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The Glashow model, which violates CP invariance by inserting two phase factors between the vector and
axial-vector currents in the usual weak Hamiltonian, is applied to the decays K — 3, using standard tech-
niques of current algebra and partially conserved axial-vector current. Experiments on K — 27 can de-
termine one combination, S, of these phase factors, while possible CP violation in K — 37 can determine
the other combination, D. As a result of calculated enhancement factors, it is shown that present experi-
mental (~10%, or more) crude limits on CP violation in K — 3r already limit D to less than 0.01, and that
in possible future experiments on K — 3 one can hope to see a positive CP-violating effect if the Glashow

model is a correct description of CP violation.

I. INTRODUCTION

INCE the experimental discovery of Kp9%— 2!
indicating the breakdown of CP invariance, various
theories have been advanced in order to account for this
process.? One of the simplest and most interesting is
that of Glashow,® who retains the standard current-
current form of the weak Hamiltonian

eu(x) = (Gv/2V2){§(x), (%)}

and merely inserts arbitrary phases on the axial-vector
currents of the Cabibbo model*

G (x)=V2cosO[ V" (x)+ A~ (x)et?]
+V2sinf[ V g (x)+ 4 kg~ (2)e™¥ ]+ 7 1eptonic() -

This is the most general way to add phases, since the
over-all phase, as well as the relative phase between
AS=0 and AS>£0 parts, is unobservable.

In a recent paper,’ hereafter referred to as A, this
Glashow model was applied to the decay K — 2, using
the techniques of current algebra and partially con-
served axial-vector current (PCAC), and it was found
to be consistent with present experimental results. In
Sec. IT we review these findings from the point of view
of a “natural” phase convention associated with the

* NSF Predoctoral Fellow.
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5 B. R. Holstein, Phys. Rev. 171, 1668 (1968). We note here that
there are differences in phase convention and normalization be-
tween A and the present paper. In particular, in the present paper
our octet states are identical with the states |I13Y) in deSwart’s
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Also, in the present paper, we are using properly normalized
spherical tensor operators; e.g., in the quark model

Vst (@) =F¢ @) V35 Maido) v (2)

whereas in A, those current densities associated with the weak
Hamiltonian are larger by a factor V2.

freedom to combine with the CP operation a strange-
ness gauge transformation.® If we define S=3(¢+v)
and D=%(¢—y), then in this “natural” phase conven-
tion the parity-violating (conserving) part of the
strangeness-changing weak Hamiltonian depends only
upon S(D). We show that .S may be determined directly
from the value of the Wu-Yang parameter ¢,° but that
in order to determine the value of D, we must search fora
manifestation of CP violation in a parity-conserving
process such as K — 3.

In Sec. III, we discuss the CP-conserving decay
K — 3m, employing the soft-pion techniques developed
originally by Nambu and Hara” and recently extended
to include AT=$ contributions by Bouchiat and Meyer.?
In Sec. IV we use these techniques to treat the CP-
nonconserving part of the decay K — 3 in Glashow’s
model.

Finally, Sec. V presents a discussion of possible ex-
perimental checks for CP violation and uses present
results to give an upper limit on the phase angle ¢—y.

II. “NATURAL” PHASE CONVENTION
OF GLASHOW’S MODEL

In A, the Glashow Hamiltonian was discussed from
the point of view of the “standard” phase convention.
Defining?®

M ={A.» A"} F{V"V&’},
$L={A"Ax"}—{V*V&},
M ={4V&"}+{V+", 4k},
$Lo={A4.*Vk*}—{V+" A4k},

M

where M., (L.,,) are even (odd) under interchange
of V and 4, we found in A the result that the AS=—1
part of the Hamiltonian is of the form

6T, T. Wu and C. N. Yang, Phys. Rev. Letters 13, 380 (1964).
See a%so T. D. Lee and C. S. Wu, Ann. Rev. Nuc. Sci. 16, 471
(1966).

7Y. Nambu and Y. Hara, Phys. Rev. Letters 16, 875 (1966).

8 C. Bouchiat and Ph. Meyer, Phys. Letters 25B, 282 (1967).

9 In the following, the subscript ¢ refers to a parity-conserving,
v to a parity-violating quantity.
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3wt (AS=—1)= —(Gv/2V2) cosh sinf
X [(cosS cosD M ,—sinS sinD L,)
+(cos?D M ,—sin?D L,)],

3w (AS=—1)=+i(Gv/2V2) cosh sinf
X [(cosS sinD M ,+cosD sinS L,)
+cosD sinD(M +L,)],

where D=3}(¢—¢) and S=1(o+y), and we have
separated JC, into CP-conserving and CP-violating
parts:

2

3Cw="3C,T+3Cy—, with CP3C,*(CP)1=43C,*.

It has been noted that because of the conservation of
strangeness by the strong and electromagnetic inter-
actions, we are free to associate with the CP operation
an arbitrary strangeness gauge transformation. This
freedom has been used by Wu and Yang® to set

(2r; I=0]3¢,,| K%=Real ,

where (27; I=1'| represents a two-pion standing wave
state of total isospin I’.

