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Current-algebra analysis of CP violations in K — 37 decay
‘ in the six-quark Weinberg-Salam model
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The standard current-algebra technique is used to relate the parameter %, _o={m* 7 n°H, |Ks>/
{m*w~7°|H,|K,> in K—3m decay to the CP-violating parameters of K — 27 decays in the
context of the six-quark Weinberg-Salam theory (Kobayashi-Maskawa model).

The gauge theory of weak and electromagnetic
interactions has not only aesthetic appeal but also
quite substantial experimental support. Even
though the experimental data has not ruled out all
the other models, it is rather impressive that
the simplest Weinberg-Salam model! with three
doublets of quarks and leptons is able to describe
most, if not all, of the weak-interaction data
accumulated over the last few years. As pointed
out by Kobayashi and Maskawa,? one of the nice
features of the Weinberg-Salam model with three
left-handed doublets of quarks is the presence of
the CP violation in the gauge coupling to the
quarks. So far, most of the predictions on CP-
violating processes from this model are hampered
by strong-interaction dynamics.® Recently, there
has been some experimental interest in measuring
CP violations in K - 37 decays.* In this paper,
the standard current-algebra technique is used
to relate the CP violations in K- 37 decays to the
better known CP-violating K - 27 decays in the
context of the Weinberg-Salam model. From the
successes of the current-algebra analysis of the
usual CP-conserving K — 37 decays,® one can ex-
pect that the result from this type of analysis for
the CP-violating part of the K-~ 37 decays will
not depend very much on the details of strong-
interaction dynamics.

In the K- 37 amplitudes, with the kinematics
given by

K‘([))-’ ”;l,(kj_) + ng(kz) + ﬂ;(ks) ’

we can define the Lorentz-invariant energy vari-
ables s; as

si=(p =k, (1)
with s, +s, +5; =35,=3(m,* +3m,*). The indices i

label the isospin of the kaon, and «, b, ¢ label the
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isospin of the pions. In the usual approximation
that the dependence of the Dalitz plot on the ener-
gies s; is at most linear, the CP-conserving part
of the K- 37 amplitudes can be parametrized as®

(rrtaT|H, K"

i 2oy - a)+ (5, - +«'3‘y3>(§&s-ﬂ)] . (@a)

m,®
(m°r°n| H},| K )

S, -

_i [(—al +ia,)+ (B, - 3B, - ﬁys)(—ﬂﬁfﬁ)] , (@)

. (W*ﬂ'ﬂ°|H*w|K1>=ﬂZ‘(sl—Sz), (2c)

V3m,?

<1T+1r-1T°l H;,IK2> = [(011 +ay) - (B, +Bs)<§37;—2sn>] ’
: (2d)
(1101 H | K, ) = =3i(, + o), (2e)

where ay, 8, (a4, 3;) come from the transition
into the I =1 state of three pions caused by the
Al=% (AI=3) part of the CP-conserving weak
Hamiltonian H,,;, and y, comesfrom the I =2 state of
three pions. The CP eigenstates of the neutral
kaons are defined by

1K) = 75 1K) + 1RO, |&%) = (ko) - B9,

@)
with
K% =CP|K,
Note that the CP-even state K, can decay into the
7*n”7° state through the AI =2 part of the Hamil-

tonian without CP violation. Similarly, the CP-
violating part of the K~ 37 amplitudes can be

178 ’ © 1980 The American Physical Society



21 CURRENT-ALGEBRA ANALYSIS

parametrized as

(rtaT | Hp| K*)

=2 [(z &l = af) + (8] - 4B +V3 y;)(—s-ﬁml;ﬂ)}, (42)

(n°n°n" | H, | K*)

=it g+ a1 - - B (25,

(4b)
(rr | Hy| K,) =i2[(a{ +oy) - (B{+Bé)<5“,,;—zs°)} )

(4c)
(n"n1" % Hy | K, >‘=i2 (é—%g)(sl -5,), (4d)
(a°1°1°| H;| K, ) =3(a! + a)), (4e)

where H, is the CP-violating part of the weak
Hamiltonian H,, and af, 8{,v{ are defined in a
similar way as a;, B8;,7;. The parameters o;, @f,
etc. are real if final-state interactions are ne-
glected but in general have complex phases com-~
pletely determined by CPT and unitarity from the
final-state strong-~interaction S matrix. The
final 37 states can be classified by the isospin
and the permutation symmetry of three pions. To
a good approximation’ the phase is determined
by the isospin and the permutation symmetry of
the 37 states; thus there is one phase for all the
a’s, the amplitudes of the completely symmetrical
I=1 37 state, one for all the g’s, the amplitudes
of the I =1 37 state with mixed symmetry, and one
for all the v’s, the amplitudes of the /=2 state.
The experimental quantity of interest is

