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Abstract

Data from the CPLEAR experiment, together with the most recent world averages for some of the neutral-kaon
parameters, were constrained with the Bell-Steinberger (or unitarity) relation, allowing the T-violation parameter Re(e) and
the CPT-violation parameter Im(5) of the neutral-kaon mixing matrix to be determined with an increased accuracy:
Re(e) = (164.9 + 2.5) X 1075, Im(8) = (2.4 + 5.0) X 10~ 5. Moreover, the constraint allows the CPT-violation parameter
for the neutral-kaon semileptonic decays, Re(y), to be determined for the first time. The AS+# AQ parameters Re(x_) and
Im(x, ) are given with an increased accuracy. The quantity Re(y + x_), which enters the T-violation CPLEAR asymmetry
previously published, is determined to be (—0.2 + 0.3) X 10~ 3. The value obtained for Re(8) is in agreement with the one
resulting from a previous unconstrained fit and has a dlightly smaller error. © 1999 Elsevier Science B.V. All rights
reserved.

1. Introduction

The CPLEAR experiment has directly measured for the first time the violation of T invariance in the
neutral-kaon system [1] and has provided a new, more accurate limit for the CPT-violation parameter Re(a) [2].
These results were obtained by analysing the rate asymmetries between K° and K° for decaysto e* 7 v, asa
function of the decay time t = 7.

In continuation of this work we have studied the constraints on our results deriving from the Bell-Stein-
berger (or unitarity) relation [3-5]. The Bell-Steinberger relation relates all decay channels of neutral kaons to
the parameters describing T and CPT non-invariance. With the present precision of the two-pion decay
parameters the dominant uncertainties arise from the three-pion and semileptonic decays. Moreover, the
semileptonic decays enter the relation with the parameter Re(y), describing CPT violation in semileptonic
decays and as yet not measured. Having improved the precision of three-pion decays [7,8] and measured
precisely the semileptonic decay rates, CPLEAR allows the determination of all parameters with an unprece-
dented accuracy. We stress here that they are obtained free of theoretical assumptions, apart from unitarity,
unlike others obtained previously also using the unitarity relation [6].

2. Phenomenology and the Bell-Steinberger relation

For the semileptonic decays of the neutral kaons we may consider four independent decay rates as a function
of the decay time, depending on the strangeness of the kaon (K ° or K°) at the production time t = 0 and on the
charge of the decay lepton (e™ or e™):

R.(7)= R[K?=O - e+’rr_vt=7] , ﬁ_(’r) = R[R?=O - e_’n'+1_)t=7],
R_(7) = R[K?=O - e_frr+1_)t=T] , R.(7)= R[R?=O - e+'n'_vt=T].
These four rates are parametrized (see Ref. [2]) as a function of the mixing parameters e (T-violation parameter)
and & (CPT-violation parameter):
AKO KO_AKO KO AKU,KO_AKU,KO

e=—————— and 5=
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Here, A;; are the elements of the matrix A, describing the time evolution of K° and K°, and ALg=Mm g—
(i/2)I' g itseigenvalues; m_ g and I ¢ are the masses and decay widths for the K| and K ¢ states. We also
define Am=m_—mgand y=I'g+ I' . The K mixing parameter is defined as €, = € — 6.
The decay amplitudes corresponding to the four rates can be written as
e*m vAK®Y =a+b, (e n pAK’)=a"-b",
e mtAK®) =c+d, (e m vAK’)=c"—d".
The amplitudes b and d are CPT violating, ¢c and d describe possible violations of the AS= AQ rule, and the
imaginary parts are all T violating. The quantities
¢’ —d” . c+d”
X a+b and X a—b
describe the violation of the AS= AQ rule in decays into positive and negative leptons, respectively, while
y= —b/a describes CPT violation in semileptonic decays in the case where the AS= AQ rule holds. The
parameters x, = (x+X)/2 and x_=(x—X)/2 describe a violation of the AS= AQ rule in CPT-conserving
and CPT-violating amplitudes, respectively. We note that the parametrizations used here are equivalent to those
of Refs. [9,10] but formulated in a dlightly different notation.
In the K5 — K basis the Bell-Steinberger relation [3] can be written as