A “natural” phase convention for the Glashow model
may be defined by applying the gauge transformation
3¢’ = e7*PS30et S to the original Hamiltonian,? where S
is the strangeness. If we divide the resultant Hamil-
tonian into CP even and odd parts, we find

3, T(AS=—1)= —(Gy/2V2) cosf sinf
X[cosS M ,+cosD M.],

3w (AS= —1)=~+14(Gy/2V2Z) cosf sind
X [sinS L,+sinD L.].

3)

Thus, in this “natural” phase convention the parity-
conserving (-violating) portion of the weak Hamiltonian
is dependent only upon the phase angle D(S), and the
CP-conserving and CP-violating parts are dynamically
dissimilar in that the CP-conserving (-violating) part of
the weak Hamiltonian is symmetric (antisymmetric)
under interchange of V and 4.

With this in mind we now consider the results of A.
There we defined

Qmr; I=0|3C,t | Kyy= 4o,
(2m; I=2]30," | Ky)=BAo,
Q2 I=0|3C,~ | K_)=1iad,,
Qm; I=2|3C,~| K_)=1iaX4,,

4)

where 4o, 8, @, X are real by CPT and K. are linear
combinations of K° and K° such that

CP|Ky)==£|Ky).

In Table I are listed the soft-pion values for these
parameters obtained by application of the methods of A
to both the “standard” and “natural’ phase conven-
tions. We note that 4, 8, a, X are not physical observa-
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TasLE 1. A comparison of the parameters Ay, B, &, x evaluated
by soft-pion techniques in both the “natural” and “standard”
phase conventions.

“Natural” phase conv. “Standard” phase conv.*

Gv  (Wor. Gy WO,
Ay +—cosfsing cosS  ~+—— cosf sinf —

2V2 4F,? 2 4F,
B 0 ~0

a —(19/3)t tanS
x —(%)8/19

~—tanD—(19/3)¢ tanS
42 t tanS

3 tanD+(19/3)¢ tanS

» In the “standard’’-phase-convention results, we have neglected certain
small terms of order tanS tanD.

bles (i.e., not directly measurable); their values may
therefore depend on the particular phase convention
being employed, as is clear from Table I. On the other
hand, physical observables such as

_(7"+7r~l'3cw|KL>
(ntn=|3Cu| K 5) ’

(70| 3C, | K 1)

N+ 700 (7r°1r°[5€w|Ks> ’

or the Wu-Yang parameters ¢,¢’ are directly measurable
and must have the same form in all phase conventions.
Thus, for example, since in the ‘“natural” phase con-
vention | €| = (v/3)aX (Ref. 10) depends only on S, this
must be true also in the “standard” phase convention.
This feature is evident from Table I, where in both cases
we find!!

|¢'| =4t tanS, (%)
where we have defined
ry= (0|2, | K9,

I'_=(0|L,| K%, t=T_/T,.

For the remainder of this text, we shall employ the
“natural”’ phase convention because of the simplicity
afforded by its elegant form.

Equation (5) indicates that S may be determined
directly from the experimental value of |€'|. Present
experimental results indicate on this basis that .S is less
than 103 and may possibly equal zero. In any case, this
gives us no direct method to evaluate D, although a
nonzero value of D affects the decay K — 2 via virtual
transitions that contribute to the mass matrix.

III. K— 3=: CP-CONSERVING CONTRIBUTION

Since our procedures are basically the same, it is
useful to recapitulate the work of Bouchiat and Meyer®

in the case of the CP-conserving weak Hamiltonian. We
begin by making a complete isospin analysis of the
K — 3 amplitude in the linear approximation, meaning

10 See Appendix I of A.

11 Similar independence of convention is found for e, but the
discussion is more involved, as it must include the mixing param-
eter m’=4(K_|M|K.), M being the conventional mass matrix.
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we retain terms only of zeroth and first order in the
energy.!?

Amp ™ (K+— rrox0)
—5V2[ (1~ (V/3)as)+(B1— (V/3)B3) E4 ]
— GV rs(Ey—

Amp™® (K+— rtrtr-)

=3V2[2a1—V2a3)+(B1— (v3)B) M k— E_)]
+EVErs(E-—iMk), (6)

%MK):

Amp®(K_— rtr—r?)

= 3V2[(r+V2as)+ (B1+V2B3) Eq ],
Amp® (K, — 77 %) = (V3)vs(E-—E,),
Amp® (K _— mO7070)

= —3V2[Bert3V2a3)+ (B1+V2B:) M k],

where a;, i, v; are arbitrary real constants, and i=1
(3) refers to the AI=% (%) part of 3¢, +.13 By means of
current algebra and PCAC, we may go to the unphysical
limit in which one pion has vanishing four-momentum.
In contrast to the case of K— 27 discussed in A, we
may still retain over-all energy-momentum conservation
with the remaining particles each on their mass shells.
In this way, we are able to relate an unphysical K — 37
amplitude to a physical K — 2w matrix element, which
we may obtain from experiment.

By means of the usual methods and the definition
¢a(x) = (1/iF rm,2)0*4 ,*(x)," we find

(moemyPm,[3CuH(0) | Ki™)

1
—*—*(rp ¢ | [Fa*(0),3¢,H(0) ]| Ki),  (7)

q->0
where

Fa5(t)=/d3x AL(x,0).

