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Hence according to Eq. (23) the second-order energy shift is given by

z, =- f"'I.2/p(x)] dx. (46)

On comparing this with the second-order energy shift as calculated in the Bayleigh-Schrodinger theory
we obtain the following sum rule:

(47)

V, = (x —x,)'(x —x,)'. (48)

The height of the barrier between the two valleys
is equal to I(x, -x,)/2]'. The higher this barrier
is, the smaller the wave function in between x,
andx2 is. In the limit that this barrier becomes
infinite, the system will decouple into two sepa-
rate oscillators centered around x, andx„with
identical energy levels. A finite but high barrier
means that almost degenerate energy levels with
the same or opposite parity exist. The perturba-
tion as given by Eq. (44) breaks the symmetry.
This parity-nonconserving perturbation connects
these almost degenerate states, thereby leading
to a large energy shift.

We see that in Eq. (46), the magnitude of the
second-order shift is large if the probability den-
sity in between xy and x2 is small. We give a
physical interpretation to this result in the follow-
ing particular example. Consider a Hamiltonian
whose unperturbed potential is given by

The authors thank Professor T. Banks, Profes-
sor A. Casher, and Professor S. Nussinov for
discussions.

'See, for example, G. Baym, Lactures on Quantum
Mechanics (Benjamin, New York, 1969).

2The fact the second-order energy shift can be ob-
tained without the use of Green's functions or sums
over intermediate states have been emphasized previ-
ously by Sternheimer, Dalgarno and Lewis, and Dal-
garno and Stewart [R. Sternheimer, Phys. Rev. 84, 244
(1951); A. Dalgarno and J. T. Lewis, Proc. Roy. Soc.
London 233, 70 (1955); A. Dalgarno and A. L. Stewart,
Proc. Roy. Soc. London 238, 269 (1969)f. However,
none of these authors expressed their solutions in quad-
rature forms as we have done here. Instead, their
methods involve the solutions of inhomogenous differen-
tial equations. Our present work also goes beyond the
works of these authors in our discussion on the higher-
order corrections.
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From calculations of the E&-E& mass difference and CE nonconservation based on an
effective quark Lagrangian, we limit the ranges of the charged-weak-current mixing an-
gles 0& and 0&, and phase parameter 6. The relative strength of b u and b e couplings
is determined versus 8&.

In the sequential six-quark SU(2)~SU(1) model,
the left-handed (t, 6')~ is added to the doublets
(u, d')I, , (c,s')~ of the standard model. " The 8
&3 unitary matrix U which relates the gauge-
group eigenstates (d', s', b')I, to the mass eigen-
states (d, s, b) contains three rotation angles 8;
and a CI'-nonconserving phase 6. In the form in-
troduced by Kobayashi-Maskawa, ' the matrix U

can be written

c,
U = -s,c2

S~S

S &C3
iV

C,C2C, +S2S3e
ib

C~S2C~ —C2S 38

SgS 3

C g C2S 3
—S2C3e

R
C~S2S 3+ C2C3e

where c; = cos(9, and s; = sir8;. By suitable choices
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of the signs of the quark fields, we can restrict
the angles to the ranges~ 0 &8; & m/2 and —m

& 5

The charged weak current is

(d)
J q

=2(u c t )~yqU s (2)

Since the 8; and & parameters govern the life-
times, decay branching ratios, mixing, and CP
nonconservation of heavy quark systems, ' ' phe-
nomenological determinations of their values
from existing data are of considerable interest.
Analyses based on d-u, s —N, and p, - v data give'
ls, l=0.23 and set the limit ls, l &0.5. From an
approximate calculation of the K~-K& mass differ-
ence, it was estimated' that Isal &0.3 for m, & 10
GeV.

In this Letter we do a careful quantitative theo-

retical analysis of the K~-K& system, without
making the usual m, /m~ «1 approximations to
the single-loop quark transition amplitudes. We
allow for the possibility of a bag-model correc-
tion factor'B=G. 4 to the vacuum insertion ap-
proximation in the K,K' matrix element of the
effective four-quark Lagrangian. We assume
that the observed CP nonconservation arises
solely from the phase angle 6. Requiring that
the calculation of the K -K transition repro-
duces the observed mass difference and CP non-
conservation, we obtain constraints on allowed
values of the mixing and phase parameters.

The Ks-Kz mass difference 5m=m(Ks) -m(Kz, )
is computed from the Ko-Ko transition amplitude:

5m = 2 Re(K,~[- Z,~f(sd-s d)]
~ K,),

where S,ff is the effective four-quark amplitude
at the single-loop level. The transition ampli-
tude is"

—Bf» m (G~/~2) (n/4m)
eff 3xx+ & ~j=QyC~t

A)X;A;;, (4)

where );=U;, U;&* and A;, represents the single-loop integral with intermediate quarks q; and q,-. In
Eq. (4) f» =1.23m, is the kaon decay constant, and x~ is the Weinberg-angle factor xi= sin'8~=0. 2. B
=1 represents the vacuum insertion approximation, and 8=0.4 is the estimate of the bag-model correc-
tion. We consider both values in our analysis. In the limit where external momenta are small, com-
pared to M~ and to masses of the heavy quarks that appear in the internal lines, the amplitude A;,. is
given by"

1 1 x lnx; x,'lnx,
(l-x, )(1-x,.) x, —x,. i (1-x;) (1-x,)'

where x; =m /m~2 and m~ =[w n/(&2 G~ x~)]U'
= 84 GeV. In an expansion in powers of x; and x, ,
the terms independent of x; and x,. cancel in Eq.
(4) because of the unitarity relation Q;X; =0. The
leading terms in the summation are

Previous analyses" were based on this approxi-
mation which may be inaccurate for heavy quarks.
In our calculations we use the exact expression
of Eq. (5).