<ﬂ+ﬂ-ﬁolH IKS
17»,-0(51, szysg)=<"+ﬂ,-7ro H: KL>’ (5)

where
|Ks)=(1K,)+pl K, ))/NT+TpIZ, (6a)
Ky =(1K,)+pl K )NT+]pz. (6b)

Because of the CP-conserving amplitude (2¢), the
quantity 7,., is not in general a CP-violating
quantity. We therefore limit ourselves to the case
s, =S, to eliminate the amplitude (2¢) so that

7., depends only on s,. From Eqgs. (3)-(6), we
then find

(o) = (BL+BY)Y
M=ol ) =P+ Y = B+ By’ )

y= (33—30)/771,2 .

The isospin decomposition of the K- 27 ampli-
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tudes are -
(| H3 Ky = 232, (8a)
T H U Ky) = =G4, + s, (8)
@O\ B Ko) = V4, + 351y, (8c)
for the CP-conserving part and
v o gl om0 (3
(rlHol KT =515 ) &, (9a)
R [ (1\~ 1
1 le|K0> :7’[_<"6-> g1+‘/'T§'g3]; (9b)
. /1 1/2
(”*W-'Hw|K0>=l[<'6-> &1t %gs] s (9¢)

for the CP-violating part. The parameters f, g,
denote the AI =3 transitions, and f;, g, denote the
AI =% transitions, They are related to the stan-
dard notation for the K — 27 amplitudes® by

= i - 16,
fi==2Reaye’’o, f,=2Rea,e'?,

(10)
g, ==2Imaye*®, g,=2Ima,e’z,
where
I =n|H, K% =a,e'’n, (11)
The experimentally measured quantities are
N-=€+€'/1+w/V2), (12a)
N =€ —2€"/(1 = V2 w), (12b)
where®
e=p+ig /1, (13a)
V2 € ==i(f3/fNgs/fs =81 /11, (13b)
w=~f3/f,. (13c)

The weak Hamiltonian responsible for K~ 37
decays in the six-quark Kobayashi~Maskawa
model can be written H, =H, +H,, with

H, = %AE}/"(I —~ )|t - ¢T)+ K(cT =T )]

X7l =79, ' (14a)
HD = %’-mx'ay*u ey T =t (L =v)s,  (14b)

where'® A, K, and K’ involve the three mixing
angles and the CP-violating phase 6. With the
phase convention chosen by Kobayashi and
Maskawa,? the CP-violating piece H, satisfies
the AI=73 rule so that

05 =B;=73=85=0, (15)

and only the CP~conserving piece H, violates the
AI=1% rule.
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Since both H}, and A, consist purely of left- " then be written using the usual current-algebra
handed currents, we have for both the usual technique as
relation
(@ Hpc |==[Q", Hpy |, . (16) lim <”f”g7’;alclKi)=‘f_<”r”sl[Qngpc [P0}
R3—>0 T

3

where Hpy is the parity-violating piece and Hp¢ .
the parity-conserving piece of the Hamiltonian and =L

F(mm Q7 Hy ]l K. (17)

Q1= [ eran),
When the isospin operator @” acts on the states
Q’:fd%V’(x) | K;) and | 27), the K~ 37 amplitudes are related
ol to the K - 27 amplitudes in the soft-pion limits.
The soft-pion limits of the K- 37 amplitude can For example,
|

