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Direct CP, T, and/or CPT violations in the K°-K° system: Implications
of the recent KTeV results on 2 decays
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The recent results on th@P violating parameters Re(/e) and A ¢= ¢go— ¢, _ reported by the KTeV
Collaboration are analyzed with a view to constr@iR, T, andCP T violations in decay processes. Combined
with some relevant data compiled by the Particle Data Group, we find Re{,) = (0.85+3.11)X 10" * and
Im(e,—e0) =(3.2-0.7)x 10 4, where Re¢,) and Im(e,) represent respectivel@ P/CPT andCP/T viola-
tions in the decay oK° andK? into a 2 state with isospiri.

PACS numbds): 11.30.Er, 13.20.Eb, 13.25.Es

Although it has been well established since 198that  The ratios of the mixing parametengs /ps, , as well as
CP symmetry is violated in th&-K° system, the origin or AsL=Ms—iys/2, are related t¢l,,; the explicit expres-
mechanism ofCP violation is not well understood yet, on Sions can be found in the literatui®5]. We are interested in
the one hand, and no evidence GP violation has been 27 decays and specifically in the following quantities:
established in any other systems or processes, on the other

hand. Experimental, phenomenological, and theoretical stud- _ (@@ ,outgoingH,,[K )

) . : Ne—=|n,_|e'P-= _ : ' (43)
ies of this and related.e., T andCPT) symmetries need to (77~ outgoingH,|Ks)
be continued with much effort.
The KTeV Collaboratiorf2] recently reported oo | ol oo (w070, outgoingH,,|K ) b
00— | 7/00i - . ’
Re(s'/e)=(2.80+0.41) X 103, (18 (7%7°,outgoingH,|K s)
A$=(0.09-0.46°, (1b) ys(m* ™) = 2ys(m07°) ®)
r= ,
and claimed that Re(/&)+0 definitively established the ys(mt )+ yg(m070)

existence ofCP violation in decay processes. In the present , .
Brief Report, we will analyze in detail what the KTeV results Where ys (n) denotes the partial width foKs, to decay

imply and see in particular how welCPT symmetry is N0 the final state. N _
tested compared t® symmetry. Parametrization and conditions imposed by CP, and

The KO-K© mixing and2 decaysLet |K®) and|@) be CPT symmetriesVe shall parametrizgqs/ps andq, /p, as

eigenstates of the strong interaction with strangen®ss [3]

=+1 and—1, related to each other byCP) and (CPT) gs iaKl_8_5

operations a$3,4 =
p $3.4] 0. & " Tievs (6)
(CP)|K%=¢e'*x|K%), (CPT)|K%=¢€"P|K®), (2
qL i 1_8+ 5
where o and B¢ are arbitrary real parameters. When the E: K1+8_5’ (6b)

weak interactiorH,, is switched onK° andK® decay into o
other states, generically denoted msand get mixed. The and the amplitudes fok® and K° to decay into 2 states
states with definite massr ) and width (ys.; ys>vyL by  with isospinl = 0 or 2 as[3,6]

definition) are linear combinations df° andK?O: )
((2m) [HWKO)=F(1+g))e'*", (79

1 —
K= o g Pl ek, (3 (@m)[HK)=F (1=epe ™2 (7b)

1 Our parametrization is very unique in that it is invariant
- - 0y _ g, K. under rephasing of the initial states®) and |K%). It is,
K0 \/IpL|2+|qL|2(pL|K )= Ak (3b) however, not invariant under rephasin>g of the %inal states,
|(27),). By making use of the phase ambiguity, one may,
without loss of generality, s¢6]
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One can readily verify3,6] that CP, T, andCPT symme-
tries impose such conditions as

CP symmetry: e=0, 6=0, ¢,=0,
T symmetry: e=0, Im(g;)=0, 9)

CPT symmetry: 6=0, Rdg|)=0.

Observed and expected smallness of symmetry violation al-

lows one to treat all these parameters as small.
Formulas relevant for analysifefining

_{(2m) [HulKy)

= ((2m)[FulKe) ' (103

m=|m|e'

((2m)5|HulKs)
((2m)o|HulKg)’

one findg7,8], from Eqgs.(3a),(3b), (6a), (6b), and(7a),(7h),

(O]

(10b)

m=e—dote, (119
o=RgF,)/RegFy), (11b

and, by means of isospin decomposition,
ny-=mote’, (129
Moo= Mo~ 28", (12b
r=4Rdw'), (13

where

g'=(n— no)o’, (14a
o'= iwei(‘s?*‘so), (14b

8, being theS'wave 7 scattering phase shift for the isospin
| state at an energy of the rest mas¥8f Note that we have
treatedw’, which is a measure of deviation from thel
=1/2 rule, as well as a small quantity. From Egs.
(12a,(12Db), it follows that

N0l 74— =1—3¢&"1 7 (15)
or
Re(s"/ 70) = (13 (1= noo/ 7+ -|), (16a
Im(e'/n9)=—(13)A ¢, (16b)
where
Ap=coo— P - 17

Implications of the KTeV resultaVith the help of the
formulas derived above, we now look into implications of
the latest results reported by the KTeV Collaborafidh We
first note that, since in their notation corresponds exactly to
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70 in our notatior their results(1a),(1b) give, either imme-
diately or with the help of Eq9169),(16b),

Re(e'/ 79)=(2.80+0.41) X 10" 3, (183
Im(e'/ng)=(—0.52+2.68 X103,

(18b
| 700! 7+ —| =0.9916+ 0.0012. (180

From Egs.(119 and (1438, we immediately conclude that
¢’ #0 implies that eithee, or €, (or both is nonvanishind,
confirming the assertion that the KTeV result on Re¢)
established the existence G violation in a decay process
[2].