Now, as discussed in Appendix I, because of the sym-
metry of JC,* under the interchange of V and A, we
may replace F,5(0) by

F,(0)= / d*x VO(x,0),

which by the conserved vector current (CVC) hy-
pothesis is just the isotopic spin operator I,, if we
simultaneously replace {A41,42}4+{V1,Vs} by {Vi,42}
+{A41,V2} and vice versa.!® Now the commutation of
an isospin operator with an isotensor operator of rank I

12 We have no I =0 contribution, as such a state would have to
be completely antisymmetric in space and is thus outside the
linear approxlmatxon We have no I=3 contrlbutlon since
Glashow’s Hamiltonian has no AI=§ or Al =} part.

13 Tn general we should allow these parameters to be complex in
order to be consistent with the phases demanded by unitarity.
However, we shall perform the current algebraic manipulations
assuming them to be real and patch on the strong-interaction
phase shifts when they are needed at a later stage.

14 Tn the quark model we use 4:#(x) =¢(x)3Nv*y*(x) so that
our Goldberger-Treiman relation is Fr=—iMga/g-.

15 Note that such a replacement does not alter the isospin
properties.
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cannot change the value of the rank. Therefore,the
AI=3%(3) contribution to the K—3m amplitude is related
only to the AI=%(3) part of the K— 2r matrix
element. We can parametrize the K— 27 amplitude
as follows:

Amp(K*— 7tr%) = (v/1%)s,
Amp(Ky— 7tr7)= (V) fi++v/(2/15)fs, (8)
Amp(K— 71%) = — (V) f1+2v/(2/15)fs,

where the f; are contributions of the AI=%; part of

3C,* to this matrix element.!$
Now in evaluating a matrix element such as

(7"12,’7"80[ [£4,5€.(0) ] I K

it is useful, instead of carrying out the commutation, to
let 7, operate, respectively, to the left and right:

(rpbrs¢| [14,3C0(0)]]| K ™)
= ((mpPms¢| 1a)3C(0) | K i)
— (mpm?3Cu(0)(Za| Ki™)) .
In this way, we find (where 3C,* represents the AT=3%¢
part of 3Cy)
(rtm w501 (0) | K )

cosD
—>

>0 F. cosS

cosD
(ra—|3C,'(0) | K°)

[(W*r [304%(0) | KO)+ (x°n°| 3Cu#(0) | K°)]

—-—) —
~0s  2F, cosS

cosD
—-—) —
»>0  F. cosS

(o= |3e. | KO- (nn® | 3¢ K°)
—(WH |5, (0) | KH)]. (9)

In our isospin expansion, the unphysical limit is reached
by merely replacing each energy by its value in this
limit, taking account of energy-momentum conservation
in K — 2717 Thus we find

(rgtmym0] 5., (0) | K i)
— (o V2as) +5(B1+V28) M x J+-5 (v 1) vsM &

p— 3[(a+V203)+5(B:1+V2B)M k 1— 5 (v/To)vsM &
— Y +V2a3).

Equating these two expressions, we find for the AI=3
contribution

3 +381Mx)=0, (\/1)f1 (10)

1. —
3N=

2F, cosS

16 We again delete the strong-interaction phase shifts demanded
by unitarity.

17 We use the kaon rest frame and, for the purpose of this
extrapolation, assume that all pions of equal mass so that when
the four-momentum of one pion vanishes, the other two pions
share the kaon energy equally, each takmg away energy $M«x.
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which yields the result
V3f1 cosD V3f1 cosD
=, Mgh=——. (1)
2F, cosS Fr cosS

For the AT=$% contribution, we need all three results:

cosD fs
—(/B—=5V2(ws+3B:Mx)+3(v7o)vsM &
cosS .

cosD fs

“z;;b:(\/ %)-2}7= $V2(es+36:M x)— 3 (v/15)vsMk

cosD . fs .
_c_osg(\/ 3) . $V2as,
which yields
==/ 22
F, cosS

MK33=%(\/T36‘)'E CﬁD‘ ) (12)
F, cosS

Mayem 3 (W/6)fa cosD .

2 F, cosS

Bouchiat and Meyer compare these values with experi-
ment and find generally good agreement, assuming that
(cosD/cosS)~1.

IV. K— 3=—CP-VIOLATING CONTRIBUTION

Things are not quite as simple in the case of the CP-
violating Hamiltonian. We can make an isotopic-spin
analysis as before:

Amp (G (K+ —_ 7|'+1|'07l'0)
= — V2o~ (VD) + B/~ (VHBE:]
—i(V3vi (Ey—3M k) ’
Amp O (K+— gtpty—)
=V2i[ 2ar'—V2es")+ (B — (vV3)Bs) M k. — E_)]
+i(v3)3vs (E-—3M k),
Amp (K — wtr—n0)

= §5V2i[ (' +V2as")+ (81 +265) Eo],
AmpO(K_— wtr~n0)=i(v/})vi' (E-— Ey),

Amp (K4 — w0r0x0)

