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Abstract

We demonstrate how one may identify or constrain possible violation of
CP, T and CPT symmetries in the K%-KO system in a way as phenomeno-
logical and comprehensive as possibie. For this purpose, we first introduce
parameters which represent violation of these symmetries in mixing parame-
ters and decay amplitudes in a well-defined way. After discussing some char-
acteristics of these parameters, we derive formulae which relate them to the
experimentally measured quantities. We then carry out a numerical analysis
with the help of the Bell-Steinberger relation to derive constraints to these
violating parameters from available experimental data. Finally, we compare
our parametrization and procedure of analysis with those employed in the
recent literature.
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1 Introduction

Although, on the one hand, the standard field theory implies that C'PT symme-
try should hold exactly, and, on the other hand, all experimental observations up
to now are perfectly consistent with this symmetry, continued experimental, phe-
nomenological and theoretical studies of this and related symmetries are warrented.

In a series of papers[1-5], we have demonstrated how one may identify or con-
strain possible violation of CP, T and C'PT symmetries in the K°-K0 system in a
way as phenomenological and comprehensive as possible. For this purpose, we have
first introduced parameters which represent violation of these symmetries in mixing
parameters and decay amplitudes in a well-defined way and related them to the
experimentally measured quantities. We have then carried out a numerical analysis
with little theoretical input to derive constraints to these violating parameters from
available experimental data. It has been shown among other things that the most
recent results on leptonic asymmetries obtained by the CPLEAR Collaboration[6]
allow one for the first time to constrain to some extent possible C'PT" violation in
leptonic decay modes.fj

As discussed in [1-3], our parametrization is very unique in that it is manifestly
invariant with respect to rephasing of the |K°) and |K0) states,

) = [K°) = [K°)e . [R0) = [K0) = [K0)e . (L)

It has to be noted however that our parametrization is not invariant with respect
to rephasing of final states |f), e.g.

2m)r) = [(2m)1) = [(2m)r)e™*"
) = Y =) (1.2)

5y =Y = | )ei

where I = 0 or 2 stands for the isospin of the 27 states, [(7) = |7 7("7,), [{T) =
|7~ ¢Ty,) and £ = e or u. We have rather adopted a specific phase convention for
the final states |f). Some of the constraints which we have claimed to follow from
CP, T and/or CPT symmetries do depend on this phase convention and have to be
distinguished from those constraints which are phase-convention-independent. We
would like to clarify these points in Sec. 4 of the present work.

The main data we have used in our last analysis[5] are those reported by the
CPLEAR Collaboration [6] and those compiled by the Particle Data Group in [8].
The latter article also contains a number of notes giving definition of parameters,
formulae relevant for data processing and related remarks. In Sec. 7, we would like
to compare our parametrization and procedure of analysis with those given or cited
in [8].

aAfter our last paper[5] being sent to the major high energy physics centers, we became aware

that the CPLEAR Collaboration themselves[7] had also, by an analysis more or less similar to
ours, reached the similar conclusion.




To be self-contained, we need to recapitulate our parametrization(Sec. 2 and
Sec. 3), formulae(Sec. 5) and main results(Sec. 6). These parts are essentially same
with our previous works[1-5], except that the 7T 7~ state is taken into account as
one of intermediate states in the Bell-Steinberger relation.

2 The K’ K° mixing and the Bell-Steinberger re-
lation

Let |K°) and |K9) be eigenstates of the strong interaction with strangeness
S = +1 and —1, related to each other by (CP), (CPT) and T operations as[1, 2, 9]

(CP)|K®) = e |KP) ,  (CPT)|K") = er|KO) ,
(CP)[KY) = eiex|K%) | (CPT)|KD) = % |K°) (2.1)

T|K0) = eiBx—ax) | K0y | T|RD) = eiBr+ax) KDY

Note here that, given the first two where ax and (i are arbitrary real parameters,
the rest follow from (C'P)T = T(CP) = (CPT) and anti-linearity of 7" and (CPT).

