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It is shown that the usual argument based on the Bell-Steinberger sum rule to the effect that the data
on neutral-K -meson decay provide evidence that T invariance must be violated contains a logical
weakness because T -invariant, C P T -violating interactions that are non-Hermitian would abrogate the
sum rule, which is a unitarity condition. The required modification of the sum rule for such an
interaction is given explicitly but it introduces several quantities that cannot be measured directly;
therefore the modified sum rule does not provide useful general information concerning the validity of

T invariance.

The well-established existence of violation of
CP invariance in the neutral-K system leads one
naturally to assume the coexistence of violation of
T invariance in that system (and possibly else-
where) on the basis of the CPT theorem. However,
the existence of violation of 7 invariance has not
been directly established in the neutral-kaon sys-
tem nor in any other decay process or interaction
at the present time.

Several authors’® have addressed themselves to
the question of whether or not violation of T in-
variance could be inferred from data on the neutral-
kaon system without assuming the validity of the
CPT theorem. The conclusion of these authors has
been that indeed T is violated.

The standard argument is made by assuming the
validity of T invariance and showing that the Bell-
Steinberger sum rule® in the particular form re-
sulting from this assumption is not in agreement
with the available experimental data on K° decay.

It is the purpose of this note to point out that
there is a logical weakness in that line of argument
if it is used to conclude from these data alone that
T invariance must be violated.

The assumption of 7 invariance in making this
argument is equivalent to the assumption of CPT
violation, although it does not specify the origin of
the violation. The origin must be in the failure of
some one (or more) of the axioms underlying the
proof of the CPT theorem or some aspect of the
structure of the theory. The failure might occur
in such a way as to invalidate the Bell-Steinberger
sum rule, thereby introducing a flaw in the argu-
ment cited above. In particular, one way in which
CPT could fail would be by the existence of a non-
Hermitian term in the Hamiltonian, but it is well
known that such a term will also lead to a violation
of unitarity and therefore of the sum rule, which is
an expression of unitarity.

Any attempt to write down a local, CPT -violating
interaction that is consistent with Lorentz invari-
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ance will lead to a non-Hermitian term in the Ham-
iltonian.® Since several authors®* have found reason
to introduce models invoking just such non-Hermit-
ian weak or superweak interactions, a case can be
made for examining the consequences of this par-
ticular way of violating CPT. However, in doing
so, we do not wish to create the impression that
there is any substantial evidence for a non-Hermit-
ian term in the weak interaction. We would take
the view that unitarity should be abandoned only as
a last resort for the explanation of any phenomenon.

In order to show explicitly how the Bell-Stein-
berger sum rule is modified by the introduction of
a non-Hermitian interaction, it is necessary to be
specific about our assumptions. We assume that
the time development of the neutral-K-meson sys-
tem together with its decay channels can be de-
scribed by a state vector satisfying the usual dif-
ferential equation

iy = ey ®

We also assume that this state vector can be ex-
panded in terms of the eigenvectors of a Hermitian
strong-interaction Hamiltonian H, spanning a uni-
tary Hilbert space and that these eigenvectors are
given the usual interpretation of quantum mechan-
ics. These eigenvectors are denoted by |K°), |[K°)
for the neutral K system and |¢) for each of the
various decay channels.

The total Hamiltonian is

H=H,+H', (2)

where H’ includes the weak interactions responsible
for decay and would also include superweak inter-
actions,’® if they exist. For our present purpose it
is assumed that #’ may include non-Hermitian
terms.

Since the terms in H’ responsible for the decay
characteristics of the K ° and K° are very weak, it
is appropriate to use the Weisskopf-Wigner per-
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turbation method® to describe the time dependence
of the system. As is well known, this leads to a
complex 2X2 mass matrix M - éi_{ connecting the
states |K°) and |K°), and this matrix serves to
determine the time evolution of the neutral-K sys-
tem.

By following the usual method” modified to take
into account the possibility of non-Hermitian
terms, we find that

(| My = myb s+ G| H' [ )

+P [0 D e B (B (B)

(3)
and
(G TRy =213 p, mg) AL m)HE, () 4)

where
HL(E)={c|H'|E),

p¢ is the density of states, and E is the energy of
channel ¢, while the states |j), |k) denote either
|K®) or |K°).

We note that both M and I" are Hermitian when
H’ is Hermitian, but when the submatrices of H’
whose matrix elements appear in Eqgs. (3) and (4)
are not Hermitian, there are non-Hermitian terms
inM and I'. In either case the time evolution of
the K ° states may be obtained by the usual proce-
dure, which makes use of the eigenstates IS) and
|L) of M —3i I'. The corresponding eigenvalues are
As=mg—3ilg, Ay =my—3i T'y. The states |S) and
| L) are linear combinations of |K°) and |K°), and
they decay exponentially at the rates I'g and T';,
respectively.

