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ABSTRACT

Christ and Lee suggested CP non-invariance
as an explanation of the low experimental KL—vu;uT
decay rate. We discuss Hamiltonian realizations
of this mechanism, and the lower bounds on the
KS-»/I)uf decay rate imp%ied by them. The lower
bound on the Kq —9/Af/k— branching ratio varies
in these models from 10 % 107 ' (for the most eco-

nomical model) to 2 * 10_7.
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ghrist and Lee 1) have suggested that the disagreement between the upper
bound 2) on the Ki;» /JT,XT decay rate and the corresponding theoretical lower
bound 3)’4) can be explained by invoking CP non-invariance. The idea is that
the K1—»/JT/17 amplitude is so large that the small admixture of the CP _
even component K1 in the state KL bicoTes important. The large Kh—»}gf/A
decay amplitude implies a large Ks—é,A fL decay rate; they obtain

(K> p)/T, 2 5 *10 S

where r— is the total K, decay rate. Gaillard 5) has shown that the

S 5
Christ-Lee mechanism requires only that

[ (K~ #+#')/rs Z 16 *1574 . (2)

The purpose of this note is to discuss Hamiltonian realizations of the Christ-
Tee mechanism, and the lower limits on the decay rate r—(KS—efli/A-) implied
by them.

The basic requirements of the Christ-Lee mechanism are new interactions
allowing 1) the large amplitude for K1—:/Af/Af and 2) CP ncn—-invariance
for the K1 and/or K2 decay amplitude into the /LL‘/L channel. The
simplest type of Hamiltonian, as discussed in class A models below, involves
only a single new interaction which allows a direct CP non-invariant K1—3#£74—

*
transition. For class A models, we show

M (K> 0" /T, 2 10 ‘10’ (2

This result is especially interesting because there are preliminary reports 7)
that the experimental upper bound has been reduced to a value approaching the
1imit (3) and may be improved soon beyond this. Our other theoretical limits
(class B and class C models) serve to point out the "interpretation of

possible experimental Ks-»/Jf};r decay rates between the limits (2) and (3).

Our notation and assumed experimental data are the same as those of

Ref. 5)° We assume CPT invariance and express the physical states KS and

KL in terms of the usual CP eigenstates K1 and K2 as

6)

*
) This point has been made by us previously in unpublished manuscripts .



IKS>=“<‘> + € ,KL> 2 (4.2)
' KLp = ) Kap + € ,K’> (4.1)

and

-3 AT/4
€ ~ 2 10 € (4.¢)

where terms of relative higher order in & nhave been dropped (as also done
hereafter, throughout). The decay amplitudes Tan are normglized so that
the squares of their magnitudes give the relevant partial decay rates; here,
a 7represents the KX meson state (KT’ K2, KS or KL)’ and n stands for
the decay channel. The two /u."'/f (YY) decay channels are denoted as
/Lgt ( )’), where the subscript is the CP value. We assume that there are
no anomalously large effective couplings *) of the states 3T, TTTT,' or

other unknown intermediate states to /Altfi , so that the unitarity relations
5)

S T-';.,u- - Tiﬁ( \f— (5.8)
Re, Tw_ = -’IY_ \/_(?- (5.b)
Pg, EP+ ‘L _‘;Y+ \f—(?:_ (5.¢)

*
Jvn T/u‘+ = 'Rq_ %(Tim Tm#+ (5.4)

where the sum may include the TT T state (including associated photons) as well

]/)/ 5 here,

may be written as

*> The normal (two—photon exchange) contribution from 3T  states has
recently been shown 8) 4o ve very small. If the X;= 7r1r¥heca§ rate
equals its present upper limit, there may be small corrections needed
to Egs. (5.&) and (5.0). The possibility of other unknown intermediate
states has been considered 10) as a possible solution of the KL_éfiif[.

puzzle without CP non-invariance.




-S
P =~ 1.2 *lo (6.a)

CP+ ~ 08 ¢ (6.0)

are the *“f - +f*" amplitudes for the values of CP indicated by the sub-

and

scripts. Im & 1in Eq. (400) depends on the Wu=Yang phase convention;
Eq. (5.0) depends, in addition, on the apparent experimental equality 77+F =
700 in KL-—>2 T decays.

Class A Models

The essential feature of these models is c¢ne new effective term 1!