When the weak interaction Hy is switched on, the K and KO states decay into
other states and become mixed. The time evolution of the arbitrary state

W (1) = cr(t)|K°) + 2(t)| KO)
is described by a Schrodinger-like equation[10]
d C1 (t) C1 (t)

I =A : (2.2)
W\ o) ex(t)
A = (A;)) is a 2 x 2 matrix related to Hw, e.g.
Auz = SOUKO Hg | ) E [ O [ — i)
f

and may be written as

A:M—%, (2.3)

M(T") being an hermitian matrix called mass (decay) matrix. The two eigenstates
of A and their respective eigenvalues may be written as

1 _
Kg) = ——————— (pg|K° K%)) | 2.4a
IKs) |ps|2+|qs|2(ps| ) + 45| K0)) (2.42)
K1) = ————— (pul ") — qufED)) (2.4b)

VIpLl? =+ lqcl?
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As = mg — 172—5 : (2.52)

>\L =my — ’L% . (25b)

As, AL, qs/ps and qp/pr are related to A;;, and mg; = Re(Asz) and vg =
—2Im(Ag ) are the mass and the total decay width of the K state respectively.
Parametrizing gs/ps and qr,/py, as

qs _
Ps T+eg>
(2.6)
qr _
pr
one may express |Kg) and |Kp) as

1 . . _
Ks) = ————{(1+e5)e ™ K% + (1 - eg)e™/?[KD)}
201+ |es?)

1
\/TW (|K1) +es|Ky)) (2.7a)
_ 1 e~ /2| Oy _ (1 — g, )etx /2| G0
|KL) I {(1 +er) |[K7) — (1 —¢p) K )}

(|Ks) +eL|K7)) (2.7b)

i

1+ ‘6L|2

where )
|K172> = % (e—iaK/2|K0> + 6iaK/2|ﬁ>) (28)

are C'P eigenstates with C'P = 1. Note that the overall phases of |K; 2) and |Kg 1)
are chosen in such a way as|1]

CPT|K1’2> = ﬂ:6iﬁK|K172> 5

|KS,L> — |K172> as &g — 0.

s, will further be parametrized as
s =€c%£0. (2.9)

From the eigenvalue equation of A, one may readily derive the well-known Bell-
Steinberger relation[11]:

L ia| (sl = (RSITIRG) (2.10)
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where

(Ks|U|KL) = 2m Y (Ks|Hw|f){f|Hw|KL)d(mK — Ey)
!

A:mg—mL.

One may further verify|3, 4]

e = Rele exp(—idgw)] ~ —2Im(Mipe™) ,
Vs — )7 + 442
Tm (T 6% )
(vs — 10)? + 442
(' — Do)
2\/(75 — L)+ 4N

0L = Im[d exp(—idsw)| ~ \/(V(Mlly_)]zwf )4A2 ’
S — VL

Osw = tan~! < —24 )
Ys — VL

e, = Im[eexp(—igsw)] =~ \/

5” = Re[5 eXp(—ingW)] ~

where

is the so-called superweak phase.

3 Decay amplitudes

(2.11)

(2.12)

(2.13a)

(2.13b)

(2.14a)

(2.14Db)

(2.15)

The K° and K9 (or Kg and K1) states have many decay channels, among which

we concentrate on the following four relevant modes.

3.1 27 modes

We parametrize amplitudes for K and K9 to decay into (27); as[1]

((2m) 1| Hw|K°) = Fi(1 + yr)e=/?