= —$V2i[ (Ban'+3V2as")+ (8" +V285 ) M k],
where o, B/, v/ are again arbitrary real constants and
the subscript ¢ denotes that they are produced by the

AI=1%i part of 3¢,~. We may also, as before, take the
zero-momentum limit for one of the final-state pions:

<7rqa7"pb"rsc I 3(3.,,_(0) l K kn)

(13)

20

1
- "';,’(‘”'rbﬂ'nc' [F.5(0),3C,~(0) ]| Kx™).
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This time, however, 3¢, is antisymmetric under the
interchange V <> 4, so that replacement of F,5(0) by
F.(0) is not permissible. For this case, then, we must
actually carry out the commutation, yielding some new
current-current structure which is, in general, zof the
same as JC,~ (P-violating, AS=—1). Thus we are
unable to relate the unphysical K — 3= amplitude to
the experimental CP-violating K — 2r amplitudes.
Instead, we evaluate these K — 27 structures by means
of the current algebraic techniques developed in A:

(mptms® | [Fa5(0),3€.(0) 1| K™

1
oF 2<O| {[Fba(o))[ch(0)’I:F05(0)7GC10_]]]

+[F5(0),LF4°(0),[F*(0),5¢,=(0)J1T} | Ka™)-

Since there are five parameters to be determined, we
must take five different zero-momentum limits. This is
done in Appendix IT and it is shown that:

a’= 7§'P_, MKBI,'_—' - (10/3)§F— ’
a3’=4\/§§‘1‘_, MK63’= —(22\/7/3).(11_,
Mxvs'=(§V10)T-,

o>

(14)

(15)
where
Gv
¢=———cosf sinf—sinD,
2V2 3

T_={0|L,| K?).

It is of interest to compare the relative magnitudes
of corresponding CP-conserving and CP-violating
quantities. We find

o 14 B 10
w W W
[44
1 1 (16)
as’ 16 1 ﬁs' 88 1 ’Ya’ 8
ag_ V3r ’ B3_ 15V3 » ’ 73_9\/37’ ’

where B= ({T_F,/f1) cosS/cosD and r=(v/1)fs/f1 is a
measure of the violation of the AT=1% rule in K— 2
decay. If we treat the CP-conserving K — 3 decay in
the same way as the CP-violating, using the soft-pion
results of Table I, we must have »=0. Instead, however,
we employ the experimental K— 27 results, which
yield!®
1/40<r<1/30.

We note that, because of the smallness of 7, the ratio of
CP-violating to CP-conserving parameters is at least
an order of magnitude greater for the A7=$ quantities
compared to those with A7=3.

18 We note that »=as/a; in the notation of Ref. 8. These authors
suggest that the difference between Rer and |r| gives a measure
of uncertainty in the theoretical predictions, since it is connected
with the unitarity phases previously neglected. They give Rezexp
=0.0254-0.01 and |7 |exp=0.031-+-0.001. The values given in the
text are just the mean values cited above.
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In order to evaluate these quantities numerically, we
need to know the value of B. If we make the approxi-
mation that fy is replaced by its soft-pion value!

Fim (/A A=V cosdsind cosS
1'—(\/7) 0= T4 }?—TEECOS sing Cos

then

B=—3V3t tanD. (17a)

If we wish to go still further, we may employ the
SU(3) sum rules? and the convergent intermediate

vector-boson model of Glashow, Schnitzer, and
Weinberg?! for ¢, which yields
=—20. (17b)

These numerical results will be of interest in Sec. V.

V. EXPERIMENTAL CHECKS OF CP
NONCONSERVATION

We now consider various experimental checks of
possible CP noninvariance in K — 3= decay in order to
decide which of these have the best chance of finding an
effect and to set an upper limit on the phase angle D
from present experimental results. In order to do so,
however, since several of these tests involve interference,
we need now to patch onto our framework the strong-
interaction phase shifts demanded by unitarity.?? We
follow the procedure of Barrett and Truong.?® These
authors separate the K—3r amplitude in the linear
approximation into three portions—an /=1 component
completely symmetric under permutation of the space-
isospin indices of the pions, an /=1 component of mixed
symmetry under interchange, and an =2 component
of mixed symmetry under interchange.?* Assuming the
dominant effect in the final-state interaction to be 7-m
s-wave scattering in the /=0 state, they argue that only
the average strong-interaction phase shift & associated
with the completely symmetric /=1 state should be
appreciable. Using the Khuri-Treiman equations, they
estimate

tand~~siné~a ¢ ,

19 As mentioned before, this approximation is apparently in-
consistent with a nonzero value for ». However, any numerical
inaccuracy which arises at this point is probably small compared
to, and may be absorbed into, the uncertainty involved in the
subsequent calculation of #, which is done in the soft-kaon limit.

20 8. L. Glashow, H. J. Schnitzer, and S. Weinberg, Phys. Rev.
Letters 19, 139 (1967).

2§, L. Glashow, H. J. Schnitzer, and S. Weinberg, Phys. Rev
Letters 19, 205 (1967).

227Y. Ueda and S. Okubo, Phys. Rev. 139, B1591 (1965).

