténe data set is split into two
parts according to the sign of the Dalitz varialleThe experimental asymmetrid§™ () and
AZP (1) are formed on the corresponding samples. Their time dependences, given by Eq. (15),
are fitted to the data in two steps. Firstly, a simultaneous six-parameter fit of the functions
ATP (1) and AP (7) to the relevant data set gives the following results:

Re(ny_o) = [-24£ 7 (stat.)] x 1073
Im(n, o) = [-2+9 (stat.)] x 1073
Re()) = [+27 4 7 (stat.)] x 1073
Im(\) = [-12 49 (stat.)] x 1073
$<0 = 1.118 4 0.005 (stat.)
x>0 = 1.114 £ 0.005 (stat.)

with ax?/d.o.f. = 0.88 and with the following statistical correlation matrix:

Re(ns—) Im(ni—o) &7 & Re(d) Im(})
Re(n+-0) 1
Im(n; ) +0.677 1
370 —0.149  —0.364 1
§ <0 —0.147  —0.362 0 1
Re()\) +0.008  +0.003 —0.149 +0.147 1
Im()\) +0.003  4+0.004 —0.364 +0.362 0.677 1

The results orRe(n, o) andIm(n,_o) are identical to those obtained by fitting the experi-
mental asymmetry integrated over the whole Dalitz plot. Since there is almost no correlation
between the components®f , and), the statistical accuracy on the mean normalization can
be improved without any implicit assumption on direct CP violation or CPT invariance by fixing
140 to the known value o, _ [13]. In addition, sinc&y; ~° andéy <° are statistically compat-

ible, we can assumg ~? = &5 <0 = &« Therefore, in the second step, a simultaneous fit of the
asymmetriest? (1) and A" (7) is performed by varying freely and¢yx and by fixingn, _ to

the world average value [13]. It is shown in Fig. 13 with the result of the fit. The fit yields

Re(\) = [+28 £ 7 (stat.)] x 107°
Im(\) = [~10 8 (stat.)] x 10~
EN = 1.116 +0.003 (stat.)

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

Re(A) Im(N) &
Re(A) 1
Im(\) +0.68 1
£x 0 0 1
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Source of systematic error Re(A\)[107%] Im(M\)[107]
Pionic and kaonic background — amount axidsymmetry ( 13 ) ( 0.5 >

-1.4 -0.3

A(1115) background — amount aftasymmetry ( tgg > ( tgg >
Decay-time dependence of normalization +0.2 +0.2
Decay-time resolution +1.1 +0.7
Regeneration < 0.1 < 0.1
+0.1

Am andly +0.1 ( 02 >
Acceptance +2.0 +1.8

* Error determination limited by statistics.

Table 7: Summary of the systematic errors on the real and imaginary pavts of

Since the measured valueofs not correlated witl§y , and thus witfRe(eg), havingRe(es) =

d;/2 results in a\ value which is insensitive to a possible CPT violation (see also Section 6.1).
Table 7 summarizes the systematic errors which affect the determinatiortbky are

largely the same as those affecting the determination of. We note, however, that the sen-

sitivity to the normalization is weak in the simultaneous fit (there is no correlation beteen

andéy) and the uncertainty on the background normalization also cancels in first order. On the

other hand, the difference between the two halvés; 0 and X < 0, of the Dalitz plot, and

the difference in the background normalization lead to the dominant systematic erkofron

the following section only systematic errors specific to tireeasurement are discussed.

6.2.1 Discussion of systematic uncertainties

e Short decay-time background asymmetryin
The normalization of the background at short decay time may be differeit for0 and
X < 0. This is the case for the’ K7~ K" (or c.c.) background where the interchange
of the primary pion with the secondary pion introduces a systematic shift since
the variableX is proportional to the differenc&cy(7*) — Ecy(7~) and on average
primary pions have a larger energy than secondary pions. The reconstiicgethus
mainly positive forK’—tagged events and mainly negative fdl—tagged events, simu-
lating a CP-conserving asymmetry. To quantify this effect, we introduce a background
normalization difference; = £¥_, — ££. , which is measured on the pur@K 7K’
(or c.c.) sample. We obtainaeg; = 0.17 4+ 0.04. The systematic error of was deter-
mined by by using in our simplified simulation the maximum amount of background at
short decay-time, with a normalization-factor difference given by theentral valuet
one standard deviation.