((2m)1| Hw |KO) = Ff (1 —yj)e=*ox/?

and further introduce
Im(F [)

" Re(F))

271

The experimentally measured quantities are 1, _ and 799 defined by

(rT 7™, outgoing| Hw| K1)

_ iop—
Ny— |17+_|6 <7T+7T—7outg0ing|Hw‘KS> ’



0

(079 outgoing| Hyw| K1)

— idoo _ b
oo = |oole (710 outgoing| Hw|Ks) (3:3b)
Defining
((27);|Hw|Kp)
= ) 3.4
" @l Hw Ks) o4
2m)9| Hw | K
o {CnlHyEs) .
((27)o| Hw|Ks)
one gets
1Mo+ nmaw’
N+— = 1+ ) (36&)
Mo — 2now’
Mo = o (3.6b)
where 1
W' = ——wet®2=%) (3.7)

V2

07 being the S-wave 77 scattering phase shift for the isospin I state at an energy of
the rest mass of K. w is a measure of deviation from the Al = 1/2 rule, and may
be inferred, for example, from

vs(mt ) — 295(7'77)
Ys(mtmT) + vs(n070)
4Re(w') — 2|w'|?

1+ 2/

r =

(3.8)

Here and in the following, vs 1 (f) denotes the partial width for K, to decay into
the final state f.

3.2 37 and 777 v modes

The experimentally measured quantities are

ntr~ 70, outgoing| Hyw|Ks)

(
o 3.9
o (mrm—n0, outgoing| Hw|Kp) ’ .
(97070, outgoing| Hyw | Ks) (3.9b)
"l000 (07070 outgoing| Hw|Kp) ’ .
+o— tegoing| Hw | K
he = (7w, outgoing| Hw|Ky) (3.10)

(w7, outgoing| Hw|Ks) -
We shall treat the 3w (777~ ) states as purely C'P-odd (CP-even).



3.3 Leptonic modes

We parametrize amplitudes for K° and K9 to decay into [¢*) = |7~ ¢Tv,) and
|07) = |70 D,), where £ = e or u, as[l, 12, 13]

(0| Hw|K®) = Fy(1 + yp)ex/? |
(7| Hw|K®) = Fy (1 —yj)e "/,
L (3.11)
(UH | Hyw|KO) = 20y Fy(1 + yp)eox/2
(0| Hy| K®) = a7_F; (1 — yp)eiox/?
Z¢+, which measure deviation from the AS = AQ rule, are further parametrized as
T+ = Ty + LL’; . (312)
Rather than the well measured time-independent asymmetry parameter

v (T ) — v (w7 Ty)

ds = :
L yp(m=t+y) + v (nt -y

(3.13a)

the CPLEAR Collaboration[6] have for the first time measured two kinds of time-
dependent asymmetry parameters

(¢ [ Hw| KO(@)) 2 — [(¢*| Hyw | KO(t))

) = L g [KO(8)) P+ (67| Hog [KO(0)) P (3.130)
o HW KOO — (| B K@) C
) = | o KO8 P+ (€| Hog KO0 P (3.13¢)

4 Conditions imposed by CP, T and/or CPT sym-
metries

Although our amplitude parameters F; and y; as well as our mixing parameters
¢ and § are all invariant with respect to rephasing of the |K°) and |K°) states,
Eq.(1.1), Fy and y; are not invariant with respect to rephasing of the final state | f),
Eq.(1.2). So are the relative C'P phase ay between |[¢() and |¢~) and the relative
CPT phase (3; between |f) and |f) defined in such a way as

CPler) =e™|e7) ,  CPT|f)=e"[f) (4.1)

where a and f3; are arbitrary real parameters and it is understood that [f) = |f)
for |f) = |(2m);) and |7T7~v) and |f) = —|f) for |f) = |7T7~7°) and |7O7%70).



One may verify that C' P, T and C' PT symmetries impose such conditions asB

CP symmetry : Im(F)/Re(Fy) = —tanay/2 ; (4.22)
T symmetry : 2Im(yy)/(1— |ys?) = tan(By — Bx) . (4.2D)
Im[(1 +i2)(1 — )] = 0., (4.2¢)

Im[F2(1 — y?) expliae)] = 0 ; (4.2d)

CPT symmetry : Im(yy) = tan(8; — 6x)/2 . (4.2¢)

in addition to

CP symmetry : =0, =0, 2y =0, Re(yr) =0, Im(zy) =0, Re(z}) =0
T symmetry : =0, Im(zy) =0, Im(z}) =0;

