
10 June 1999

Ž .Physics Letters B 456 1999 297–303

Determination of the T- and CPT-violation parameters
in the neutral-kaon system using the Bell–Steinberger relation

and data from CPLEAR

CPLEAR Collaboration

A. Apostolakis a, E. Aslanides k, G. Backenstoss b, P. Bargassa m, O. Behnke q,
A. Benelli b, V. Bertin k, F. Blanc g,m, P. Bloch d, P. Carlson o, M. Carroll i,

E. Cawley i, M.B. Chertok c, M. Danielsson o, M. Dejardin n, J. Derre n, A. Ealet k,
C. Eleftheriadis p, W. Fetscher q, M. Fidecaro d, A. Filipcic j, D. Francis c, J. Fry i,ˇ ˇ
E. Gabathuler i, R. Gamet i, H.-J. Gerber q, A. Go d, A. Haselden i, P.J. Hayman i,
F. Henry-Couannier k, R.W. Hollander f, K. Jon-And o, P.-R. Kettle m, P. Kokkas d,
R. Kreuger f, R. Le Gac k, F. Leimgruber b, I. Mandic j, N. Manthos h, G. Marel n,´

M. Mikuz j, J. Miller c, F. Montanet k, A. Muller n, T. Nakada m, B. Pagels q,ˇ
I. Papadopoulos p, P. Pavlopoulos b, G. Polivka b, R. Rickenbach b, B.L. Roberts c,

L. Sakeliou a, T. Ruf d, M. Schafer q, L.A. Schaller g, T. Schietinger b,¨
A. Schopper d, L. Tauscher b, C. Thibault l, F. Touchard k, C. Touramanis i,

C.W.E. Van Eijk f, S. Vlachos b, P. Weber q, O. Wigger m, M. Wolter q,
D. Zavrtanik j, D. Zimmerman c

a UniÕersity of Athens, Greece
b UniÕersity of Basle, Switzerland

c Boston UniÕersity, USA
d CERN, GeneÕa, Switzerland

e LIP and UniÕersity of Coimbra, Portugal
f Delft UniÕersity of Technology, Netherlands

g UniÕersity of Fribourg, Switzerland
h UniÕersity of Ioannina, Greece

i UniÕersity of LiÕerpool, UK
j J. Stefan Inst. and Phys. Dep., UniÕersity of Ljubljana, SloÕenia

k CPPM, IN2P3-CNRS et UniÕersite d’Aix-Marseille II, France´
l CSNSM, IN2P3-CNRS, Orsay, France

m ( )Paul Scherrer Institut PSI , Switzerland
n CEA, DSMrDAPNIA, CE-Saclay, France

o Royal Institute of Technology, Stockholm, Sweden

0370-2693r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
Ž .PII: S0370-2693 99 00483-9



( )A. Apostolakis et al.rPhysics Letters B 456 1999 297–303298

p UniÕersity of Thessaloniki, Greece
q ETH-IPP Zurich, Switzerland¨

Received 12 April 1999
Editor: L. Montanet

Abstract

Data from the CPLEAR experiment, together with the most recent world averages for some of the neutral-kaon
Ž . Ž .parameters, were constrained with the Bell–Steinberger or unitarity relation, allowing the T-violation parameter Re e and

Ž .the CPT-violation parameter Im d of the neutral-kaon mixing matrix to be determined with an increased accuracy:
Ž . Ž . y5 Ž . Ž . y5Re e s 164.9"2.5 =10 , Im d s 2.4"5.0 =10 . Moreover, the constraint allows the CPT-violation parameter

Ž . Ž .for the neutral-kaon semileptonic decays, Re y , to be determined for the first time. The DS/DQ parameters Re x andy
Ž . Ž .Im x are given with an increased accuracy. The quantity Re yqx , which enters the T-violation CPLEAR asymmetryq y

Ž . y3 Ž .previously published, is determined to be y0.2"0.3 =10 . The value obtained for Re d is in agreement with the one
resulting from a previous unconstrained fit and has a slightly smaller error. q 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
w x Ž . w xneutral-kaon system 1 and has provided a new, more accurate limit for the CPT-violation parameter Re d 2 .

0 0 " .These results were obtained by analysing the rate asymmetries between K and K for decays to e p n, as a
function of the decay time tst .