+ - —i -
(mym; ‘n’gIHPCIK”)-——»}T[<TIO1T°|HPV‘K°)+<7T 7| Hpy | K0,

20
i 0,0 0 Ep 0 1. 0 +
——— H -
kz_)ofﬂ[@ﬂl pv | KO)+(n" 17| Hpy | K°) ﬁ(ﬂanple 1, (18)
z . -
_.__,f—%(n 7| Hpy | K°) .
k3—>0 T .
I
The linear dependence on the énergies of the Using this result together with Eq. (13a) we obtain
K - 37 amplitudes given in Egs. (2) and (4) can then g @
be used to extrapolate from the unphysical soft- Ny ap(0) = € =1 E_f;' (22)
pion limits to the physical region. In terms of 1T
the parameters previously defined, we then The result that this difference is purely imaginary
obtain has been noted before.® Using Eqs. (12) and (13)
, 11 to eliminate g, /f, and remembering g, =0, we
L4 (192) find
fi & fr 63 7 aa
1 o,/
23.=gé._—___1_ 1 19% 71*-0—77+-=—(77+-—7700)(‘+'§‘—3—"" ’ (23)
Jfs & f: 36’ ( ) 3 fs/fl)
g1 1 .2 where we have neglected terms of the order
gl =7 T‘Zﬁ(m . -:m 2) , (19¢) o,/ a, and f,/f, compared to unity. Since a,/a@,
1 & T K i and f,/f, are known approximately from experi-
B B __ 15 m2 > (194) ment, Eq. (23) may be used directly to estimate
fi g Jf.4VB\myE-mz?2)’ Ny-g—=".-. By combining Egs. (19a) and (19b) we
, 2 can obtain a second soft-pion result
Ys _Ys _ l(g L)(___m,_) (19¢)
fs & [:\8 V2 mg® ~m )’ aa/al :ﬁfa/ﬂ . (24)
We first apply these results to the center of Substituting Eq. (24) into Eq. (23), we obtain
the Dalitz plot where ¥y =0. From Eqs. (7) and .
(15) P Y 4 ( ) 77+-o—71*-=7700—7’l.-, (25)
b
. : Or 7,-,=T4- Equation (24), unlike Eq. (21), is
- ’ 2 o~ "loo ’ ’
Me-o(0) =p +ia(/(o + ). (20) inconsistent with the unitarity constraints since
We now use one of the soft-pion results, the the left-hand side is real whereas the right-hand
first part of Eq. (19a), side has the phase factor exp[i(6, — 6,)]. Thus,

Eq. (25) also is incorrect as to phase. If we use

’ =
o//a=g./f;. 1) only the magnitude relation in Eq. (24), we obtain

In general, soft-pion results have problems with

-2 -
phases; thus we do not expect from unitarity oo = €l =&l 1o =g - ' (26)
that o, has the same phase as f, as implied by Final-state interaction effects would also be ex-
Eq. (19a). However, Eq. (21) does not have this pected to affect the magnitude relation of Eq. (24);

problem since both sides are real by unitarity. both theory'! and experiment indicate it should be
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good within a factor of 2 so that we expect Eq.
(26) to be valid within this factor.

In the same way, we can estimate 7, ., at other
values of y. Using Egs. (19) in the form g!/8,
= o/, we find in place of Eq. (23)

2 o/
EAA

w/_ 2 B,/
3 £ /% y)

(27)
where we have also neglected B,/a, and B;/a,
compared to unity. Again this result is in terms
of CP-conserving observables. From Egs. (19¢)
and (19d)

1
Neao= M= =—(’fh- -n00)<

B/ _1s
v f (28)

so that Eq. (27) becomes

- E_sa_:f.n_), 29)

T1+-o—17+-=—(77+--7’loo)<1 9 sz_mﬂz

Equation (29), like Eq. (25), is inconsistent with
the unitarity constraints. It should, however,
give the approximate magnitude of the variation
of n,., over the Dalitz plot.

Recently, it has been suggested'? that the pen-
guin diagrams coming from gluon exchange might
help to explain the AI =3 rule in the nonleptonic
decay. If an effective Hamiltonian is defined as
involving purely left-handed pieces plus the
penguin operator

H'=C[Sy,(1 =y \*d)(T@y*\u +dy*2\*d ++++)+H.c.,

where C is some constant and A® is the color
SU(3) matrix, our results still hold. This is
because H’ also satisfies the commutation
relation of Eq. (16) because the factor
(#y*A%u +dy*\%d) is an isospin singlet.

Our major result is given as either Eq. (23) or

(26). This shows that 7,.,~"7,- (Or Ny~ €),
which vanishes in the superweak model, is ex-
pected to be approximately equal in magnitude to
(Ms- =Mg,) in the Kobayashi-Maskawa (KM) model.
Experimentally we know that |7,. —nm,l is less
than 0.06 times ln,,-l, and theoretically we expect
a small nonzero value of the order of 0.01 to

0.05, the exact value depending on the KM param-
eters and the treatment of penguin terms.* Thus,
an experimental determination of n,.,~17,- to

the same accuracy as 7,. —1,, would be of interest.
Proposed experiments'4 aim at measuring 74,/m,.
to 1%, but the most optimistic proposal* to mea-
sure 7,., aims at a 25% accuracy. From the point
of view of the KM model, this 7n,., proposal is
therefore not competitive.

The reason for the small value of n,. =7, is
well known: As long as the AI =3 rule holds at
least as well for CP-odd amplitudes as it does for
CP-even, €’ is bound to be small. From a general
phenomenological point of view, this approximate
Al =% rule does not require that |n,.,~ €| be
small compared to €. However, for the relatively
simple KM Hamiltonian, this follows from the
soft-pion arguments; for more complicated
Hamiltonians, this need not be true. In particular,
for the SU(2), X SU(2); model of CP violation,'®
7, - = Tlgo Vanishes but | n,.,— €| may be of the order
of magnitude of € itself.
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