*)

in the Hamiltonian

W= Gsme AL TN % o

where A;\ is the strangeness changing comporent of the axial current, that is
odd with respect to C. The CP wviolating term (7) contributes to the disper-

sive amplitude LnT1“ y but since this provides a direct transition from K1

to /J_*'/J:_, one hasg ReTy‘_=O, and
-,—L,u-_ = L I’rv\_ /‘. + Rﬂ. _E/A_ "‘ 1e I‘YY\. -n/l.l,-(&a)

TS,U—_: { I -T:l-/u. y (8.v)

has been dropped in comparison with the much larger

and

where the term & T2
K1-e/1L amplitude in Eq. (80b>.

Cx%)
For the class A, the K- YY amplitudes are CP invariant y SO

that

*)

There exist many models which contain a term like (7). A general dis-—
cussion of such models is given in Ref. 11). The application to the
present problem has been discussed in Ref. 12) where it is shown that
G' must be about 0,01 times the usual weak coupling G. The numerical
value of G' given in Ref. 12) should Le increased by a factor @.
Such a t:im occurs naturally in the effective Hamiltonian in the Okubo

theory cf CP wviolation.

** i + -
) Another definition of the class A models could be that only K—*fx fL

decay amplitudes are allowed to be CP non-invariant.



-rL:{+ = € _ri]£+ 5 -TESVQ. = -Ii]ﬁ+ 7 (9.2a)

Tey. = eToy.y Ty = lav - (9-3)

(9.¢)

T = T =0
Using the experimental information

[(K—=> YY) < 16 % 6% T , .
(K> YY)= 5+ 1o * I (10.1)
where | is the total K decay rate, ome finds
F(K~>YY) 2 l‘r,_,(__)2 > 099 (k> vY)
s that, to a very good approximation,

,TD.Y_' - \[F(KL"YY) . (11)

From the imaginary part of Eq. (8na), and the unitarity relation (5.a), one

(Re [ Tk=p* ) 2 (@@ (kD= (k) 0

which gives the bound [__f_}q. (3)]

(K=, T 2 10+ 0’

where we have used Egs. (400), (6.a), (10.b) and (11), and the experimental

_ ~9
’_(KL'»/W*-/")/FLS 18 * lo ‘ (13)

The model requires a non-vanishing value of ReT2 for the limit (13)

limit

to be satisfied. The required value of r (=Re T, /In T, ) is about =0.45
for the minimum value (3) of r. (KS—UfL+/AT)' Such a magnitude is not



- 5 -
unreaso?able for the dispersive contribution from the intermediate YY

*
state .

Other new terms beside that in Eq. (7) may be present in the Hamiltonian
with couplings of the order of G! without changing the bound (3)0 In fact,
this bound is independent of any assumption about the decay amplitudes to the
CP even state /(,(_+. This bound could be lowered by a factor of two if the
absorptive amplitude ReT were not restricted to be zero; however, there

1M -
seem to be no reasonable models for achieving this.

Class B _ Models

In contrast to the class A models where the CP=-1 states were
involved, the class B ones involve the CP=+1 states, /LL_'_ and Y+.
The essential new terms in the Hamiltonian are : 1) a CP invariant neutral
current interaction allowing, in lowest order, the needed large K1 —>/M+/LL_
amplitude, and 2) a CP violating interaction allowing the decay KZ-—> Y_}_;

15)

this may be either an electromagnetic
16) *%)

or a weak-—-electromagnetic inter-

action

The neutral current yields the dispersive amplitude Re T1 4 but the
HH*

absorptive part ) Im T1 =0, except possibly for a small contribution

+
from the YY state discussed below. Of course, the absorptive part Re '1‘2
+

is associated with the YY intermediate state and is non-zero, Eq. (5.¢). On

the basis of known interactions, one expects some non-zero CP conserving
amplitudes TZ/U. and T2Y 3 however, it can be shown 1>’5) that in order

to get the lowest bound on r(KS—>/U.+/u—), one can neglect all amplitudes

*)

The apparent disagreement between the required sign of r and that in

3)

of the uncertainty in the form factor for the K

need not be considered serious because
07 YY vertex. On the
other hand, there exist class A models [:for example, that of Okubo 13)]

an explicit model calculation

which allow the CP violating decay amplitude K2 -2 in an I=0 state.
For such models, the gquantity ReT would have, in addition to the con-

tribution from the YY state,'a term = 0(°(ImT ) where the factor

o :[(T"""""-, I‘=o| H,' Kz>/<'“'+7r-9 I.':o—) Hl Kl?]