e A(1115) background asymmetry ka
TheA(1115) — pm— background component may also be asymmetrik iowing to the
misidentification of the proton as a pion, shifting the reconstrugteédwards a negative
value. These events amounting to 0.013% deviate from the symmetric caisetin) %.
The systematic error of was determined by introducing in the simplified simulation the
maximum amount of\ background with anX’ asymmetry given by the above central
value+ one standard deviation.

e Acceptance
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If the detector acceptaneé€X,Y') is properly folded with the right-hand part of Eq. (5),
we see that the result of our measurement is

e Xm0, ¥) AR T V) AT V) dxdy
S Jo ) (X V)| AT TV X Y P XY

Ymin

AP —

instead of\. The difference between®® and A\ has been determined by numerical
integration of simulatedk®, K — #*7 7% events, using the isospin decomposition
of the Kg and K;, decay amplitudes in Eq. (2) and the expected valuesxfaos and

v (Table 2). The real and imaginary parts of the difference so obtaifv@le(\)] =
(+1.1 £ 2.0) x 10* and A[Im()\)] = (+0.3 £ 1.8) x 10?, were considered as the
systematic uncertainties of the results.

6.2.2 Final results on the CP-conserving parameter
Our final result on\, also shown in Fig. 14, is

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

To cross-check the statistical consistency of the measurements, we repeated the analysis
separately for each data-taking period. The mean values obtained by ay?-fit using the
statistical errors and their correlations, are shown in Fig. 15 and are equal to those of the standard
analysis withy? /d.o.f. = 1.3.

The branching ratio for the CP-conservilg — 7*7~7° decays is calculated using
Eq. (14). We obtained

BR(Ks — m7-70) = (2.5 “jg (stat) 4:82 (syst)) x 1077,

where the systematic error also includes a contribution from the uncertainties En texay
amplitudes.

We can also deduce a limit on the rescattering phase diffef@nced;) from our mea-
sured value olm(), using Eqg. (8). In this relation, the term proportionakte, is dropped
since its influence is negligible. By taking for the amplitude® and~ the values expected by
ChPT (Table 2), and by assuming an uncertainty-afon (d, — d;,,), we obtain at the 90%
confidence level

—46° < ((52 — 51) < 9°.

This limit is dominated by the total uncertainty amn(\).

K expts. [11] ChPT[11] ChPT[12]  E621[22] CPLEAR
Re(\) 0.028 £0.003  0.031 10.031  +0.038£0.010 +0.028 = 0.008
Tm(\) - - —0.006  —0.006£0.012 —0.010 = 0.008

Table 8: The CP-conserving parameteas measured by CPLEAR. For comparison the values
of Table 5 are also reported.

In conclusion, Table 8 shows a comparison of the values obtained in this work with
the values given by a 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-conservinils decay rate intart 7~ 7 with negligible systematic errors and is in good
agreement with previous measurements.

19



7 Measurement of the isospin components of thK;, and Kg decay amplitudes

We determine the slope parameters offthedecay intar 7~ 7%, which are related to the
amplitude components, 3, £ and¢ of Eq. (2). To this purpose we make use of the parametriza-
tion of the detector acceptance and of a likelihood function ofthelecay rate in theX, Y, 7)
space. We also measure the interference betwedfsthadK, states as a function of the Dalitz
variablesX andY’, and extract the isospin componentand{ iy of the Kg decay amplitudes
by a maximum-likelihood fit of the time-dependent asymmetgy X, Y, 7), Eq. (11). These
measurements have all an intrinsic interest. Moreover, by comparison 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 thK;, — w7~ n° decays

The slope parameters defined in Eq. (3) are extracted by fitting the energy dependence
of the K;, — 77 7% events in the Dalitz plot. The Dalitz distribution is constructed from
initial K° andK? events in the decay-time interval between;2nd 2475 so to remove th&g
component and the short decay-time background.

To correct for the variation of the acceptance across the Dalitz plot and the semilep-
tonic background, the simulated distributionsiof — 77 7%, 7uv, andrev, decays are
parametrized using orthogonal polynomials in the Dalitz variallesndY [24]. Then a func-
tion of the form of Eq. (3) multiplied by the simulation acceptance is fitted to the data.

