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&est of CPT symmetry conservation in Ko decays
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Recent measurements have been made of several of the decay parameters of the K -K system:
0, g+ ~, Zm, rs, P+, goo, and e'/e. These measurements make it possible to place new limits

on the violation of CPT symmetry. To do this we use the Bell-Steinberger relation, which relates
the time derivative of the square of the kaon wave function to the sum of the partial decay rates.
We evaluate each partial decay rate and discuss the experimental uncertainties.

PACS number(s): 11.30.Er, 13.25.Es, 14.40.Aq

CPT symmetry conservation is satis6ed in almost all
local 6eld theories and is considered a cornerstone of high
energy physics. However, because of the nonlocal nature
of some recent candidate theories, e.g. , string theory, and
because whether CPT is conserved or not is ultimately
an experimental question, a considerable amount of theo-
retical and experimental effort has gone into tests of CPT
invariance. Perhaps the most natural place to search for
CPT -violation is in the K -K system. Because of the
small mass difference between the Kl and K& mesons,
this system is extraordinarily sensitive to small effects
such as CP or CPT symmetry violation. For example
it is the only place to date where CP violation has been
found.

To investigate possible CPT violation in kaon decays
we choose to evaluate the Bell-Steinberger relation [1].
This equation is based on the conservation of probabil-
ity. It relates the time derivative of the square of the
kaon wave function to the sum of partial decay rates.
Our choice is motivated by the availability of new mea-
surements of many of the parameters describing decays
of the Ko-Ko system, namely rl+ 0 (the CP violation
parameter for K&o ~ a+vr a ), rI+ ~ (the CP violation
parameter for KL -+ sr+sr p), b, m (the KL,-K8 mass dif-
ference), r8 (the Ks lifetime), P+ and goo (the phases
of g+ and rloo), and e'/e (the parameter ratio describing
direct CP violation). An exhaustive review [2] of CPT
violation in kaon decays in 1984 found a "not quite satis-
factory agreement" between data and CPT conservation
due to the then current measurements of P+ and Ppp.
We shall see that the new measurements have clarified
thy situation.

The derivation of the Bell-Steinberger relation starts
from the parametrization of a state of amplitude a (a) of—0
the K (K ). The Schrodinger equation for this state is

d (al ~. 1 ) (a'liM+ -I' (1)i
where M and I' are 2 x 2 Hermitian matrices called the
mass and decay matrices. The eigenstates, called K& and
KL, are given by
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where, in terms of the elements of M and I",
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where the sum runs over all decay channels f, and the
A's are decay amplitudes. Since ap and aL, are arbitrary
parameters Eq. (4) is really three equations, for the fac-
tors multiplying lail, IaL, I, and the cross terms, a&aL,
and its complex conjugate. Using the equation for the
cross terms, and Eq. (1) for the time derivatives, yields
the Bell-Steinberger relation

(1+i tang, )[Re(e) —ilm(A)] = ) nf,
f

(5)

where P, is the superweak phase, tan P, = 24m/(I'~—
I'I, ), the sum again runs over all decay channels f, and
A f —(1/I z)A' (Kz ~ f)A(KI -+ f) . Although derived
from the principle of conservation of probability, Eq. (5)
is a test of CPT symmetry conservation through the ap-
pearance of the CPT-violating parameter L. Table I
shows all of the decays that contribute to the states, f,
and the formulas for each o.f. In the table, b~ is the

where I'8 (I'I, ) is the Ks (KL, ) decay rate. A (e) describes
CP violation with CPT violation (conservation). This
fact can be seen from Eq. (3b) because b. is nonzero if
there is a difference in either masses or decay rates of the
Ko and Ko.

If we form a state IK(t)) = a8IK8) + aL, IKL, ) then the
conservation of probability requires that the slope of the
normalization of this state at time t=0 be equal to the
sum of the decay rates:
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TABLE I. All of the ay that contribute to the Bell-Steinberger relation.

Decay
KL, —+

KL, w
KL, —+

KL, -+
Ks ~
Ks -+

mode
m+vr

vr vrp

mev and 7rpv

7r+7r 7r'

vrpvrp~o

CXy

cx+ ——B+ g+-(s)
~(s)~00 —~po gop

m(s)

a~s ——P.[B,„+B ~~] [b'i(1 + 2Re(x)) —2ilm(x)]
+-p —. B+-on+-0+L

L
o'ooo — ~pop Ippp

charge asymmetry in semileptonic decays, and x is the
AS = EQ violation parameter.

Each of the CP-violation parameters, g+, happ, 'g+
and b~ is measured to be of order 10 s [3]. The standard
model predicts that g+ p and gppp are of the same order
and that x = 0. If these predictions are true, then the
size of each o.y is clear. o.+ and o;pp dominate the sum.
o.+ ~ is smaller because of its smaller branching ratio,
and o.~3, o.+ p, and o,ppp are reduced by the factors of
7g/71, (= 1/580) shown in Table I.