In the decay eigenstates IKs ~) = (IK») + plK, ,))/
[(1+ Ipl )]v', the CP parameter is"

i Imm„+ —lmF„p=
ip~I' —~ni

where 61 =T ~ -I ~. Studies of K-2m decays give
information on p in conjunction with the mm ampli-

tudes

A, -=exp(-i5, )(~~,I ) r~K'),

where &~ is the ~~ phase shift for isospin I. With
the Kobayashi-Maskawa convention, ' IrrQ, =0; it
is convenient to work with this natural convention
of the model rather than transforming to the Wu-
Yang convention, for which hnAO 0o The CP-
nonconserving observables in K-2m decays are
then'2

q, = p+ i(ImA, /ReA, )(1+~/W2) ',

goo= p+ i(ln&, /ReA, )(1 -W2~) ',
where

~ = (ReA, /ReA, ) exp[i (5, —6,)].
The experimental phase" and magnitude" of ~
are ~, —&0= —53.2'+ 5.2' and l ~t =0.0448+ 0.0002.

In the approximation that the I=0, 2m intermedi-
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ate state dominates, ImI"» is given by"

rmr„=(i~ /Rm )I" .
ments, "Ezl. (13) becomes

Imm» = —3.25 x10 &m (14)

In the Kobayashi-Maskawa model ImA, arises
only from diagrams with heavy-quark intermedi-
ate states and so is expected to be suppressed by
the Zweig-Iizuka rule." The exact amount of
suppression is difficult to estimate because of the
uncertain role of gluon-exchange penguin dia-
grams. '" The penguin diagrams give Imr'» & 0.
I"rom the experimental bound" I zl+ —q «I/12zl+

I( 1/50; the upper bound on penguin-diagram
contributions is'

I
rml" »/Imzzz»l &0.4.

Taking the real part of Ezl. (6), we find

2~m ~m
Imm»=Rep + 6zzz+Iml'», (13)

where 6m=-0. 477I"z = -0.352~10 "GeV and 5I'
= I'&. %e neglect the ImI'» contribution to Eq.
(13). Inserting the experimental value Rep= (1.62
+ 0.088) &&10 ' from Ki-zzev asymmetry measure-

The CP-nonconserving mass term is related to
the K'-K' transition amplitude by

imm„= im(R'l(- Z,«) lz'&. (15)

Consistency of Ezls. (3), (4), and (15) with the
experimental determinations of 6m and Imszy2,
places two restrictions on the parameters of Eq.
(1). Since s, is already known, we can solve for
the allowed values of s, and & as a function of s3,
given the constituent quark masses"'" which en-
ter the amplitude A;~ of Ezl. (5). We take m„=0.3
GeV, ypg, =1.5 GeV, and consider three choices
for the mass of the t quark: m, =14, 30, and 60
GeV.

Figure 1 shows the solutions for s, and s ~
=- sin6 vs s,. For CP nonconservation in the six-
quark model s„s„and s q must all be nonvanish-
ing. The minimum value of s, consistent with the
observed Imm» occurs for very small s, (of or-
der 10 ') and 6 =90'. The allowed range of s„
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FIG. 1. Solutions for s2 and s~ vs s3, for t-quark masses of 14 GeV (solid curves), SO GeV (dashed curves), and
60 GeV {dotted curves). B = 1 corresponds to the vacuum insertion approximation and B = 0.4 to the bag model. The
phase 6 lies in the first quadrant for solution I and in the second quadrant for solution II.

1587



VOLUME 42, NUMBER 24 PHYSICAL REVIEW LETTERS 11 JUNE 1979

3.

.OI

t

similar analysis was made by Shrock, Treiman,
and Wang. "
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FIG. 2. Ratio of b- u and b- c couplings vs s&. La-
beling of curves corresponds to that of Fig. l.

for e, -30 GeV, is

0.11&s2&0.66 for B =0.4,

0.04& s2 (0.57 for B =1.

Here the s, upper bounds correspond to the s,
~ 0.50 universality bound. The s, upper bound
for B =1 is considerably larger than that given
by the approximate calculation of Ref. 6.

The Ib-uI/Ib-cl coupling ratio is plotted ver-
sus s, in Fig. 2. We see that the possibility that
the b quark decays only via the mode b-u is ruled
out. The bounds on this ratio for m, &30 GeV are

l(b-u)/(b- c)I- o.9 tor a = 0 4,

l(b-u)/(b-c)l-1. 8 for B = l.
Thus b-c-s, d cascade modes occur at a substan-
tial level.

The limits on the angles 02 and L9„and on ~, can
be used to bound the lifetime of the b quark. "
However, such lifetime limits will be dependent
on assumptions about nonleptonic enhancement.

We thank C. Goebel, E. Ma, and L. Wolfenstein
for discussions. We thank F. Gilman for com-
munications regarding the calculation of ImF».
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