To avoid binning problems, the maximume-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 addition, tké events are weighted by the mean
normalization facto€y to take into account the different amounttof andKP.

To obtain the Dalitz-plot slope parameters, the events were splitinto samples correspond-
ing to disjunct decay-time intervals ofr2 width where the acceptance is assumed 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 function of the decay time, in addifioartd
Y, is thereby avoided. These event samples were separately fitted to obtain the slope parameters
as a function of the decay time and the results then averaged with a minirhprocedure. 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 = (6.14+0.4)x 1072

j = (1.0£24)x107?
k= (1.04+0.17) x 1072
f = (45+£24)x1073
with the following correlation matrix:

g h J koo f
1

+0.011 1

—0.050 +0.075 1

+0.003 +0.031 -0.017 1
+0.066 +0.060 +0.055 +0.005 1

- e 9

The correlations between the slope parameters are small.
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Source of systematic errorg[107%] A[107%] j[107%] Kk[1073] f[107?]

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 inX andY’ +0.5 +0.1 +0.6 +0.5 +1.0

Radiative corrections - - - - -
Normalization - - - - -

Semileptonic background - - - - -
Regeneration - - - - -

Table 9: Summary of the systematic errors onkkhe— 77 7 slope parameters.

The systematic errors are summarized in Table 9. Contrary to the determinatipn,of

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 short decay-time background are negligible since only data with decay times abae 2

used in the analysis.

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 parameters for different decay-time slices.

Acceptance statistics

The coefficients of the polynomials i andY” 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.

Resolution inX andY

To determine the error due to the resolutioninandY’, not included in the likelihood
function, the simulated data were split into two samples of equal size. One of these sam-
ples was used to determine the acceptance parametrization and the other one to simulate
the data. The systematic errors were evaluated by comparing the results when using the
true and the reconstructed values®oaindY'.

Radiative corrections

The values for the slope parameters are affected by radiative corrections [27]. We took
them into account and we corrected the slope parametersgby= —0.0008, Ah =
—0.0004, Ak = +0.0002 and A f = +0.0009. The value ofj was not affected by this
correction within the quoted accuracy. The systematic errors due to uncertainties on these
corrections are negligible.

Normalization

An error in theK°-K° normalization leads to an unequal amountdfandK" in the

Dalitz distribution, introducing an additional contribution coming from khe-K;, inter-
ference. The errors on the slope parameters were obtained by varying the normalization
factor within its uncertainty. The resulting errors are negligible.

Background

In the decay time interval used for the determination of the slope parameters, only the
semileptonic background 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
negligible.
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e Regeneration
The influence of the regeneration correction was checked by repeating the analysis with-
out 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.) & 0.0044 (syst.)
h = [6.140.4 (stat.) £ 1.5 (syst.)] x 10~?

j [1.0 4 2.4 (stat.) £ 3.0 (syst.)] x 10°*

k = [1.04£0.17 (stat.) £ 0.24 (syst.)] x 1072
f [4.5 4 2.4 (stat.) £ 5.9 (syst.)] x 107>

K experiments [11] ChPOD(p!) [11, 12] PDG'96 [13] CPLEAR
g 0.67 £ 0.01 0.67 0.670 £ 0.014  0.682 £ 0.007
ho 0.08% 0.01 0.06 0.079£0.007  0.061 £ 0.015
j - 1.1 x 10~ 0.0011 & 0.0008  0.001 = 0.004
3 0.01 £+ 0.04 0.006 0.0098 + 0.0018  0.010 & 0.003
f - 3.7 x 1077 - (4.5 £ 6.4) x 1073

Table 10: The slope parameters of thg decays intor*7—7°. The values measured by
CPLEAR are compared with the values reported in Table 3.

Table 10 shows the comparison of the CPLEAR results with other existing results sum-
marized in Table 3. In general, good agreement is found, as well as an improvement in the
determination of the parametegby a factor of two.

From the observed slope parameters and the experimental valugivan in Table 2, we
can deduce, using Eq. (4), the values forkhedecay amplitudes, £ and¢ which are reported
in Table 12.