To go one step further, we need to know the valuegf
Since the KTeV collaboration has not yet reported their re-
sults on#n, _ and 7y separately, we shall input the Particle
Data Group(PDG) [9] values forzy, _,

|7, _|=(2.285-0.019 X 10 3, (199
¢._=(43.550.6)°, (199
along with Egs(1b) and(180), into
70=(2/3) 7 -+ (1/3) 7o, (20)
which follows from Eqs(123,(12h), to get
| 70| =(2.28+0.02 X 10" 3, (21a
$o=(43.53:0.94)°. (21b

We shall also use the PD{®] values foryg(7w*7~) and
ys(7°7°) to get, with the help of EqY5) and(13),
Re w')=(1.46+0.16x 10 2. (22

In order to interpret Eqél8a,(18hb), we derive from Egs.
(149,(14b), with the aid of Eqs(119),(11b),

e'/no=—iRe(w')(sz—80>e—‘A¢’/[|no|cos<52—50>223

or
e2—eo=i(e'I70)| m0|cog 8,— 8p)€'*? IR w"), (24)
where

A¢,E¢O_52+ 50_77/2 (25)

IFor the correspondence between our parametrization and the
(more conventional rephasing-dependent parametrizations, see
Refs.[3,8].

°Note that the reverse is however not necessarily true; a nonvan-
ishing but equal value for both, ande, could yielde’=0.
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Inputting Egs.(183,(18b), (21a,(21b), and (22), and 5, that the values of the direc@ P/T violating parameter we
— &y as well, into Eq.(24), we are able to derive constraints have obtained, Eqg26b) and (28b), are almost one order
to Rees,—¢p) and Im,—gg): smaller than those of the indirect and mix@&/T violating
o _4 parameters, Re{) and Im( + &,),® while the constraints on
Ré(e2~#0)=(0.85:3.1) X 1077, (263 ihe directCP/CPT violating parameter we have found, Egs.
_ _ 263 and(28a), are roughly one order weaker than those on
| - =(3.2£0.7)x 10 4, 26b ( o . . .
M(s2~80) =( L (26D e indirect and mixedCP/CPT violating parameter$,
where, ass,— &,, we have tentatively used the Chell-OlssonIm(48) and Re¢—«).

value (—42+4)° [10]. To conclude, we recall that the numerical results
Discussionlf, as the value of Re{'/¢), one uses, instead (263,(26b), and (283),(28b) depend much on the value of
of Eq. (1a), d,— &y, and that this quantity, which features strong interac-

tion effects, is still not well determinetiin order to obtain a
better constraint ore,—eq, a better determination o6,

which is an average of the KTeV resu2] and the more 6o, along with a more precise measurement of Rex)
recent result from the NA48 experimdfitl], one will get andA ¢, are required.

Re(e'/e)=(2.59+0.36x 10 3, (27

Re(e,—£¢)=(0.84+3.11)x 104, (289
We are grateful to Professor T. Yamanaka for a discus-
Im(e,—&0)=(3.0=0.6) X 10" 4. (28b) sion on the results and details of the KTeV experiment.

Our results(26b) and (28b) indicate that a combination of
the parameters which signal dire€P and T violations,
Im(e2—&0), is definitely nonzero and of the order of 10 3See also Alvalez-Gaume, Kounnas, Lola, and Pavlopdul6
The other result$26a and(28a on the other hand indicate . el ' ’ ' P
-oult g ' ) in which it is claimed that the recerPLEAR data allow one to

that a combination of the parameters which signal di@t  gefinitively conclude that Re() is #0 without invoking the Bell-
andCPT violations, Re¢,—¢¢), is not well determined yet;  steinberger relation and thatis violated independent of whether
though consistent with being zero, a value comparable t@p and/orCPT are violated or not.
Im(e,—¢&g) is not ruled out. 4, ande, (¢ and d) are referred to as a diretindirect param-

The procedure of our analysis is rather similar to thateter here. Note that, as emphasized [B], classification of
done by Dib and Pecc¢l2], except that they have focused symmetry-violating parameters into “direct” and “indirect” ones
on CPT test and have hesitated to use the value ofRiey) makes sense only when they are defined in a rephasing-invariant
as one of inputs, in view of experimental controversy on thisvay, i.e., in such a way that they are invariant under rephasing of
quantity at that time. Thus, one of the results they have deK® and|K°).

rived, Re@,)/Re(A,) —Re(By)/Re(Ay) =(1.3+8.4) 5See, for example, Ref§17,18, and references cited therein for
X104, corresponds exactly to our results Ega6a and theoretical problems related to determinationdgf- ;. If, as the
(28a), and a conclusion on dire@P/CPT violation quali- ~ Vvalue of this quantity, one uses-66.7+3.9)° quoted in Ref.17],
tatively similar to ours has already been reached by them. instéad of (-424)® used previously, one would find

With the help of the Bell-Steinberger relatioa3], one Re(e;—£0)=(0.01+2.27)X 1074, (299
may derive constraints to the indirect and mix€d®P, T, Im(e,—80) =(2.44+0.65x 104, (29b

and/or CPT violating parameter$7,8,14,18. It turns out in place of Eqs(263,(26h).
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