14)

takes into account the transformation to the Wu-Yang phase convention.

*%
) The model discussed by Barshay 17) is, effectively, a class B model.

*XK
) For the possibility ImT1/LF;éO, see the class C models below.
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to CP odd final states. In that case, if the branching ratio for KS—aYY

decay is sufficiently small (<1O~4) so that the contribution of the amplitude

T1Y to TL can be ignored, the analysis is similar to that for class A
+ +

models. The relation
Re T,_h_/u*_ = (Re €>~ Rﬂ_l}‘f”’* + Re T:Lr,«.*_ (14)
and Eq. (500) leads to the bound (12) with (_P__ replaced by (-F+, yielding

r(K$—>/J~+/*—)/r; > é*(0-7 . (15)

This result is the Christ-=Lee lower bound with our input data.

The bound (15) holds also if the KS—> YY branching ratio is not

negligibly small., Since the YY intermediate state determines the absorptive

2

amplitudes ReT and ImT1/u , this bound does not 1)’5) depend on the
+
KS—> YY decay rate.

Clags C  Models

To obtain a still lower bound, we continue to consider the CP=+1 final

states, but now allow the amplitude T’l to have a large absorptive part.

+
Since the main product of K decay is the T T state, the reasonable way to

achieve this is to replace a;sumption 1) of the class B models by the intro-
duction of a direct CP conserving T —>/u+/4[ interaction with a coupling
of the order of electromagnetism — much stronger than that provided by a reason-
able calculation of the ZY exchange contribution. The sequence K1 -

T, and Im T1 +

has given an explicit discussion of such an interaction.

—>7r+ 7|-"->,u+/[, then, provides the amplitudes Re T

8)

Barshay

If the KS—> YY branching ratio is very small (<10_4) and we assume

\7_'__: 00 for KL—>1T1\' decay Eas done in Eq. (SQCH, the introduction of a
non-vanishing ImT

1/u.+

el Tk i) 2 6 (kY= [T(KEAR) 0o

which lowers the previous limit by a factor of two :

gives

=~/
r(Ks_’/‘"-’./:)/rs > 3 x lo . (17)
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It seems strange that the result (16) involves Iéﬁl, a quantity having a
value depending on the K/E relative phase, rather than Re€, as in (12%
However, in the present case, because of the essential role of the TI'TT inter-
mediate state, lel is correctly evaluated as |7+_l = Iy)ool' The bound

(17) can be lowered to some extent if one allows *) a small non-zero (’7 - oo)'

If the KS—-> YY branching ratio is higher, the bound (17) gets lowered.

If the present limit (10°a) is saturated, one gets, assuming hnT1Y =0,
+
+ - =7
T(Ke=p)/Te 2 a%xl6’ . (o)

. 5) o :
Gaillard Tinds a slightly lower value (2) by allowing a large absorptive

part in T1'Y+_ which seems difficult to obtain dynamically. The points is
that this absorptive part should arisc predominantly from the T intermediate
state, and any reasonable estimate 4) of this gives a contribution to the rate

mueh smaller than the limit (10.a).

In conclusion, the Table shows a summary of our results. In using our

1),5)

numerical results, or similar ones of others s 1t should be remembered
that there may be some **) correction due to the 'TFTTY intermediate state,
and that no attempt has been made to include the experimental errors of the
input data. We consider model A as the only "economical™ realization of the
Christ-Lee mechanism. It should be noted that model C (needed to go from
the Christ-Lee number to that of Gaillard) requires an anomalous muon-hadron
interaction. As emphasized by Barshay 18), such anomalous interactions can be

constructed so as to solve the KL—*/L+/AT puzzle without CP violation.

*)

Present data 19) allow such a small number : / = 1.00%0.06
0o |+- ’
o .
goo ] ﬁ+_fk20 . There is, of course, no reason to rule out 77-+_£ ’700

in these models since there is an electromagnetic origin of CP violation.

9) . 20)

*%
) The estimate of a 11% correction ?’ is somewhat too high .
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