CPT symmetry : 6 =0, Re(ys) =0, Re(z}) =0, Im(z)) =0.
(4.3)
One sees from Eqgs.(4.2a,b,d,e) that, since a,y and [y are completely arbitrary, Im(F})
and Im(yy) remain unconstrained even if one impose C'P, T" and/or C'PT symme-
tries. It can be shown[14] however that it is possible by a choice of phase convention
to setf]
Im(F,) =0, Im(ys) =0. (4.4)

Eq.(4.2¢) then gives
T symmetry : z; =0 . (4.5)
5 Formulae relevant for numerical analysis

We shall adopt a phase convention which gives Eq.(4.4). Observed and expected
smallness of violation of C'P, T and C'PT symmetries and of the AS = AQ rule

DIy our previous papers[2-4], having adopted from the outset the phase convention

Qp = 0 ) Bf = ﬂK ) (46)

we are led to claim that Eq.(4.4), too, would follow from C' P, T' and/or C PT symmetries and hence
include Im(Fy) and Im(yy) in our list of symmetry-violating parameters. Also, our classification
of ¢ and ¢ as indirect parameters and of z;, Re(ys), Im(z,) and z} (and, erroneously, Im(F;) and
Im(ys) as well) as direct parameters is not very consistent, since non-vanishing of the latter set of
parameters will in general result in non-vanishing of the former set of parameters. More consistent
is to refer to ¢ and ¢, which are related exclusively to the mass matrix, as indirect parameters
and all the others, which are related to decay amplitudes or decay matrix, as direct parameters.
CSee Ref.[12, 13] for related discussion on (non)observability of Im(yy).



allows us to treat all our symmetry-violating parameters (i.e. those implicit in
Egs.(4.3) and (4.5)), and Re(x,) as well, as small, ﬂ and, to the leading order, one

finds
Re(Fg)

o~ 1

Y= Re(Fy) (5-1)

nr~¢&— 0+ Re(yr) +iz1 , (5.2a)

Mo — Mo = Re(y2 - yo) + i(Zz — Zo) , (5.2b)
di(t > 1/7s) ~ —4Re(e) — 2Re(y, — 7)) , (5.3a)
ds(t > 1/7g) ~ —4Re(0) + 2Re(y, — ) . (5.3b)

Furthermore, by taking 27, 3w, 7t7 v and 7y, intermediate states into account

in the Bell-Steinberger relation, Eq.(2.10) with Eq.(2.11), one may, with the help of

Eqgs.(2.7a,b) and (2.9), express Re(e) and Im(d) in terms of the measured quantities:
1

Re(e) =~ X
Vg +4A2 + 4 cos psw Yo v (Tl

[ 7 ) el cos(o— — psw)

+ v5(7°7%) |100] cos(poo — dsw)

(
+ Y5 (T T Y) N4 —y | co8(dg—y — PsW)
+yn(rt 7% {Re(n4—0) cos gsw — Im(n4 o) sin gsw }
+ v (777 °) {Re (1000 ) cos dsw — Im(100) sin dsw }

+ 2 ye(mlv){(2Re(w)) — di(t > 1/7s)) cos dsw
l

—2Im(z)) sin gsw}| . (5.4)

Im(9) =~ ;x

Vg +4A2
[ —ys(m ) N | sin(¢1— — dsw)
- '73(770 0)|7700| sin(goo — Psw)
- 75( ™ 7)|77+—~/| Sln(gb—l——“/ - ¢SW)
+ (7% {Re(ns—o) sin psw + Im(n4_o) cos pow }

+vL (7T07T07T0){Re(77000) sin ¢ggw + Im(ng00) cos dsw }

+ 2> v (mlve){Re(ye) sin psw + Im(z}) cos (;SSW}} : (5.5)
¢

In deriving these equations, use has been made of the fact v¢ > ~;, .

dAs a matter of fact, we have already assumed that C'P, T and C'PT violations are small in
deriving Eqs.(2.13a) ~ (2.14b).