—i(A = A) (K K gy = 2 CFIAK )T CFIAK ) (1)
where we sum over al the decay fina states f. The above equation becomes

Re(f)—”m(3)=m>< LAAT, (2)
with

Ay =(FIAKD, Ay =(FIAKS),

YA AL =T (Asln,)+ X (AL, +2[Re(e) —Re(y) —i(Im(x,) +Im(8))]If,,I
and

|AS|2=BR§T7TFS’ |AL|2=BRI;T’)T7TFL ’ |f'n'/v|2:BR57/VFL ’
where BR stands for Branching Ratio with the upper index referring to the decay particle and the lower index to
the final state, 1), and 7, ., are the CP-violation parameters when neutral kaons decay to two and three pions,
respectively, and / denotes electrons and muons. The radiative modes, like =+ 7~ vy, are included in the
corresponding parent modes [11]. Channels with BRS (or BR; x I', /T's) < 10~° do not contribute to Eq. (2)
within the accuracy of the present analysis.
From Eq. (2) we obtain an explicit expression for the parameters Re(e) and Im(5):
Im( &) ) I's
Re(e) | (y—2lIf,, I°)(#*+1)

% ( [1 - ’)/LOSBRI;T/V]Re(n‘IT’IT) + [_ZBRI;T/VRG( y) + BRI;T‘IT‘IT Re(”’]mm)] YLos

nw -1
1

- (3

[1- ysBRS [ Im(m,. ) = [BRY . Im(n,...) + 2BR ,Im(X, )] vios
with
Re(1,,) =In. lcos(¢, )(1—[(1—r) +rsin(A¢)tan(p, )]BRSo.0),
Im(n,.,) =In, _lsn($, )(1—[(1—r) —rsin(A¢)cot( ¢, )|BRSo.0),
BRI;TW’JTRe(nW’iT‘IT) = BRI}*w’wORe(TH—o) + BRI%%%ORe(nooo) ,
BR.,IM(7,,) =BRL: - olm(n, o) +BRCo 0 0IM(7gg) ,

s ™ T T
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Table 1
Experimental status of the neutral-kaon system parameters
Parameter Value
In,_| (2.28340.025)x 1073 Ref. [11,12]
by 436°+0.6° Ref. [11,12]
Am (530.19+1.54)x 107hs™ ! see text
Ad -03°+0.8° Ref. [13]
r =_lmool 0.9930+ 0.0020 Ref. [11]
Ine_1
Re(n, _o) (-2+8)x1073 Ref. [7]
Im(n, _o) (—2+9)%x1073 Ref. [7]
Re(1g00) 0.08+0.11 Ref. [8,14]
IM(ng0) 0.07+0.16 Ref. [8,14]
BRS .0 (31.39+ 0.28)% Ref. [11]
BR. .. .o (12.56 4+ 0.200% Ref. [11]
BR. 00,0 (21.12+0.270)% Ref. [11]
BR- ,, (65.95+ 0.37)% Ref. [11]
T (0.8934 +0.0008) X 10~ 1% Ref. [11]
T (5.17+0.04)x 10" 8s Ref. [11]
and
24m I Mool
m= 21 ')’Loszrv r:_| B Ap= oo — ¢, _ .
Y 2| fw/v| S My

Table 1 summarizes the experimental values of the parameters to be entered on the right-hand side of Eq. (3).
The value of Am in Table 1 results from experiments [11] which do not assume CPT invariance in the decay
(regeneration experiments). We note that experimental data exist for all the parameters related to two- and
three-pion decays, ., and .., which contain all the information required for the present analysis, including
decay amplitudes. For the semileptonic decays we lack the measurement of the parameter Re(y), while for the
parameter Im(x, ) the only existing measurement comes from CPLEAR [2].

