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IMPLICATIONS OF CPT VIOLATION IN NEUTRAL KAON DECAYS

@ P. Pavlopoulos, R. Rickenbach and A. Schopper

From our present knowledge of weak interactions, the three
discrete symmetries C, P and T are not exact symmetries in our
universe, and the same applies to the combined symmetries CP,
CT and PT. This fact is well accommodated in the Standard
Model (SM) and is well established experimentally. However, in
the framework of a local field theory of Lorentz invariance, and
of the usual spin-statistics requirement, any order of the triple
product CPT of these discrete symmetries automatically repre-
sents an exact symmetry expressed by the CPT theorem [1]. In
quantum field theory, the CPT operation implies that when we
change particles to antiparticles, keeping their momentum fixed
and reversing their helicity, all matrix elements of the interaction
should become their appropriate complex conjugates. The most
accurate CPT tests, such as lifetime and mass equalities between
particles and antiparticles, do not verify the full extent of CPT
invariance [2] since they do nol involve helicity or complex con-
jugation, The KYKY complex is a superior tool for making
detailed tests of CPT symmetry. Such tests are almost incon-
ceivable at external beams and will hopefully be made possible
by the existence of high-intensity, well-defined strangeness kaons
[3] at the CERN Low-Energy Antiproton Ring (LEAR).

The parameters of CP and CPT invariance in the kaon system
can be found in many textbooks and reviews [4], and only a brief
outline will be presented here for clarity and completeness. In the
AS = 2 transitions, CP violation is described by the non-vanishing
parameter €, whilst a possible CPT non-conservation would be
expressed through the parameter 8. Although € is measured [5] to
be Re(e) = (1.621 + 0.088) x 10-3, there is no evidence for a non-
vanishing value of 8. Assuming CPT invariance in the strong
interactions one can introduce for the AS = 1 current, the
amplitudes A; and B, [6,7]. These are the CPT-conserving and
CPT-violating amplitudes of isospin / in the decay amplitudes of
the neutral kaon, for the two-pionic final state into the two
possible isospin states / = 0 and / = 2 (table 1).

Table 1
The amplitudes of neutral kaon decays as a function of CPT,
CPand T.
Violation of

CPT Cp T
Re(4)) #0 No No No
Im(A) #0 No Yes Yes ‘
Re(By) =20 Yes Yes No

Im(B)) #0 Yes No Yes |
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where H,, is the Hamiltonian of the weak interaction.
A measure of CP and CPT violation in the decay amplitudes
are the phenomenological parameters € and a, detined [6] as
A 1 <ZIHWIK2> <O|HW|K2)
g =— ' a= ’ 3)
\/E (0|H\v |Kl )

(OlH|K,)
In the following we will assume that

[l (By)] << [Re(A)] @)

because a large value of Im(B) would contradict the unitarity of
the § matrix and the hermeticity of the Hamiltonian, which seems
very unlikely [6]. Also, the generalised Wu-Yang phase con-
vention [8] is adopted, which sets

Im(a)=0 . (5)

The parameters € and a can be expressed through A and B
as follows:

L Re(By)+ilm(Ay) i(3,-8)

’
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L RelBa) icsp-ay  IM(A2) ifs-sscm)] |5
V2 | Re(4g) Re(49)
Re(By)+ilm(Ay) Re(By)
a = - = ) &
Re(Ag)+ilm(By)  Re(Ag)

The relative strength of Al = 1/2 on Al = 3/2 transitions is
given by the parameter @
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with [6]
lol=3.19%107 ; o, =(8,-68,), 1D

where &, and &, arc the phase shifts due to the final-slate
interactions. The measurements of (J, — &) vary drastically with
the experimental method. The significant inconsislencics among
the apparently precisely measured values are discussed in ref. [9].
The world average |5] is

(8, —8y)=(-45%15)° . (12)

The parameter « is a measure of CPT non-conservation. The
parameler £ describes both CPT and CP violation in the K¢
decay, with a phase difference of 90° between the CPT and CP-
violating components. It is therefore convenient to separate the
CP-violating (but CPT-conserving) part of € from the CPT-
violating (and CP-violating) part, by decomposing € into g and
€|, where the indices refer to the direction determined by the
direction perpendicular to (8, — ;). One can see from eq. (7)
that a non-vanishing value of €} would imply CP violation
[Im(A4,) # 0], whilst a non-zero value of € would be a signal for
CPT violation in the decay [Re(85,) #0].

From above properties of the parameters ¢, £ and @
(eqs (6)—(10)) we distinguish the two cases:

— if the A/ = 1/2 rule is also valid for CPT-violating amplitudes, i.e.

Re(A,;)
Re(Ag)

Re(B,)
Re(By)

then £ = aw;
— if the Al = 1/2 rule is not valid for the CPT-violaling
amplitudes, then no prediction of the magnitude of (& — aw) is
possible.