6 Numerical results

As the first set of input data, we use the PDG-1996 datal[8] as far as available
(except those on 74 _o and 71gp) and supplement them by Chell-Olsson’s value[15]
on d; — §y and CPLEAR’s results[6] on 7, _o, 100, di(t > 1/7vs) and d5(t > 1/vs).
As the second set, we use the CPLEAR datal[6] as far as available and supplement
them by Gasser-Meissner’s value[16] on d; — dp and the PDG-1996 data[8] for the
rest. All the relevant data are recapitulated in Table 1.

Quantity PDG-1996 CPLEAR Unit
1/7s 0.8927 + 0.0009 107
/71 5.17 + 0.04 1055
—-A 0.5304 £ 0.0014 | 0.5292 4 0.0019 | 10*0s~!
27 vs(mtm™) /s 68.61 £+ 0.28 %0
vs(m07°) /s 31.39 £ 0.28 %
74| 2.285+£0.019 | 2.316+0.039 | 107
Oy 43.7+£0.6 43.5+ 0.8 °
[700| 2.275 4+ 0.019 2.49 + 0.46 1073
oo 435+ 1.0 51.7+73 .
3r | y(rtra%) /v | 12.56 +0.20 %o
v (707070 /g 21.12+0.27 %0
Re(n4 o) —0.004 £ 0.008
Im(n4—o) —0.003 £ 0.010
Re(ﬁooo) 0.154+0.30
mly Sevn(mlv) /vL 65.96 £ 0.30 %o
Re(x) 0.006 £ 0.018 | 0.0085 £ 0.0102
Im(xy) —0.003 £ 0.026 | 0.0005 £ 0.0025
df 3.27+0.12 1073
di(t > 1/vs)/4 —1.57+0.70 1073
d(t > 1/vs)/4 —0.07+0.70 | 1073
mtr y | ys(rt ™) /vs | 0.178 £0.050 %
74— | 2.35 + 0.07 102
b 4444 °
Chell-Olsson | Gasser-Meifiner
o 55 — 0 12 +4 —45+6 °

Table 1: Input data.

Our analysis goes as follows.

First, assuming w being real (see Eq.(5.1)), we use Egs.(3.8) to find w. Equations
(3.6a,b) are then used to estimate 179 and 7, —ny. The value of ¢gy is obtained from
Eq.(2.15). The results are shown in Table 2.
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Quantity PDG-1996 CPLEAR Unit
w 2.814 4+ 0.357 | 2.961 +0.455 | 1072

bsw 43.44 +0.08 43.38 +£0.11 °
Re(n) 1.652+0.018 | 1.632+0.124 | 1073
Im() 1.5754+0.018 | 1.70940.136 | 1072
Re(ny —19) | —0.121£0.765 | 5.55+£5.13 | 1073
Im(ny —19) | 0.17340.446 | —2.387 +£7.238 | 1073

Table 2: Intermediate results.

Next, we use Eqs.(5.3a) and (5.4) to estimate Re(e) and Re(y,). For this purpose,
in view of lack of accurate independent data on x,, and z,_[6], we shall unwillingly
neglect possible violation of C'PT symmetry in the AS # A amplitudes and

assuline

(6.1)

By combining with Egs.(5.2a), (5.3b) and (5.5), one may further estimate Re(d),
Im(6), Re(yo) and Im(e) + z9. Equation (5.2b) gives Re(ye —yo) and 2o — 2o directly.
All the results are compiled in Table 3, where the values of §) and 6, are also shown.