In order to obtain sum rules which are general-
izations of the unitarity conditions, it is convenient
to write

Ay(EY=(k|H| ), (5)

M ~3iD=M,~3iT, (6)
where M, and T", are Hermitian. Thus

M, =3(M +M*) = 5i(T = T'*) (7
and

Ly =3(L+I¥)+i(M - M *) . (8)

If the states | L), |S) are denoted by |a) or [B),
they can be written as solutions of the eigenvalue
problem

(M, ~ 3iT;) | @) =1y | @) (9)
or, by taking the Hermitian conjugate,

Bl(M,+3iT,) =B rg . (10)
Therefore

BI(M, —3iT,) | a) =18l (11)
and

BIMy+5i Tyl @y =138 ) . (12)
Hence, by subtracting Eq. (11) from Eq. (12)

(BT, [0y =g =2aXB|a). (13)

Thus, since A, =my ~ 3i ', and the states |a) may
be normalized so that (a|a) =1,

(a|T4la)=T, . (14)
Also
i(S|T, | LY =[(mg = my)+3i (Tg + )] S| L) .
(15)

We have noted that when H’ is Hermitian, so are
Mand I'. Then I', =T which, inturn, is given by
Eq. (4), and Eq. (14) becomes the usual expression
for the decay rate:

I,=3.|AZ]?, (16)
where
AS =[2mp, (my)]* 24? Hl, gk | @) (17

is the decay amplitude of the state |a) into the
channel ¢, while Eq. (15) is the usual Bell-Stein-
berger sum rule. The significance of these re-
sults follows from the fact that I"; contains only
absorptive (on the mass shell) terms when H’ is
Hermitian; therefore only the directly measurable
parts of the mass matrix are involved.

When A’ is not Hermitian, both Eqgs. (14) and (15)
reflect the breakdown of unitarity in such a way as
to involve contributions that are not directly mea-
surable. The terms in I, of the form M — M* con-
tain either dispersive or superweak parts, or both,
and neither of them can be determined by direct
measurements. Furthermore, in addition to the
measurable decay amplitudes AJ, the equations
involve the nonmeasurable transposed amplitudes

A% =[2mp, mg)]* 2 2, a| k) HL, (my) . (18)

As a result of these changes introduced into Eq.
(15) by a non-Hermitian term in the weak interac-
tion, the general validity of the Bell-Steinberger
sum rule cannot be assumed in the context of an
argument permitting a completely unspecified
form of CPT violation. That is the weak link in
the logic of the argument for T violation based on
the sum rule.® In fact we see that the modified
form of the sum rule provided by Eq. (15) when
there is a contribution to Eq. (3) from non-Hermit-
ian terms can yield no information concerning the
validity of T invariance.

The most direct indication of the failure of uni-
tarity is that the decay rates I'g and I';, given by
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Eq. (14), are no longer the sums of partial transi-
tion rates, as in Eq. (16). The rates of creation

of the decay channels (partial transition rates) are
proportional to |A%|?, as in the conventional case,

even when H’ is not Hermitian.® Since I', gives

the rate of decay, the balance between decay and
creation would be destroyed by a non-Hermitian
interaction H’.
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The unit-helicity-flip and nonflip amplitudes of yp —p°% and #N —aN for I = 0 exchange are
shown to be similar in magnitude when scaled by the vector-dominance-model constant. We separate
the p° amplitudes for Pomeranchukon and f exchange using the dual absorption model. Possible

sources of the helicity-flip term are discussed.

The experimental observation that p° photopro-
duction is diffractive in character! and is predom-
inantly s-channel helicity conserving (SHC) at the
v-p° vertex? has led to a postulate® that Pomeran-
chukon (P) exchange in general possesses SHC as
one of its characteristics. An analysis of 7N po-
larization correlations at 6 GeV/c (Ref. 4) con-
firms this speculation, but shows helicity-flip
amplitudes to be =15% of the SHC term. In an
extension of some earlier® experiments to higher
energy® (9.3 GeV) and with increased statistics
the existence of a small but significant s-channel
helicity-nonconserving amplitude in p° photopro-
duction has been suggested.

In this paper we compare in detail the amplitude
for unit helicity flip at the nucleon vertex for iso-

spin-zero exchange in 7p scattering with that for
the y-p vertex in photoproduction. Good agree-
ment is obtained when the photoproduction ampli-
tude is scaled by the VDM (vector-dominance-
model) constant. This observation has led us to
compare the dominant SHC amplitudes as well,
using the same dual absorptive model® (DAM) al-
ready applied to 7*N scattering,” in order to sep-
arate the P and f exchanges. Again good agree-
ment is found in the parametrizations of the mod-
el.

The application of the DAM approach leads to a
P trajectory with nonzero slope in ¢ (i.e., a
shrinking forward peak). Recent evidence for non-
shrinkage in ¢ photoproduction® has made the
DAM assumptions controversial.® Although the



