
PHYSICAL REVIEW D VOLUME 46, NUMBER 5

Tests of CPT conservation in the neutral kaon system
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We make use of high-precision measurements in the neutral kaon system to analyze how well CPT is
conserved. Although present data provide rather stringent tests of CPT, actually these measurements

provide bounds only on differences of CPT-violating parameters. Although CP-violating phenomena in

the AS=2 sector are dominantly CPT conserving, present data do not allow a similar unambiguous
statement to be made for the ES= 1 sector.

PACS number(s): 11.30.Er, 13.20.Eb, 13.&5.+m, 14.40.Aq

The CPT theorem [1] is based on very general princi-
ples, such as Lorentz invariance and the spin-statistics
connection, which are difficult to doubt. However, this
theorem also uses the idea of local interactions which, al-

though perfectly reasonable, could conceivably break
down [2]. Thus, it is important to test the CPT theorem
experimentally as well as one can. The purpose of this
work is to present an analysis of CPT conservation in the
neutral kaon system, based on recent precision data on
CP-violating phenomena [3,4] in this complex.

Our analysis brings forth a number of interesting
features, which can be summarized as follows: (i} All ex-
isting CPT tests in the neutral kaon system only give
bounds on differences in CPT-violating parameters; (ii)

barring cancellations among parameters, CPT-violating
effects are subdominant in the b,S=2 sector and the ratio
of CPT-violating to CPT-conserving amplitudes is, at
most, of order 10; (iii) present data on the phase
difference of the CP-violating parameters g+ and goo in
E ~em do not exclude a CPT-violating contribution to
Re(e'/e) at the level of 10;and (iv) one can, in princi-
ple, disentangle all the CPT-violating parameters in the
neutral kaon system by measurements in a high luminosi-

ty P factory [5].
If one does not assume CPT conservation, there are

two sources of CPT violation that can arise in the neutral
kaon system. On the one hand, without assuming CPT
conservation, the (diagonal) masses and the total widths
of the flavor eigenstates E and E will not necessarily be
equal. This will cause the physical eigenstates of the sys-
tem not to have the same proportion of E and E states
in them. If M and I are the 2 X2 Hermitian [6] mass and
decay matrices of the E -E complex, the physical eigen-
states are easily found to be
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is a CP- and CPT-violating parameter. Here, hm
=mL —

m& is the EL —Ez mass difference and

P,„=arctan [26m /( I s —I I ) ]= (43.7320. 14)'

is the so-called superweak phase.
If CPT is violated, there is no longer any relation be-

tween the amplitudes for K wf and those for K ~f.
Thus, CPT violation will introduce, in addition to the
"mixing" parameter 5», further parameters associated
with CPT breaking in the decay amplitudes. For our
analysis we shall need both the 2m. and the E» semilep-
tonic amplitudes of the neutral kaons, and it is useful to
adopt a notation where CPT violation is manifest. For
these purposes, following Barmin et al. [7], we write
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In the above, the Bl and b amplitudes are CPT violating.
At the same time, in the phase convention in which CP
K (K )=K (K ), CP conservation would require that
the At and a amplitudes be real. In Eqs. (4a} and (4b) 5t
are the strong am. scattering phase shifts for states of total
isospin I.

Armed with Eqs. (1) and (4), it is straightforward to
deduce formulas for the five CP-violating observables
measured to date in the kaon system:

46 2265 1992 The American Physical Society



2266 BRIEF REPORTS 46

= ~rl~~e' ~=e —2e',
&
~'~'I

TIJOU,

&

(5b)

I (ICL ir 1+vI)—I (El sr+1 vI }
A» (1+,1 )=

r(E:, ~ 1+-v, )+r(rC, ~+1 v, -)

(Sc)

Im A ReBo0
6'g +l

ReAo

—ImM&2 ImAp 2&m+ SW

Am ReAo EI

+ ~22 ™»
2b, m

ReBo

ReAo

One finds, expanding to first order in small quantities,
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FIG. 1. Vector diagram in the complex plane of e, its CPT-
conserving component e&, and its CPT-violating component e2.
Notice that the phase of e, is P,„,and that e, and e, are at 90'
from each other.
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In the above, the CPT-violating parameters are those that
appear in curly brackets. Furthermore, the approximate
form for e given in the second line of Eq. (6a) follows
from assuming that the decay matrix I of the neutral
kaon system is saturated by the n.m.(I=0}states. Notice
that, using this approximation, both for e and for e', the
CPT-conserving and CPT-violating terms appear at 90' to
each other [7,8].