In continuation of this work we have studied the constraints on our results deriving from the Bell–Stein-
Ž . w xberger 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

Ž .semileptonic decays enter the relation with the parameter Re y , describing CPT violation in semileptonic
w xdecays 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,

w xunlike 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
0 0Ž .of the decay time, depending on the strangeness of the kaon K or K at the production time ts0 and on the

Ž q y.charge of the decay lepton e or e :

0 q y 0 y qR t 'R K ™e p n , R t 'R K ™e p n ,Ž . Ž .q ts0 tst y ts0 tst

0 y q 0 q yR t 'R K ™e p n , R t 'R K ™e p n .Ž . Ž .y ts0 tst q ts0 tst

Ž w x. Ž .These four rates are parametrized see Ref. 2 as a function of the mixing parameters e T-violation parameter
Ž .and d CPT-violation parameter :

0 0 0 0 0 0 0 0L yL L yLK ,K K ,K K ,K K ,K
es and ds .

2 l yl 2 l ylŽ . Ž .L S L S
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0 0Here, L are the elements of the matrix L, describing the time evolution of K and K , and l sm yi j L ,S L ,S
Ž .ir2 G its eigenvalues; m and G are the masses and decay widths for the K and K states. We alsoL ,S L ,S L ,S L S

define Dmsm ym and gsG qG . The K mixing parameter is defined as e seyd .L S S L L L

The decay amplitudes corresponding to the four rates can be written as
q y 0 y q 0 ) )² < < : ² < < :e p n L K saqb , e p n L K sa yb ,
y q 0 q y 0 ) )² < < : ² < < :e p n L K scqd , e p n L K sc yd .

The amplitudes b and d are CPT violating, c and d describe possible violations of the DSsDQ rule, and the
imaginary parts are all T violating. The quantities

c) yd) c) qd)

xs and xs
aqb ayb

describe the violation of the DSsDQ rule in decays into positive and negative leptons, respectively, while
ysybra describes CPT violation in semileptonic decays in the case where the DSsDQ rule holds. The

Ž . Ž .parameters x s xqx r2 and x s xyx r2 describe a violation of the DSsDQ rule in CPT-conservingq y
and CPT-violating amplitudes, respectively. We note that the parametrizations used here are equivalent to those

w xof Refs. 9,10 but formulated in a slightly different notation.
w xIn the K yK basis the Bell–Steinberger relation 3 can be written asS L

) ² < : ² < < :)² < < :yi l yl K K s f L K f L K 1Ž .Ž . ÝL S L S L S

where we sum over all the decay final states f. The above equation becomes
1

)Re e y iIm d s = A A , 2Ž . Ž . Ž .Ý f f1 L S2 iDmq gŽ .2

with
² < < : ² < < :A s f L K , A s f L K ,f L f SL S

2 2 2
) )< < < < < <A A s A h q A h q2 Re e yRe y y i Im x q Im d fŽ . Ž . Ž . Ž .Ž .Ž . Ž .Ý Ý Ýf f S pp L ppp q p ll nL S

and

< < 2 S < < 2 L < < 2 LA sBR G , A sBR G , f sBR G ,S pp S L ppp L p ll n p lln L

where BR stands for Branching Ratio with the upper index referring to the decay particle and the lower index to
the final state, h and h are the CP-violation parameters when neutral kaons decay to two and three pions,pp ppp

respectively, and ll denotes electrons and muons. The radiative modes, like pqpyg , are included in the
w x S Ž L . y5 Ž .corresponding parent modes 11 . Channels with BR or BR =G rG -10 do not contribute to Eq. 2f f L S

within the accuracy of the present analysis.
Ž . Ž . Ž .From Eq. 2 we obtain an explicit expression for the parameters Re e and Im d :

GIm dŽ . m y1S
s 2 2 ž /ž / 1 mRe eŽ . < <gy2 f m q1Ž .Ž .p ll n

=

L L L1yg BR Re h q y2BR Re y qBR Re h gŽ . Ž . Ž .LoS p lln pp p lln ppp ppp LoS
, 3Ž .