Table II shows the experimental values of each o.f &om
the world's data on kaon decays. In addition, Table II
shows the quantities n+ + npp and (1 + i tan P, )Re(e)
and the difference between them. If CPT is conserved
and the theoretical prejudice about x, g+ p, and gppp is
true then this difference should be consistent with zero
within uncertainties.

The values are calculated in two ways. The first, in
the center column of Table II, is &om the 1992 Particle
Data Group (PDG) compendium of Ref. [3]. The entry
for o.+ ~ is blank because g+ ~ had not been measured
in 1992. If we form a sum of all the o.y's the small experi-
mental uncertainties on n+ and o;pp would be overcome
by the large uncertainties on o.~3, o;+ p, and o.ppp. To
avoid this, we can for the moment assume that CPT is
conserved and that the standard model predictions for
x, g+ p, and gppp are correct, and compare o.+ + o.pp

with (1+i tang, )Re(e) to see if the data are consistent
with these assumptions. They are consistent at the 10
level.

The second method of calculating the o.y's starts with
the PDG numbers, but supplements them with more re-
cently published results &om Fermilab experiments E621
[4] and E731 [5], and from CERN experiment NA31 [6].

The recent result on g+ p by the E621 Collaboration
tests the standard model prediction that o.+ p should
not contribute appreciably to the sum, and upholds that
prediction. The uncertainties on o.+ p are now much
smaller than those of o.+ and o.pp. The measurement of

~ by the E731 Collaboration fills the blank in Table
II. Because the branching ratio of Ks —+ 7r+7r quoted
in PDG includes the 7r+vr p radiative decay and since,
within uncertainties, g+ ~

——g+, o.+ ~ is already in-
cluded in o;+ to suKcient accuracy. We need not make
any correction here.

Both the E731 and NA31 Collaborations have pub-
lished accurate results on e'/e and on AP. We have
used these results to calculate happ from the more pre-
cisely known g+ . We used weighted averages of the
E731 and NA31 values.

In addition, the E731 group used their data to measure
Am, vg, AP, and P+ . The determination of all these pa-
rameters by one experiment minimizes systematic errors.
When fitting data on KL,-Kg interference in the 7r+vr

channel to determine b,m and P+ the variables are cor-
related. In the E731 publication [5] they recompute other
groups' values of P+ using their own value of Am, and
Gnd excellent agreement among the experiments. Our
second method used the E731 values of Am and wg. The
agreement between n+ + npp and (1+i tang, )Re(e) is
somewhat better here [7].

It is clear &om our analysis that two experiments
are needed to improve the uncertainties on the Bell-
Steinberger relation. The ES = AQ violation parameter
x and CP-violation Parameter rlppp (in Ks -+ 7r vr 7r )
must be measured with smaller uncertainties. The value
(and uncertainty) of Re(o.~s) is small because it is pro-
portional to b~. But Im(n~s) oc Im(x) and its uncertainty

TABLE II. Values for each ny, calculated from the 1992 Particle Data Group (PDG) com-
pendium (center column), and also using more recent publications (right-hand column). Note that
the values in the table have been scaled by a factor of 10 .

Clop

A+ p

~pop
CX+ + 0!pp

(1+it P,an)Re(e)
Difference

10 PDG (1992) value
(1.069 + 0.027) + i(1.131 + 0.027)
(0.486 + 0.019) + i(0.514 + 0.018)

(0.004 + 0.001) + i(0.007 + 0.059)
(0.028 + 0.040) + i(—.036 + 0.057)
(—.030 + 0.067) + i(0.019 + 0.101)
(1.555 + 0.033) + i(1 644 + 0.032).
(1.635 + 0.060) + i(1.564 + 0.057)
(—.080 + 0.069) + i(0.081 + 0.066)

10 current value
(1.152 + 0.030) + i(1.045 + 0.031)
(0.536 + 0.017) + i(0.464 + 0.018)
(0.003 + 0.005) + i(0.010 + 0.002)
(0.004 + 0.001) + i(0.007 + 0.059)
(0.001 + 0.001) + i(0.003 + 0.006)
(—.030 + 0.067) + i(0.019 + 0.101)
(1.689 + 0.034) + i(1.510 + 0.036)
(1.635 + 0.060) + i(1.546 + 0.057)
(0.054 + 0.069) + i(—.037 + 0.068)
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is large compared to that of a+ and opp. The uncer-
tainty in nppp is due to that of gppp, and is the largest of
any of Table II. After these measurements are made, the
largest uncertainty will be that of b'~ (known to 3.7%%up),

which dominates the uncertainty in (I + i tang, )Re(e)
[because b'~ = 2Re(e)j.

In summary, we have calculated the limits that can be
put on CPT violation in decays of the neutral kaon using
the Bell-Steinberger relation. The recent measurement of

p by the E621 Collaboration reduces its contribution
to the uncertainty in the Bell-Steinberger relation to an

insigni6cant level. If reasonable assumptions are made
about the size of x and gppp then the world's data are
completely consistent with CPT conservation. A much
better test could be made if x, gppp and b~ were measured
with better accuracy.
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