2 B. Barrett and T. Truong, Phys. Rev. Letters 17, 880 (1966).
We emphasize that we are using the procedure of Barrett and
Truong purely for illustrative purposes. It appears to us that even
if I=0 s-wave scattering does dominate, the phase shift §» could
be of the same order of magnitude as 8,. [See, for example,
B. Ya'Zeldovich, Soviet J. Nucl. Phys. 6, 611 (1968)7]. Thus, in
our theoretical expressions involving § (Egs. 20,25) the §’s are not
necessarily the same, but should be of the same order of magnitude.

% Barrett and Truong alsoincluded a completely symmetric /=3
state, which we neglect since the Glashow model contains only
AI'=7% and AT =% components.
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where ao is the /=0 7-r scatteringlength. In accordance
with their approach, then, we propose to append the
phase factor exp(¢8) to the symmetric =1 part of the
decay amplitude, but leave the remainder unchanged.

We define (in agreement with the notation of Barrett
and Truong)

Aeior=V2[ (e1o— (v as) +3M x(Bre— (V/$)Bs) ]

M?
beivr= %\/Zﬂ*(ﬁlc_ (\/%)ﬁu) )
Mk

2

MWox
ciem /D2 N
Xew)‘= %\Q[(alc'l"'\/zaac)'l"%MK (ﬂla"}'\/zﬂh)] )

- Ma®
beior= %\/Z“_(ﬁlc"l‘\/zﬁac) )
Mg

My
%=~y B vie,

Mk
where a1.= a1}y, etc.

One test for possible CP nonconservation is to look
for a difference in the rates of K*— rtrtr— (%) and
K*— 7070 (7/%) decay. CPT invariance demands
(apart from small electromagnetic effects) that?s

L(rH)+T(r ) =T(r)+T ().
However, CPT is not sufficient to ensure the equalities
I(+1)=T("), T(*)=TI("),

unless the 7+ and 7'+ states are not connected to each
other via the strong interaction S matrix;*? these
equalities follow from CP invariance, and thus provide
a possible test. We define the CP-violating quantities

_T(H=T(") I'(r"*+)—T(r'"-)
I(rH)+T(¢) I(r+)+T()

In Glashow’s model these must vanish, even though CP
is violated, since a nonzero value requires interference
between the symmetric part and mixed symmetry part
of the decay amplitude.?® But these terms vanish in the
linear approximation when integrated over the entire
Dalitz plot.?” Within the linear approximation, nonzero
AT(7) or AT(+") are produced by a model of CP viola-
tion which includes a AI=4 or £ portion leading to an

AT(r) AT(+")= (19)

25T, D. Lee and C. S. Wu, Ann. Rev. Nuc. Sci. 16, 471 (1966).

26 Or between the mixed-symmetry components. But this term
is small and also vanishes when integrated over the Dalitz plot.

27 This is not quite true for AT'(+') in certain parametrizations.
We are using the SU(2) limit in the amplitude (not in the phase
space, however) so that (So—Ss)oc (E;—3M k) which vanishes
when integrated over the Dalitz plot. If one breaks this symmetry
by giving the pions their physical masses, then in 7+’ decay an
integral of So—S3 over the Dalitz plot is nonzero, as discussed by
T. Devlin, Phys. Rev. Letters 20, 683 (1968).
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I=3 final state.?* Recent experiments have indeed
shown AT'(7) to be zero to within 1 part in 1000. They
give

AT (7)=—0.00024-0.001, Ford et al. (Ref. 28)

AT (r)=—0.002540.005, Fletcher et al. (Ref. 29).

A practical test for charged K decays in our model is
a comparison of slopes.’* We may define the CP-
violating quantities

a(r)—a(r)

AF)=— 7
O et
b sin(ep— ¢on)+c sin(p,— @r)
T oo )0 cos(e— )
cos(gp— ¢ cos(¢o—
s(es— ox o @) 20)
a(r'*)—a(r')
A(r)m "
o) Fa(r")
. bsin(es—en)—csin(ee—n)
ub cos(@s— @r) —c cos(.— @) .
In terms of our parameters, we find
13
A== 20/ B( ) tans,
1-8 14~
(21)
8D =2 DB ta
™)=2(/% —— ) tané.
I\ 14y

If we use the value for B given in Eq. (17) and the
experimental result »=1/30, we have

A(7)=+422.5 tand tanD,
A(7")=—33.6 tand tanD.

Experimentally the situation has been summarized by
Bell and Steinberger, who give?!

2Fa(r-)=0.234£0.04, 2Fa(r+)=0.22-£0.03,
where F=2M xQ/3m,* From this we find
A(T)exp=—0.0240.11.

(22)

(23)
Comparing this with the theoretical expression, we see
that tans tanD=0.001::0.005.

Of interest are the factors —22.4, 33.6 multiplying
tand tanD in Eq. (22). These rather large “enhance-

28 W. T. Ford et al., Phys. Rev. Letters 18, 1214 (1967).
29 C. R. Fletcher et al., Phys. Rev. Letters 19, 98 (1967).
30 To be definite, we define our slopes by

|M l 2l —a(z/marz) (SS_SO) +O((53‘S0)2):

where S3= (k—q¢;)? and So=3(S1+S2+Ss).