However, the parameters Re(y) and Im(x, ), together with Re(e), Im(8), Re(8), and Re(x_), do enter in
the following two semileptonic asymmetries:

R.—R_[1+4Re(¢ )]
|:_Q++R_[1+4RE(€L)] —Z(Re(é) _Re( y) +R9(8))

1
) Im( x,)e" 2™ 07sin( Amr) + Re( x_)E_(1)

1 , (4)
E,(7)—e 2"V cos( Amr)
and
R_—R,[1+4Re(e )]
R TR, [L+dRe(e,)] 2L~ Re(e) FRe(y) +Re(2))
. —4Re(8)E_(7) — 2Re( x_)E_(7) + [2m(x,) + 4Im(6)]e’%<F$+FL)Tsin(Anh-) )
E,(7)+e %(FSJrFL)’COS(Amr) |
with

(e_FSTi e—FLT)

E.(7)= 2
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Table 2
The correlation coefficients for the parameters Im(x,. ), Re(y), Re(8), Re(x_ ), Re(e) and Im(§)

Im(x, ) Re(y) Re(8) Re(x_) Re(e) Im(8)
Im(x, ) - —0.624 —0.555 0.651 —0.142 0.075
Re(y) — 0.279 —0.997 —0.159 —0.075
Re(6) - —0.349 0.039 —0.051
Re(x_) - 0.060 0.109
Re(e) - —0.256
Im(8) -

Using as congtraints the Bell-Steinberger relation, Eq. (3), and the 8, charge asymmetry in the K
semileptonic decays, the determination of the parameters Re(e), 8, Im(x, ), Re(x_) and Re(y) is possible. For
the charge asymmetry in the K semileptonic decays we use the value from Ref. [11]:

8,= 2Re(€) — 2Re(8) — 2Re( y) — 2Re( X_) = (3.27 +0.12) X 102 (6)

For the analysis of the asymmetries in Egs. (4) and (5), we use the normalization procedure described in Ref.
[2].

3. Results and systematic errors

We have used the semileptonic decay rates measured by CPLEAR to calculate experimental values for the
asymmetries of Eqgs. (4) and (5). These experimental data were fitted simultaneously with Egs. (4) and (5), using
Egs. (3) and (6) as constraints. The values of Table 1 were used in the fit; all known correlations among these
guantities were taken into account.

The result of the fit is

Im(x,)=(-20+26)x107%, Re(y)=(0.3+3.0)x1072,

Re(8) =(24+27)x107*, Re(x_)=(—-05+3.0)x103,
and

Re(€) =(164.9+2.5) x107°, Im(8)=(2.4+5.0)x10°°,

with x?2/d.o.f. = 1.09. The correlation coefficients between the various parameters are shown in Table 2.
We studied the contribution to the final errors arising from systematic effects in the CPLEAR semileptonic
data. These effects are related to
- background level and background asymmetry,
- normalization correction (parameters «,, and n),

Table 3

Systematic errors arising from the CPLEAR semileptonic data

Source A(m(x, ) [1073] ARe(y)) [1073] A(Re(8)) [1074] A(Re(x_))[1073] A(Re(e)) [107°] A(Im(8))[1073]
background level +0.1 +0.1 +0.1 +0.1 0 0

background asymmetry +0.4 +0.2 +0.2 +0.2 +0.1 +0.1

Ay, 0 +0.1 +05 +0.1 0 0

n +0.02 +05 +0.02 +0.02 0 0
decay-timeresolution  +0.1 +0.1 0 +0.1 0 0

regeneration +0.1 +0.1 +0.25 +0.1 0 0

total syst. error +0.5 +0.6 +0.6 +0.3 +0.1 +0.1
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- decay-time resolution,
- regeneration correction.
They were determined in exactly the same way as in Ref. [2], and are summarized in Table 3.

The error on Re(e) and Im(§) is dominated by the error on ny,,. The CPLEAR accuracy on n, _, is such
that its contribution becomes negligible. If we assume that there is no | = 3 decay amplitude in the three-pion
decay, it follows that 1, _, = 19y, and our analysis yields

Re(e) = (165.0 + 1.9) X 1075, Im(8) = (—0.5+2.0) x 10°%,

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

4, Results and conclusions

Our final result, assuming only unitarity, is
Re(€) =(164.9+2.5) x107°, Im(8)=(2.4+5.0) x10°°,
and
Re(y) =(0.3+3.1) X103, Im(x,)=(—-20+27) %103,
Re(x_)=(—-05+3.0)x1073, Re(§)=(2.4+2.8)x10"*.