PDG-1996 CPLEAR Remark
CP/T Re(e) 1.639 £ 0.098 | 1.695 £ 0.141 x1073
Violating Im(s) + 20 | 1.6474£0.102 | 1.707£0.182 |  x107°
2o — 2 0.173£0.446 | —2.38£7.24 x1073

Tm(z,) —03£26 | 0.05£025 | =102 input

CP/CPT Re(9) 0.01 £9.94 —0.55£9.99 x107*
Violating Im(0) 0.73+1.01 —0.02+1.21 x1074
I 0.51 £7.25 —0.42+£7.31 x1074
0 0.52 + 6.87 0.36 £6.92 x1074
Re(yo) 0.01£1.00 | —0.12+1.02 %1073
Re(ys — yo) | —0.121 £ 0.765 | 5.55 + 5.13 1073
Re(ye) —-0.13+£1.41 —0.25 £ 1.42 x1073

Re(z}) 0 0 assumed

T/CPT Violating Im(z}) 0 0 assumed

Table 3: Experimental constraints to the symmetry-violating parameters.
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7 Comparison with other analyses

If one treats |w’| as a small quantity, one gets from Eq.(3.6a,b)

Ny ~ny+¢, (7.1a)
Moo == o — 2€ (7.1b)
where )
e = ﬁ (12 — mo) wexp(i(d2 — o)) - (7.2)
If one further assumes C'PT symmetry, one has, from Eqs.(5.2a,b),
Mo =€+ 12 , (7.3a)
1
e’ = —i(za — z0)wexp(i(dy — dp)) - (7.3b)

V2

In a note [17] cited in [8], assuming C'PT symmetry, the mixing parameter is
parametrized as

q 1—¢
i__- - 7.4
p 1+¢&’ (7.42)
and the 27 decay amplitude is simply denoted as
((2m)1| Hw|K®) = A; . (7.4b)

Comparing with Eqgs.(2.6), (3.1), (3.2) and (5.1) and with the help of Egs.(2.13b)
and (2.15), one may verify[2] that

ecosa /2 —isinag /2

cos /2 — iesin g /2
2Re(e) — i{(1 — [e]*) sin ag — 2Im(e) cos ag }

L+ [e[2 + (1 — [e]?) cosak + 2Im(e) sin ak (T

Re(Az)  w(cosag /2 — zsinag/2) (7.5b)

Re(4y)  cosag/2 — zsinag/2 ‘
Im(A;) _ 2rcosa/2+sinag/2 (7.5¢)

Re(A;)  cosag/2 — zrsinag/2

Im(€) and Im(A;) are not small in general. If, and only if, one restricts himself to
the case in which a is allowed to be treated as small as our € and z;, one has

E~e—iag /2, (7.6a)
Re(Aq2)
Re(dy) = w, (7.6b)
Im(A[) -
Re(A[) ~ zr+ aK/2 , (760)

12



and 7y and ¢’ may be expressed as

Mo =~ € + 'EZE?Z; , (7.7a)
¢ ~ \LFR EA2§ Ezgﬁzg - Ezgﬁgi exp(i(6y — b)) (7.7b)

The parameters € and A; are not invariant under the rephasing of the |K°) and
| KO) states, Eq.(1.1), and it is possible by a choice of phase convention to set ax
or Im(Ap) or Im(As) or Im(€) to 0. If one adopts the choice Im(Ay) = 0 (i.e. the
Wu-Yang phase convention[18]), one will have

No = € ) (78&)

oo ) i —6) (7.8b)

Note however that the choice Im(Ag) = 0 is, as seen from Eq.(7.5¢) or (7.6c),

equivalent to the choice zg = —tanag/2 or ax ~ —2z; and hence Eqs.(7.6a,c)
give
E~e+iz, (7.9a)
Im(A2)
A 7.9b
Re(Ay) 2~ 7 (7.9b)

Inserting Eqs.(7.6b) and (7.9a,b) into Egs.(7.8a,b), one goes back to Egs.(7.3a,b).f]
Such an approximate relation as
o

e’ g’ 1
-~ — | ~=-(1- 1
3 Re<5> 3( 77+—> ’ (7.10)

is used to estimate £’/ (or £'/ng in our notation) in [8, 17]. On the other hand,
from Eqgs.(7.1a,b) and the first set of the data in Table 1, 2 and 3, we find

Re(£) = (15+55) x 1072,

)

(7.11)
Im (£) = (12+55) x 1073

It appears therefore that the second (first) near equality in Eq.(7.10) is (may not
be) justiﬁable.ﬁ