31 J. S. Bell and J. Steinberger, Proceedings of the Oxford Inter-
national Conference on Elementary Particles, 1965 (Rutherford
High-Energy Laboratory, Chilton, Berkshire, England, 1966),

p. 195
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ment” factors are the reason why a 109, experiment in
the slope can limit tand tanD to the 19, level. Such
factors result from the relatively large values of ¢y, ¢s, P.

26B 1
tanpp= ——5b—
V3 147’

4 1
tanpp=—

B———,
V3 1—(5/4)r

8 1B
tang,=——-B,
N3 r

(24)

which in turn are due to the sizable coefficients (e.g.,
7, 22v2/3) appearing in the expressions for the CP-
violating parameters of Eq. (13).

For the neutral K mesons, K; and Kg, additional
types of tests for CP noninvariance become available.
One possibility is a charge-asymmetry experiment,
wherein one compares the number of events in the left-
and right-hand sides of the Dalitz plot.3? Barrett and
Truong defined '

Ng—N; 8 €sing,
reg—

AN(KyL)=
Ng+Ni 37 Xcos@

(25)

sind,

where F is the same as defined above and Ng (Vy)
denotes the total number of events in the right- (left-)
hand side of the Dalitz plot. In terms of our parameters,
we find
8 ma?
AN(Kp)=+—FX12
3r

sind. (26)

MK2 1—2r

Using the value for B given by Eq. (17) and r=1/30
yields
AN(K1)=2.1siné tanD. 27

Experimentally, the situation was recently summarized
by Rubbia and Okun3? who report

Ng/Np—1=(045)X10"2 Nefkens ef al. (Ref. 34)
Ng/Np—1=(—441.5)X10"2, Hopkins et al. (Ref. 35).

Because of the experimental uncertainty mentioned in
Ref. 35, we use Nefkens’s result, whereby

siné tanD=0.00-£0.01. (28)

For the neutral K complex, one might also contem-
plate interference experiments, employing either the

32 Qur Dalitz plot is oriented so that on the right-hand side
Tx*>Tx, while on the left-hand side 7'»~>T'x*.

8 C. Rubbia and L. Okun, Proceedings of the Heidelberg Con-
ference on Elementary Particles, 1967, edited by H. Filthuth
(Interscience Publishers, Inc., New York, 1968). p. 301.

3 B, M. K. Nefkens ef al., Phys. Rev. 157, 1233 (1967).

3 H. W. K. Hopkins ef al., Phys. Rev. Letters 19, 185 (1967).
Although there seems to be a positive effect here, the authors do
not propose to see any CP violation and seem to believe rather
that there exists some experimental bias.
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wtr~w® or the 37° mode. It has been shown by Sehgal
and Wolfenstein3® that observation of such an inter-
ference effect between K, and K g decay is clear evidence
for CP violation. These authors show that if one starts
with the coherent mixture of Kz and Kg

N(|KL)+R|Ks)),

then the partial decay rate into a set @ of final states
is given by

L(t)= N[yLae "4 506775 | R| 2
+2(‘YLa'YSa)”2 Re(RVae“iAmt)e—%(7L+1s)t] ,

where Am=mg—my is the mass difference, vz and vg
are the widths of Kz, and Kg, and

11.=% [@ T|KD)[?, vsa=Z [ T|Kgl?,
V,,=za: (| T|Kp)y*a| T|Ks)/(vLaY3a)"'?,

where | ) denotes a final state, completely specified by,
say, all polarizations and momenta, while the sum is
over all states in the set a.

V. defines the possible interference effect in that if
| V.| =1, as in the decay K — 2, complete interference
is possible and can be obtained at {=0 by using a beam
with |R|?=vrLe/vse. Now |R|%K1 may be produced
regeneratively, while |R| <1 can be obtained near the
source of a pure K° or K° beam. Thus, in order to pro-
duce a sizable interference effect, we demand that

Ysa/YLa>1.

Now intuitively we suspect that vs/v.<1 for the
K — 37 decay mode, so that a sizable interference would
not be seen. The experiment has actually been done,
and on the basis of less than a hundred events, a
Carnegie-Tech-Brookhaven collaboration®” indeed sees
no evidence for interference, but their rather large
statistical limits actually are quite restrictive as to the
allowed value for D. They define

A(Kg— rtr %) /A(Kp— ntr %) =x+1y

and find
¥=0.144-0.32, y=0.33_g.¢7"%.

In our notation, approximating the amplitudes by their
value at the center of the Dalitz, plot we have

A(Kg— wrr—n%) ik singy+TX cos@

AKL— wtra®) A cos@r+iTX singy ’

itan@+7T
1447 tan@ ’

36 L, M. Sehgal and L. Wolfenstein, Phys. Rev. 162, 1362 (1967).

3 D. G. Hill et al., in Thirteenth International Conference on High
Energy Physics, 1966 (University of California Press, Berkeley,
1967), paper 4a.12, p. 63.

(29)
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where T is the mixing parameter in our phase convention
such that ,
| Kp)=|K_)+T|Ky),

| Ks)=| K )+ 1| K-).