L L Lž /1yg BR Im h y BR Im h q2BR Im x gŽ . Ž . Ž .LoS p lln pp ppp ppp p lln q LoS

with
S< < 0 0Re h s h cos f 1y 1yr qrsin Df tan f BR ,Ž . Ž . Ž . Ž . Ž .Ž .pp qy qy qy p p

S< < 0 0Im h s h sin f 1y 1yr yrsin Df cot f BR ,Ž . Ž . Ž . Ž . Ž .Ž .pp qy qy qy p p

BRL Re h sBRL
q y 0 Re h qBRL

0 0 0 Re h ,Ž . Ž . Ž .ppp ppp p p p qy0 p p p 000

BRL Im h sBRL
q y 0 Im h qBRL

0 0 0 Im h ,Ž . Ž . Ž .ppp ppp p p p qy0 p p p 000
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Table 1
Experimental status of the neutral-kaon system parameters

Parameter Value
y3< < Ž . w xh 2.283"0.025 =10 Ref. 11,12qy

w xf 43.68"0.68 Ref. 11,12qy
7 y1Ž .Dm 530.19"1.54 =10 "s see text

w xDf y0.38"0.88 Ref. 13
< <h00 w xr s 0.9930"0.0020 Ref. 11

< <hqy
y3Ž . Ž . w xRe h y2"8 =10 Ref. 7qy0
y3Ž . Ž . w xIm h y2"9 =10 Ref. 7qy0

Ž . w xRe h 0.08"0.11 Ref. 8,14000
Ž . w xIm h 0.07"0.16 Ref. 8,14000
S Ž . w xBR 31.39"0.28 % Ref. 110 0p p
L Ž . w xBR 12.56"0.20 % Ref. 11q y 0p p p
L Ž . w xBR 21.12"0.27 % Ref. 110 0 0p p p
L Ž . w xBR 65.95"0.37 % Ref. 11p lln

y10Ž . w xt 0.8934"0.0008 =10 s Ref. 11S
y8Ž . w xt 5.17"0.04 =10 s Ref. 11L

and
< <2 Dm G hL 00

ms , g s , rs , Dfsf yf .LoS 00 qy2 < <G h< <gy2 f S qyp ll n

Ž .Table 1 summarizes the experimental values of the parameters to be entered on the right-hand side of Eq. 3 .
w xThe value of Dm in Table 1 results from experiments 11 which do not assume CPT invariance in the decay

Ž .regeneration experiments . We note that experimental data exist for all the parameters related to two- and
three-pion decays, h and h , which contain all the information required for the present analysis, includingpp ppp

Ž .decay amplitudes. For the semileptonic decays we lack the measurement of the parameter Re y , while for the
Ž . w xparameter Im x the only existing measurement comes from CPLEAR 2 .q

Ž . Ž . Ž . Ž . Ž . Ž .However, the parameters Re y and Im x , together with Re e , Im d , Re d , and Re x , do enter inq y
the following two semileptonic asymmetries:

R yR 1q4Re eŽ .q y L
s2 Re e yRe y qRe dŽ . Ž . Ž .Ž .

R qR 1q4Re eŽ .q y L

1
Ž .y G qG tS LIm x e sin Dmt qRe x E tŽ . Ž . Ž . Ž .2q y y

q2 , 4Ž .1
Ž .y G qG tS LE t ye cos DmtŽ . Ž .2q

and

R yR 1q4Re eŽ .y q L
s2 yRe e qRe y qRe dŽ . Ž . Ž .Ž .

R qR 1q4Re eŽ .y q L

1
Ž .y G qG tS Ly4Re d E t y2Re x E t q 2Im x q4Im d e sin DmtŽ . Ž . Ž . Ž . Ž . Ž . Ž .2y y y q

q , 5Ž .1
Ž .y G qG tS LE t qe cos DmtŽ . Ž .2q

with

eyG St "eyG LtŽ .
E t s .Ž ." 2
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Table 2
Ž . Ž . Ž . Ž . Ž . Ž .The correlation coefficients for the parameters Im x , Re y , Re d , Re x , Re e and Im dq y

Ž . Ž . Ž . Ž . Ž . Ž .Im x Re y Re d Re x Re e Im dq y

Ž .Im x – y0.624 y0.555 0.651 y0.142 0.075q
Ž .Re y – 0.279 y0.997 y0.159 y0.075
Ž .Re d – y0.349 0.039 y0.051
Ž .Re x – 0.060 0.109y
Ž .Re e – y0.256
Ž .Im d –

Ž .Using as constraints the Bell–Steinberger relation, Eq. 3 , and the d charge asymmetry in the Kll L
Ž . Ž . Ž . Ž .semileptonic decays, the determination of the parameters Re e , d , Im x , Re x and Re y is possible. Forq y

w xthe charge asymmetry in the K semileptonic decays we use the value from Ref. 11 :L

d s2Re e y2Re d y2Re y y2Re x s 3.27"0.12 =10y3 . 6Ž . Ž . Ž . Ž . Ž . Ž .ll y

Ž . Ž .For the analysis of the asymmetries in Eqs. 4 and 5 , we use the normalization procedure described in Ref.
w x2 .