€We expect that Eqgs.(7.1a,b) with 19 and &’ given either by Eqgs.(7.7a,b) or Eqgs.(7.8a,b) should
coincide exactly with Eqgs.(4a,b) and (5) derived in [17]. It seems to us that a term propotional to
Im(Ap) is missing in their Eqgs.(4a,b) or has to be omitted from their Eq.(5). See also Eqs.(13.4a,b,c)
of [19] in this respect.

fit is argued that the first near equality in Eq.(7.10) follows, since
The phase of & in the Wu-Yang phase convention ~ ¢gw (7.12)

and since ¢gw is accidentally close to the phase of &', §3 — §p + 7/2. Note however that Eq.(7.12)
holds only when direct CP violation (i.e. C'P violation in decay amplitudes and decay matrix)
is negligible (see Egs.(2.13b), (2.15) and (7.9a)) and that ¢’ is a quantity related to direct CP
violation.
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In [8],
(=TT (7.13a)
mgo
is quoted as a typical quantity which signals C'PT violation. ( is related to our

parameters defined in Eq.(2.14b) as

d1\/7E + 4A?
e Ml (7.13b)

mgo ’

and it is true that ¢ # 0 would imply violation of both C'P and C' PT symmetries. It
seems however that 0, itself (rather than () is better to be regarded as a parameter
which characterizes symmetry violation[13, 20]. In [21] cited in [8], a couple of
assumptions and approximations are made to relate §, directly to the measured
quantities such as 7, _, oo and ¢gy. Among the asumptions is direct C'PT violation
being negligible, which would however at the same time lead to §; = 0. It appears
that, in view of our numerical results shown in Table 3, such an assumption may

o

not be justifiable. B

8 Concluding remarks

We have introduced a set of parameters to describe possible violation of C P, T" and
CPT symmetries and of the AS = AQ rule in the K%K system in a well-defined
way and attempted to derive constraints to these parameters from the presently
available experimental data in a way as phenomenological and comprehensive as
possible.

From our numerical results shown in Table 3, it is seen that, in contrast to Re(e)
and Im(e) + 29, which are definitely non-vanishing and are of the order of 1073,
all the other symmetry-violating parameters are consistent with being vanishing
and are at most of the order of 1072, This implies, on the one hand, that all the
present observations are consistent with no C'PT violation and no direct CP and
T violations, and, on the other hand, that C'PT violation and direct CP and T
violations up to a level comparable to that of indirect C'P and T violations are
at present not excluded. It is therefore not advisable to neglect direct symmetry
violation in phenomenological analyses.

We have to admit that our analysis is not totally free from theoretical prejudices
and is subject heavily to experimental uncertainties, among which we mention:

(1) We have unwillingly accepted Eq.(6.1). In this respect, we would like to stress
that measurements on various leptonic asymmetries without this or that theoretical
inputs are highly desirable and that Im(x}) is the only parameter which characterizes
T and C'PT violation but has nothing to do with C'P violation.

(2) We have treated the 37 (777~ ~) state as purely C'P-odd (CP-even) and
taken these states into account when using the Bell-Steinberger relation to estimate

€A similar remark was also raised in [22].
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Re(e) and Im(6). As a result, our final numerical results are subject to uncertainties
which come largely from experimental errors on 14 _g, oo and 14 —_,. It is hoped that,
in the near future, more abundant and accurate data on these and other relevant
quantities will become available and enable one to identify and/or constrain C P, T
and/or C'PT violations in a more precise way.

(3) The Bell-Steinberger relation has played a very important role in our analysis.
It is to be noted in this respect that fully time-dependent measurements on leptonic
asymmetries of various types will allow one to identify or constrain Re(e) and Im(J)
and thereby test this relation itself[12, 14].

Finally, as mentioned earlier, our parametrization is not fully rephasing invariant.
A more thorough discussion of phase ambiguities associated with final state as well
as the K9 and K9 states will be given elsewhere[14].
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