We haves®
T, _+a2M _ m’
P DT (\/%)eiss(___*_ia)
Ay+i2Am Am
2Am
with 5= tan‘(—-——)gir, (30)
Ay

where M,T" are the usual Hermitian matrices describing
the K°, K° system, Am=mg—my, is the mass difference,
Ay=~s—y is the difference in widths, « is the param-
eter defined in Eq, 4. and m'=i(K_|M|Ky)=iM_,.
Values for a and ' were deduced from the published
results for K — 2 and are listed in Table I of A.3* We
see that, using these values |T|~1072,
On the other hand, we find

tan@,= —% B . (31)

V3 1—2r
Using the value of B from Eq. (17) and r=1/30, we find
tan g =—>58 tanD. (32)

We see once more a sizable enhancement factor 57.5,
and it is this which enables us to place a fairly strong
limit on tanD. We have

x=ReT, y=ImT-+tané.

Since |T|~10~% we neglect it compared to tandy, which
yields, using the quoted experimental results,

tanD=0.006_o.00s+°-°12. (33)

We have discussed measurement of possible CP
violation employing the 7*,7'+ modes alone and the
neutral decay modes alone. We may also gain such
information by combining both sets of data. In this
approach one makes an isospin analysis and compares
predicted total decay rates with experiment. This
method was first employed by Cabibbo*® and Gaillard,*
who, however, assumed the A7=4% rule. This has been
recently extended by Barshay and Devlin*? and
Gaillard*® to include AI>%. One can compare 7 rates
with 7’ rates or Ky — wtr—=°® with K — 7% From

3 This is derived in the K9 K° representation by T. D. Lee
and C. S. Wu, Ann. Rev. Nuc. Sci., 16, 471 (1966).

39 Table I in A was derived for the case ¢ =y in the “stapda{d”
phase convention, in which case, with respect to parity violating
decays, the two conventions are identical.

© N. Cabibbo, in Symmetries in Elementary Particle Physics,
edited by A. Zichichi (Academic Press Inc., New York, 1965).

41 M. Gaillard, Nuovo Cimento 35, 1225 (1965).

42§, Barshay and T. Devlin, Phys. Rev. Letters 19, 881 (1967).

43 M. Gaillard, Nuovo Cimento 52, A359 (1968).
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TasLE II. A summary of CP-violating predictions and results.

CP-violating quantity

Theoretical expression

Experimental limit Limit on tanD

A(r) +22.5 tand tanD
A7) —33.6 tand tanD
AN (KL) 2.1 sind tanD
tang —58.0 tanD
0.856(2F+oo/r+_0) —1 640 tan?’D
Phase angle in # 8 decay D+S

—0.02+0.11 — (0.0010.005) cotd
0.00-0.025 (0.00 ==0.01) cscs
0.33_.¢;710-5 —0.006._, 0050012

<0.09 <0.012
<0.03 ~<0.03

Eq. (6) and Eq. (13), we see that*
1l44+—/Troo=1, 3T4-o/Tono=1, (34)

if there is no contribution from an I'=3 final state. But
the absence of such effects has already been indicated by
measurement of 7+,7~ decay rates (unless the final state
interactions are very weak). And indeed experimentally
the agreement is quite good*:

%I‘++_/F+oo= 100ﬂ:0.03 ) %P+_o/rooo= 0.97:[:0.10 .

When, however, we compare charged and neutral K
decays, we find*?

(A cos@)?  Ty—otTooo 1T

[n[2 iy 4T 2 Tyoo '

These ratios would be unity in the absence of CP
violation and if the AI=3% rule were valid. Instead,
experimentally, Barshay and Devlin give?®
%I‘.‘__o/r_;_oo: 0.816:!:0034 )
(T4—o+To00)/ (T4~ T400) = 0.8254-0.031.

(35)

In terms of our parameters, we have
(X cos@)? (1—2r)2
At (+nHLE6ADBT

Using the numerical value for B in Eq. (17) and
r=1/30 yields

(36)

5 . 37
14630 tan%D

If, referring to the experimental results, we demand that
this quantity be >0.785, then we find

[tanD| <0.008. (38)

4 These predictions are of course with the standard phase-space
corrections already made. In the following we estimate the rate by
taking the absolute square of the symmetric I =1 part only, which
is correct up to possible quadratic terms.

46 We use the values given in Ref. 42 and standard phase space
factors, With corrected phase space factors given by T. Devlin,
Phys. Rev. Letters 20, 683 (1968) the neutral K decay result
becomes $(I's_o/To00) =0.91£0.10, which is still in agreement
with the no AI>$ rule.

46 The first of these quantities is actually a corrected value given
by T. Devlin, Phys. Rev. Letters 20, 683 (1968).

A somewhat larger value may be tolerated because of
the uncertainty in » mentioned in Ref. 18. With »=1/40
we have

1
=0.856 : (39)
14690 tan2D

This case is still consistent with no CP violation, but
now
|tanD| <0.012. (40)

We again note the large enhancement factors (630
and 640) which enable us to restrict D to the 19 level
or less.