Our results on Re(e) and Im(5) are dmost one order of magnitude more accurate than those of a previous
similar analysis [4] owing to improvements in the accuracy of various measurements where CPLEAR has made
significant contributions. The fact that Re(e) and Im( ) are essentially determined through the Bell-Steinberger
relation allows Re(y) to be obtained explicitly: a result which could not be achieved from semileptonic data
alone. Moreover, the present analysis yields accuracies for the parameters Im( x_.) and Re(x_) which are about
one order of magnitude better than those in Ref. [2], while the accuracy on the parameter Re(8) is comparable
with that obtained in Ref. [2].

Table 2 shows a strong anticorrelation between the values of Re(x_) and Re(y) given by the fit. If we
consider their sum we find

Re(y+x_)=(-0.2+0.3)x10°3. (7)

We note that this quantity appears in the asymptotic value of the time-reversal asymmetry measured by
CPLEAR [1]. The present result confirms that the possible contribution to this asymmetry, arising from
CPT-violating decay amplitudes is negligible.

Acknowledgements

We would like to thank the CERN LEAR staff for their support and co-operation, as well as the technical and
engineering staff of our institutes. This work was supported by the following agencies: the French CNRS/In-
stitut National de Physique Nucléaire et de Physique des Particules, the French Commissariat a I' Energie
Atomique, the Greek General Secretariat of Research and Technology, the Netherlands Foundation for
Fundamental Research on Matter (FOM), the Portuguese National Board for Science and Technology (INICT),
the Ministry of Science and Technology of the Republic of Slovenia, the Swedish Natural Science Research
Council, the Swiss National Science Foundation, the UK Particle Physics and Astronomy Research Council
(PPARC), and the US National Science Foundation.



A. Apostolakis et al. / Physics Letters B 456 (1999) 297303 303

References

[1] CPLEAR Collaboration, A. Angelopoulos, Phys. Lett. B 444 (1998) 43.
[2] CPLEAR Collaboration, A. Angelopoulos, Phys. Lett. B 444 (1998) 52.
[3] JS. Bdll, J. Steinberger, Weak interactions of kaons, in: R.G. Moorhouse et d. (Eds.), Proc. of the Oxford Int. Conf. on Elementary
Particles, Rutherford Laboratory, Chilton, England, 1965, p. 195.
[4] K.R. Schubert, Phys. Lett. B 31 (1970) 662.
[5] K. Winter, in: Proc. Int. Conf. on Elementary Particles, Amsterdam, 1971, North-Holland, Amsterdam, 1971, p. 333.
[6] See for instance G.B. Thomson, Y. Zou, Phys. Rev. D 51 (1995) 1412.
[7] CPLEAR Collaboration, R. Adler, Phys. Lett. B 407 (1997) 193.
[8] CPLEAR Collaboration, A. Angelopoulos, Phys. Lett. B 425 (1998) 391.
[9] C.D. Buchanan, Phys. Rev. D 45 (1992) 4088.
[10] L. Maiani, CP and CPT violation in neutral kaon decays, in: L. Maiani et a. (Eds.), The Second DA®NE Physics Handbook, INFN,
Frascati, 1995, p. 3.
[11] Particle Data Group, C. Caso, Eur. Phys. J. C 3 (1998) 1.
[12] A. Apostolakiset a., CPLEAR Collaboration, A determination of the CP violation parameter . _ from the decay of strangeness-tagged
neutral kaons, submitted to Phys. Lett. B.
[13] B. Schwingenheuer et al., Phys. Rev. Lett. 74 (1995) 4376; R. Carosi et al., Phys. Lett. B 237 (1990) 303.
[14] V.V. Barmin, Phys. Lett. B 128 (1983) 129.