3. Results and systematic errors

We have used the semileptonic decay rates measured by CPLEAR to calculate experimental values for the
Ž . Ž . Ž . Ž .asymmetries of Eqs. 4 and 5 . These experimental data were fitted simultaneously with Eqs. 4 and 5 , using

Ž . Ž .Eqs. 3 and 6 as constraints. The values of Table 1 were used in the fit; all known correlations among these
quantities were taken into account.

The result of the fit is

Im x s y2.0"2.6 =10y3 , Re y s 0.3"3.0 =10y3 ,Ž . Ž . Ž . Ž .q

Re d s 2.4"2.7 =10y4 , Re x s y0.5"3.0 =10y3 ,Ž . Ž . Ž . Ž .y

and

Re e s 164.9"2.5 =10y5 , Im d s 2.4"5.0 =10y5 ,Ž . Ž . Ž . Ž .
with x 2rd.o.f.s1.09. 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
Ø background level and background asymmetry,

Ž .Ø normalization correction parameters a and h ,2p

Table 3
Systematic errors arising from the CPLEAR semileptonic data

y3 y3 y4 y3 y5 y5Ž Ž .. w x Ž Ž .. w x Ž Ž .. w x Ž Ž .. w x Ž Ž .. w x Ž Ž .. w xSource D Im x 10 D Re y 10 D Re d 10 D Re x 10 D Re e 10 D Im d 10q y

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
a 0 "0.1 "0.5 "0.1 0 02p

h "0.02 "0.5 "0.02 "0.02 0 0
decay-time resolution "0.1 "0.1 0 "0.1 0 0
regeneration "0.1 "0.1 "0.25 "0.1 0 0

total syst. error "0.5 "0.6 "0.6 "0.3 "0.1 "0.1
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Ø decay-time resolution,
Ø regeneration correction.

w xThey were determined in exactly the same way as in Ref. 2 , and are summarized in Table 3.
Ž . Ž .The error on Re e and Im d is dominated by the error on h . The CPLEAR accuracy on h is such000 qy0

that its contribution becomes negligible. If we assume that there is no Is3 decay amplitude in the three-pion
decay, it follows that h sh and our analysis yieldsqy0 000

Re e s 165.0"1.9 =10y5 , Im d s y0.5"2.0 =10y5 ,Ž . Ž . Ž . Ž .
Ž . Ž .thus reducing the errors on the parameters Re e and Im d by a factor of two, while the correlation coefficient

reduces to y0.003.

4. Results and conclusions

Our final result, assuming only unitarity, is

Re e s 164.9"2.5 =10y5 , Im d s 2.4"5.0 =10y5 ,Ž . Ž . Ž . Ž .
and

Re y s 0.3"3.1 =10y3 , Im x s y2.0"2.7 =10y3 ,Ž . Ž . Ž . Ž .q

Re x s y0.5"3.0 =10y3 , Re d s 2.4"2.8 =10y4 .Ž . Ž . Ž . Ž .y

Ž . Ž .Our results on Re e and Im d are almost one order of magnitude more accurate than those of a previous
w xsimilar analysis 4 owing to improvements in the accuracy of various measurements where CPLEAR has made

Ž . Ž .significant contributions. The fact that Re e and Im d are essentially determined through the Bell–Steinberger
Ž .relation allows Re y to be obtained explicitly: a result which could not be achieved from semileptonic data

Ž . Ž .alone. Moreover, the present analysis yields accuracies for the parameters Im x and Re x which are aboutq y
w x Ž .one order of magnitude better than those in Ref. 2 , while the accuracy on the parameter Re d is comparable

w xwith that obtained in Ref. 2 .
Ž . Ž .Table 2 shows a strong anticorrelation between the values of Re x and Re y given by the fit. If wey

consider their sum we find

Re yqx s y0.2"0.3 =10y3 . 7Ž . Ž . Ž .y

We note that this quantity appears in the asymptotic value of the time-reversal asymmetry measured by
w xCPLEAR 1 . The present result confirms that the possible contribution to this asymmetry, arising from

CPT-violating decay amplitudes is negligible.
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