The measurable quantities are the ratios of the amplitudes of
the physical eigenstates Kg and K| into two pions,

HIK
_<f| | L>:|nr|eup| ,

= @ =/ (13)
=K ‘

f o=nta, %% .
They depend on the phenomenological parameters as follows
(neglecting €2 and &2 compared with 1):

+_:a+£ Bl |
I+w
a-2¢’
1-2w

All experiments with Kg and K| beams, aiming to detcct CP
violation in the decay of the neutral kaon system [10,11], measure
the parameter
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(K —>27r) (KL—Hr*n’)

R = /
(K —27 )/ (KS—>7r+zr_)
2
_| Moo ‘ (15)
n,
which [rom cq. (14) can be expressed as
£ —aw
R =1-6Re| ————
i {(6_5)(1-@)}
‘(6'—(1&))”‘
=l-6———, 16
e (16)

and is a measure of the projection of (€ — aw) on (€ — §). Let us
assume that & is small compared with g, which means that the
angle of ¢ is approximately equal to the superweak angle
2(my, —mg)

Ys—YL

=(43.72£0.14)° . (17)

€ = (ps\\/ = ’dlCtg

The equality would hold for = 0 [6]. Since the value of ¢,
and the phase shift (8, — 8y) (eq. (12)) differ just by
approximately 90° (&, — 8y + ©/2 = ¢,,,), the direction
perpendicular to (6, — &) coincides with the direction given by
@oy = Q.. Therefore, the projection of (€ — aw) on (€ - J) is
proportional to (¢ — aw),. Since €] and ® have the same phase
183 - 80) (eqs (7) and (10)), and since « is real (eq. (5)), the
component (¢w), is vanishing and the quantity (€’ — aw); is equal
to (¢') and is nearly independent of aw. Taking into account
eq. (4), (¢ — aw), is a measure of Im(A,). Therefore, R is a
measure of CP violation in the decay and is very insensitive to a
possible CPT violation.

A more recent approach to the measurement of CP violation is
the method of measuring the interference of neutral kaons with
tagged KO and KO |3]. One way of determining & is to measure the
integral asymmetry for the 7t~ and 7%z final states, defined as

ty — {
J, Rr (s —jo“R,-(z)d
frlw) = “Redr +[ R (1)d
Jy Redr +[7Re ()
=2Re(g)—4Re(n) . 18)
Using eq. (14), we can show that
Re[e’(1+w)—aw]

Ry=d00 gL T DI IO] (19)
I Re(e)

Here we measure Re(¢ — aw) and not, as in the case of R
(eq. (16)), the projection of (¢ — aw) on €, i.e. Re[(¢ — aw)y]. So
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Ry is sensitive not only o (¢ — aw)y but also Lo (¢ — aw); and

therelore (o a possible CPT violation in the decay. Depending on

whether the A7 = 1/2 rule in the CPT-violating decay amplitudes

is assumed 1o be valid, two cases have to be distinguished:

— il this rule holds, then (€ — aw) is cqual to zero (sce above)
and therefore R is only a meusure of CP violation, since

Rc[s{, +(e} *c/w)+(e'a))l

R =1-6 -
Re(e)

_ RC(Eﬁ)

20,
Re(e) (20)

il one neglects € w;

— il this rule does not hold, then aw can be estimated, using
eq. (14), from the experimental values ol Re(g), Re(17, ), and
Re(Noy) 151: Ny — e~ 1730, -y =a (1 + @) = 6= -,
which yields Re(v — 8) = (=1.2 £ 0.8) x 104 If § = 0, then
this leads to Re(aw) € —0.6 x 105, which is of the order of
the theoretically predicted value for Re(g") € O(1 0-6),

As discussed in ref. [6], a way to test CPT invariance is to
measure the phase difference between 1,_and 1y, i.e. Ap =
(@, — @y0), which represents a measure of (& — aw),. If we
assume that the A7 = 1/2 rule is valid also for the CPT-violating
amplitudes and therefore €| = aw, the phase difference
(@, — ®gp) is zero even though CPT might be violated. If the
Al = 1/2 rule is not valid for the CPT-violating amplitudes, then
A@is sensitive to € but not to ¢, since « is suppressed by .

An unambiguous (est of CPT conservation can be achieved
by measuring the phase @, _ relative to @,

[El sin{@, )+ u] cos( @y )
|| .

Or = Pyw — (21

The phase of 1,_ depends directly on the parameter «,
without the @ suppression occurring in the measurement of
(¢._ — @yp). Therefore, the absolute value of ¢, , which in the
case of CPT invariance should be equal to the superweak angle,
measures CPT violation directly in the kaon decays via both a
and €.

We conclude that the experimental quantities R (from Kg/K|,
beams) and R; (from tagged KY/K®) do not depend in the same
way on the phenomenological parameters describing CP and CPT
violation. If the experimental results of measuring R and R, were
to show a significant difference, this could be explained either by
CPT violation in the decay, assuming simultaneous violation of
the Al = 1/2 rule in the CPT-violating amplitudes or by a value
(8, — 8y) # —45°, which would lead to a component of ¢
orthogonal to the direction of € (assuming @, = ¢,,,) even though
CPT holds. Therefore, a precise value of (6, — ;) would be
important for the understanding of the neutral kaon system.

The quantity of (¢,_ — @) is sensitive to (€ — aw),. In the
case of CPT violation, the validity of the Al = 1/2 rule in the

CPT-conserving and violating amplitudes implies a vanishing
value ol (¢ — aw) ;. Therelore, even il (@, — @yy) could be
measured (0 be exactly zero, this would not allow any conclusion
1o be drawn regarding CPT invariance.

The significant test ol CPT violation in the decay ol the
neutral kaon can only be achieved by measuring experimental
quantitics that depend dircetly on the paramelter a, without any @
suppression. Since the phase @, _ depends directly on a, the
comparison of its measured value with the superweak angle
would be a good test of CPT invariance.

By measuring integral asymmetries in the KO-K9 system, one
is sensilive not only (o Re(£'/€) but also Lo the parameter a,
allowing direct conclusions regarding the values of € und «.
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