7.2 Measurement of theKg decay amplitudesy and £ xy
The components and¢yy of the K decay amplitude were extracted from our data by
fitting the experimental asymmetry

AT N (X,Y,7) + No(X,Y,7)] = [N4(X,Y,7) + N (X,Y,7)]
¢ VT T N XY, 1) N (XY, )] F NS (X, Y, 7) + N_(X,Y,7)]

~ [1-G(X,Y,7)] / Ae(u,v,7) X Gx(X — u) x Gy (Y — v)dudo,

where(g(X,Y, 7) is the parametrization of the total-background fraction of as a function of
the decay time- and the Dalitz variableX andY’, A, is the theoretical asymmetry given by
Eq. (11), and the function§'x and Gy are Gaussian distributions describing theand Y’
resolutions. Their standard deviations were determined by using simulated neutral-kaon decays
at short decay time.

The amplitudes and¢ xy entering in the calculation of, are determined by minimizing
the log-likelihood function defined as [23]

lnL ex ex
——— = > w;In[1 + AP (X, Y5, m)] + D wy In[l — AP (X5, Y5, )],

2 , ~
JES jes
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where the data sef containsk® events with positiveX and K° events with negativeX ,
and S containsk® events with negative&l andK° events with positiveX. In addition,w; is
a weight which takes into account the time dependence oKtHE® tagging efficiency, the
coherent regeneration and the distortioninand Y introduced by ther?K°7z*K~ (or c.c.)
cuts. The latter correction was estimated from a parametrization as a functionvoandr of
the acceptance of these cuts. It was determined with simulated events.

When fitting this asymmetry to the dataand¢yy vary freely whilea andf are fixed
to the experimental values given in Table 2. We also used the world average valles fdk
and/7, [13]. The fit yields

Y = 3.3+ 0.4 (stat.)
Exy = 0.4+0.7 (stat.),

with a correlation oB% between the two extracted parameters.

Source of systematic error Y Exy
, +0.20 +0.31
Amount of background and background asymmetr¥in 006 005
+0.12 +0.05
A(1115) background and asymmetry.in _0.32 _0.28
Decay-time resolution +0.10 +0.01
Regeneration - -
Am andly +0.01 -
aandg +0.03 +0.03

Table 11: Summary of the systematic errorsyaamd¢ vy

Table 11 summarizes the systematic errors which affect the determinatioanaf¢ .
Their sources are identical to those for the determinatiokh dhe resulting systematic errors
were estimated by using a simplified simulation where the neutral-kaon decay rates, the back-
ground distribution and the signal acceptance are parametrized as a funcfignvoind .
The uncertainties associated with the acceptance cancel in this asymmetry. The effect of the
experimental uncertainties on the valueswand 3 used in the fit are negligible.

The final results oy and¢xy are

v = 3.3+0.4 (stat.) = 0.3 (syst.)
Exy = 0.440.7 (stat.) £ 0.3 (syst.).

By using Eqg. (7), with the above values pfand¢xy the resultingRe()) can be com-
pared with the measured one obtained wheri)\) is fixed to zero. Both determinations of
Re(\) agree within the errors, confirming our understanding offhendY” dependence on the
background.

In Table 12, we compare the results pand¢yy with the values given by both a phe-
nomenological fit to all known kaon decay rates and ChPT calculations [11, 12]. Our direct
measurement of and¢ yy is in agreement with these values and has a comparable uncertainty.

8 Summary and conclusions

Using a technigue which employs time-dependent decay-rate asymmetries between ini-
tially taggedK® andK® CPLEAR studied the neutral-kaon decays intar—7°.
CPLEAR obtains the most accurate determination of the CP-violating parametgand the
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K expts. [11]  ChPT[11] ChPT[12] PDG96[13] CPLEAR

o +84.3 £ 0.6 +84.2 - -

8 —28.1£0.5 —28.1 —28.2£0.6 —28.8£0.3
¢ —0.05+0.2 - 0.6 —0.08 £0.2 —-05£04
13 —13+0.5 —14 —-13£0.2 —1.8+£04
¥ +2.6+0.3 +29 - +3.3+£0.5
Exy —-0.3+0.7 —-0.1 - +044+0.38
01 - - 0.13 - -