In Table IT we have summarized the CP-violating
quantities and the limits present experiments have
placed on D. We see that all upper limits are at about
the level of one part in a hundred.#” An interesting
feature is the large enhancement factors present which
enables the rather statistically crude (~109,) experi-
ments discussed above to place the same upper limit
on D as done by the elegant nuclear B-decay experi-
ments?* which have given an upper limit of |¢|<0.03.
And, from another point of view, these large factors
give hope that if and when the K — 3r experiments are
improved either CP violation will be found or a rather
strong limit on D at around the 0.001 level will be given.
In fact, there exist theoretical reasons, based on rough
calculations of the mixing parameter #/, to suggest that
tanD may be not greater than several parts in a thou-
sand,® a small value to be sure, but, with the enhance-
ment factors given, possibly large enough for future
generation experiments to reveal.
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47 Actually A(r) and AN(Ky) yield limits on tand tanD and
siné tanD. If, however, we use the result of Barrett and Truong
that tané~~sind~~aoms, then it is probable that g, lies somewhere
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et al., ibid. 18, 918 (1967).
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177 CURRENT ALGEBRA, CP

APPENDIX A.
We have
[Fab({A 1,42} £{V1,V2})]

= ({[Fa5yA IJ’A 2}+ {A L[ Fa%4 2]})
:t({[Fas’VI:];Vﬁ}_i_ { Vl,l:Fds,V2:|})

= ({[FE)VI:LAZ}:*:{Vh[Fa;A?:I})
:!:({[FG’A 1:|3V2}1+—'{A 1’[Fa;V2]}> ’

where we have used the result that®®
[Fab,Vi]=[FaA4:] and [F54:1=[FaV].

If we choose the plus sign in the above, we have

[Fab({An, A2} +{V1, Vo)) ]=[Fo,({V1,d2}+{41,V2}) ].

We note that the two operators in parentheses have the
same symmetry under the interchange V <> 4. Con-
tinuing this operation, we find

(an”"pb""ac l M(O) [ Kkn)

(41)

1
o or S(O[{LE(0),LF(0),LFa(0), 4" (0) T1]
+[Fo(0),[F3(0),[Fa(0),M'(0) 1T} | Kim), (42)
where

M={Ay,A}+{V1,Va} and M'={Vy,ds}+{d41,V3}.

Now allowing the F’s to operate to the left and right
respectively, as done in Sec. II, yields

(7"11“7"1067"80 l M(O) | Kkn>

(7975754 797°7%) (0| M (0) | K &™)

—
g0

16F,3
1

8F,3

Thus, for M, the isotopic spin structure of the K — 3r
decay amplitude is clearly seen to consist only of I=1.
It is also seen that one cannot carry through this
argument for L= {A41,4:}—{V1,Va}.

=——{70>Tn(0| M(0) | K™). (43)

APPENDIX B.
Suppose we define
3Ta=QO[{4, V& }£{Va, 4"} KO).
Then by using the result
(gt pPm,?| 5~ (0) | K )
1
—_— —
>0 2F,3

+[Fe(0),[F+(0),[Fa*(0),3¢,~(0) TTI| K)  (44)
8 M. Gell-Mann, Phys. Rev. 125, 1067 (1962).

(0| LF»*(0),[F*(0),LF4*(0),3¢=(0) I1]
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we have the result

T_
AmpS (K — wrgtr, %) — —-i——l cosf sinf— sinD
-0 g Fd
=35 (o' +V2a5")+ 5 (8 +V2B5 ) M k]
+31(V/To)vs' Mk

T
sinD

v
— —1—— cosf siné
>0 D x

=35 (o' +V2es")+5 (8 +V285 ) M ]

—3VTo)viMk
Gy 15 T
—> — 14— cosf sinf— — sinD
=0 N2 8 F,3
=i} (o) +V2as'). (45)
From this we find

v 45 T
a1’ +V2ay' = ——— cosf sinf— —sinD,
2V2 8 F,3

Mgys'= —91 cosf sinf(x/: %)E sinD,
22 F.3

M e (Bl-AVIB) =+ cosh sinde = sinD.  (46)
= — COSU SIn — Siny.
B HVEBO=170 4 Fp

To proceed further, we must extract information about
the charged kaon decays. Considering K+ — ntn7® we
have
K+ + Gv 1 I- D
AmpS)(K+— O1r,0) —> i—— cosf sinf— — sin
p( 7"417"1'7"8)(1_»0 NI WIS

= —§iV2(ar' — (Vs )+iGV v Mk

Gy 3 T-
—> i— cosf sinf— ——sinD
>0 22 V2 F,3

=—3iV2[(' — (VB ) +3(B — (V3B )M k]
—ilV/HiviMk. (47)

(o —A/2a3") = il cosf sin0—9~ -
2V2

From this we find

sinD,
3
x

(48)
Mx(B/'—A/36:) = —ﬂ cosf sinf i E: sinD.
22 2 F3

ki

Combining the two sets of results, we find

o' =TT_, MgB/=—(10/3){T—,

a’ =4VZT_, MxBs'=—(22V2/3){T_,
Mgvys'=(3v108T_,

Gv 3 sinD
¢=———cosf sinf -
V2

(49)
where

s