There are three distinct CPT tests that follow from
present experimental results on the parameters of Eq. (5).
The first CPT test compares Ree with A» (1+,1 ). Us-

L

ing the values for il+, iloo, and A» (1+,1 ) summarized
L

in the Particle Data Group compilation [9], and the ex-
pression for e= —', rl+ + —,'iloo deduced from Eqs. (5a) and
(5b) [10],one finds that

—= tan(P, —P,„)= ( 3.8+2.5 ) X 10
E)

(9)

=(0.64+0.40) X 10 (10)

We note that, as indicated earlier, both the CPT tests (7)
and (10) involve differences in CPT-violating parameters.
Barring cancellations, they bound the ratio of CPT-
violating to CPT-conserving amplitudes to 10 . Fur-
thermore, even though Eqs. (9) and (10) give nearly a 2cr

CPT-violating effect, one should properly consider the
size of the error in Eq. (10) as a bound on possible CPT
violation rather than as a positive signal. Indeed, the
very recent E731 value for P+ [4] of (43.2+1.6)' is per-
fectly consistent with P,„,but the error gives results com-
parable to those in Eqs. (9) and (10) [12].

The third CPT test involves e' and uses the fact that
the overall phase of e' is rather close to P,„. Using the
most recent analysis of the mm. scattering phase shifts
[13],one has that

b, —:5~ —5o+ m. /2 —P,„=( l.3+6)' .

Since P,„=m /4, the above gives a value for both
[(ReBo/ReAo) —Re5»] and Im5». Using the result of
Eq. (9), one finds
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= (
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The second CPT test compares the phase of e expected
from Eq. (6a) to its experimental value P,=—,'P+ + 3goo
(see Fig. 1). Let us write the second line of Eq. (6a) as

Denoting the CPT-conserving and CPT-violating terms
in Eq. (6b) by

ei ——[( ImA2/ReA2) —( ImAo/ReAo)]

and
ip,

e =e,e '"+ie2e (8) e'z= I( ReB2—/ReAo) —
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Then, using the experimental value [9] for

P+ =(4621.2)' and the weighted average of the results
of the NA31 and E731 Collaborations [11]
P+ —

goo
= (

—0.3+2.0)', one finds, for the ratio of
CPT-violating to CPT-conserving components,

respectively, one has
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Using the numerical value for (Re A 2/Re A o ) /
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(v 2~@~)=14, one can write

Re(e'/e) =14[@',cosh —ez sinb, ] (13a}

P+ —
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4.2X10 4 (13b}

Although there is experimental controversy at the mo-
ment regarding the value of Re(e'/e),

(23+7)X10 NA31 [3],
(6+7)X 10 E731 [4],

(14}

even if one assumed that the CPT-conserving contribu-
tion e& dominates Re(e'/e), it would still give a negligible
contribution to the phase difference [cf. Eq. (13b)]. Con-
sequently, one can use the present values of the phase
difference [11]P+ —Poc=( —0.3+2.0}' to bound direct-
ly the CPT-violating parameter ez. One finds that

ReBO
E'2 =

ReAO

ReB2 =(—1.3+8.4) X 10
ReA2

(15)

We note that such a value for ez by itself is compatible
with the range of measurements for Re(e'/e) given in Eq.
(14}, even in the absence of any CPT-conserving com-
ponent of e'. So, unless one can sharpen the bound on
the phase difference P+ —

goo and on 5, one cannot ex-
clude the possibility that a purely CPT-violating contri-
bution is giving the apparent hS =1 CP-violating signal.

We note also that this third CPT test involves
differences of CPT-violating parameters. Although there

is no "theory" of CPT violation, one could imagine cir-
cumstances in which the ratio of CPT-violating to CPT-
conserving amplitudes would be universal. Then, even
though CPT is violated, the CPT tests of Eqs. (7) and (15)
would not give rise to any measurable results. If, in addi-
tion, the mass difference between the E and the K0

states were to be in the same relation to their total widths
(i.e., M» —M22= [I zz

—I »]/2), as it happens to be for
the physical states KL and Ks (i.e., hm = [I &

—I L ]/2),
then the CPT test of Eq. (10}would also give a negative
result. In this manner, the present measurements could
accidentally hide a large violation of CPT. Although we
have no theoretical reason to argue for this peculiar cir-
cumstance, it would be highly desirable if one could
disentangle all the CPT-violating parameters from each
other. This can be done at a high luminosity P factory,
where a direct measurement of Re5x itself is possible at
the level of 10 . Measuring Re5z independently to this
accuracy, the result of the analysis given here corre-
sponds to the measurement of the E —E mass
difference to one part in 10', which is a significant result.
However, without an independent measurement of Re5x,
no such unambiguous statement can be made.
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