0 m - - 0.41 - -

02 - - 0.047 - -

do — 01 - - —0.083 - —0.33£0.29

Table 12: Summary of the values of the neutral-kaon decay amplitude components appearing in
Egs. (2). For comparison we report in the first three columns the values of Table 2. The last two
columns contain experimental values eith&ér{ and¢) computed from the measured values of

the slope parameters given in Table 3, using Egs. (4) with +84.3 + 0.6, or (y and{xy)

directly measured by CPLEAR. The quant{yy — J;) is computed from the value dfn(\)
measured by CPLEAR, using Eqg. (8) and the amplitude values given by ChPT.

branching ratio of thés decay intor "7 ~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 sumidf andK® decaying intar 7 —7°,
CPLEAR extracts the amplitude componefits, £, £xy and( contributing to theks andKj,
decays. The observed values are in agreement with the world averages as well as with the
prediction of Chiral Perturbation Theory.
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Figure 1: The expected time-dependent decay-rate asymmetry(7), Eq. (9), computed by
assumingy,. o = n,_ and by taking the world average values#ar , I's, I, andAm [13].
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I, Am [13] and the expected value af Table 5, last column.

27



28

CPLEAR Detector

Magnet coils Al support rings

I

Drift chambers 1 im
Beam monitor 16 bar H, target

r——
Mﬁ

Proportlonal chambers
= = =

Streamer tubes
=
Figure 3: A longitudinal view of the CPLEAR detector up to mid 1994.

200 MeVic !
?}

Cherenkov and scintillator counters




:I T T | LI LI LI LI LI | LI | LI LI LI :
—
i —— Data 1
3000+ * MC (mrtreO0) -
S MC (+ 1tbv) T
- -+ —— MC (rtrrO+ miéy)
iy
0
o
12 .
c 20000
o
>
@)
©
O
Qo
£
>
Z
10000
0|*||-WXW////W/F_Wil/l}lyuluy.'

2 4 6 8 10 12 14 16 18 20
Neutral kaon decay time [tg]

Figure 4: The decay-time distribution of the sum of iniidl andK° decaying intar* 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 tHer—7° and semilep-

tonic decays of neutral-kaons, normalized to the real data set abgvélee distribution of the
simulatedr* 7~ 7 events is shown by the dashed line, while the background contribution from
semileptonic 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.
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Figure 5: The invariant-mass distribution of the 7~ cross-combination pair for real data
events with a decay time smaller thanrZplotted before (unshaded area) and after (shaded
area) applying the criteria rejecting the — m°K*n K°(Kg — 77 ) or c.c. events.
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Figure 6: The invariant-mass distribution of the secondary particles withnthdypothesis, for
K° events with a decay-time below 0.75before applying the time-of-flight cut. The excess of
events appearing around 1115 Med/ghows the\(1115) background component, in the 1995
data sample.
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is defined as the total missing momentum in tipeannihilation. The plain histogram shows
the simulated distribution built from the" 7~ 7" and the semileptonic decays of neutral kaons,
normalized to the real data set aboves6 The background contribution due to semileptonic
decay events alone is given by the shaded area.
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Figure 9: The total-background fractigg () (+), defined as the relative difference between
real data and simulated" 7~ 7° data (normalized above®). 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 ofs(7) is used when fitting the asymmetries to data. Also shown are the values
(o) obtained after retuning the chamber simulation (see text).
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Figure 11: The real and imaginary partsef o: the central valuge) with its statistical and total
uncertainties, and the statistical correlation ellipses as obtained in this work. For comparison,
the result of Zou et al. [21] ofm (7, o), obtained by fixindRe(n, ) = Re(e), is also shown

(A) with its statistical and total errors.
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Figure 12: The values dte(n, o) andlm(n, o) 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 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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Figure 14: The real and imaginary parts)ofthe central valuge) with its statistical and total
uncertainties, and the correlation ellipses as obtained in this work. For comparison, the result of
Zou et al. [22] is also showf¥\) with its statistical and total error.
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Figure 15: The values dte()\) andlm () 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.
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Figure 16:X andY distributions forK;, — =7 7" decays with a decay time abover2
The crosses indicate the data while the solid lines are calculated with the results of the slope-
parameter fit.
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