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We study all modes of hyperon nonleptonic decay and consider the CP-odd observables which re-
sult. Explicit calculations are provided in the Kobayashi-Maskawa, Weinberg-Higgs, and left-

right-symmetric models of CP nonconservation.

I. INTRODUCTION

Hyperon decays provide tests of CP violation which ap-
pear promising as signals of the possible AS=1 CP non-
conservation which is present in many models. Recently
two of us discussed these tests and calculated = decay pa-
rameters as an example.! The purpose of this paper is to
present the formalism and theoretical predictions for all
of the possible hyperon decay modes, using a variety of
the major theories of CP violation.

The goal of work such as this is to uncover systems
where new CP-violating effects can be measured. New
tests are needed if we are to differentiate the various
models of CP violation.> Hyperon decays are valuable in
this respect because they provide a measure of AS=1 CP
nonconservation. In kaons, AS =2 effects (e.g., the box
diagram) appear to be dominant. However, many models
also have AS=1 CP-odd effects and it would be impor-
tant to observe these. Hyperons are readily produced, and
their decays can be studied in high-precision experiments
so that they are likely to be useful.

Some theories, such as the superweak model** and the
models® where very heavy neutral Higgs bosons produce
the CP violation, have no AS =1 CP-odd effects and
hence will not produce the signals discussed in this paper.
In the Kobayashi-Maskawa (KM) model,® the penguin di-
agram’ will produce AS =1 effects. This generates a non-
vanishing value of the kaon decay parameter €. Al-
though it has not yet been observed, the present genera-
tion of experiments is expected to uncover €' if the model
is correct. In hyperon decays the penguin diagram will
generate CP-odd effects at the order 20¢’ (the factor of 20
occurs because €' contains an extra suppression factor of
this magnitude due to the Al =3 character of the observ-
able). In the Weinberg-Higgs model,? it is the AS =2 ef-
fects which are small, while charged-Higgs-boson ex-
change produces a large CP-odd AS=1 signal. This
model has the largest signals in the processes which we
study in this paper, with phases of order 102, The left-
right-symmetric model®!° also has AS=1 CP nonconser-
vation. The version which we analyze—that with the
“isoconjugate structure”—will have signals at about the
same level as the KM model.

The outline of the paper is as follows. Section II con-
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tains the isospin decomposition of all the hyperon decays
and gives the formulas for the CP-odd observables. In
Secs. III, IV, and V, we provide calculations of the weak
phases in the KM, Weinberg-Higgs, and left-right-
symmetric models, respectively. Finally the conclusion,
Sec. VI, tabulates the observables and discusses the re-
sults.

II. ANALYSIS OF OBSERVABLES

In this section, we discuss some general CP properties
in hyperon decays. Hyperon decays proceed into both S-
wave (parity-violating) and P-wave (parity-conserving) fi-
nal states with amplitudes S and P, respectively. We
write the amplitude as

Amp(B*—B%7°)=S(B?)+P(Bf)o-q . (2.1
The experimental observables'' are the total rate I', and
the decay parameters a, 3, and y which govern the
decay-angular distribution and the polarization of the fi-
nal baryon. Among a, 3, and ¥, only two are independent
as they are related by

24+ 4yi=1,
a=2ReS*P/(|S|*+|P |,
B=2ImS*P/(|S|*+|P|?).

(2.2)

Similar observables for antihyperon decays are T, &, J,
and 7:

@=2ReS*P/(|S|*+|P|?),

_ . - (2.3)
B=2ImS*P/(|S|*+ |P|?),

a and 3 are usually parametrized as
B=(1—a?)"%sing . 2.4

a and ¢ are more closely related to experimental data and
are essentially uncorrelated. The present status'? of the
measurements is summarized in Table 1.

We define some observables which vanish in the limit
of CP conservation:
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TABLE 1. Experimental measurements of a and ¢.

a ¢
A’—nn® 0.642+0.013 —6.5°+3.5°
A°—>p1r‘ 0.642+0.013 —6.5°+3.5°
=0, A% —0.413+0.022 20.7°+11.7°
=A% —0.434+0.015 2.0°+5.7°
ST —-nw" —0.0681+0.0077 10.3°+4.6°
St opr® —0.979+0.016 35.8°+33.7°
St >nnt 0.068+0.013 167.3°+20.1°
a=L=L
r+r
A= I‘a—+—§c7 ’
F'a—Ta
- (2.5)
rB+Ip
rB—TB’
cB_[8]
a @ |cpc

where (B/a)cpc is equal to B/a in the limit of CP conser-
vation. A and C have been discussed before"!* for some
of the hyperon decay modes. Note that A, 4, and B are
quantities which can be measured directly. The test im-
plied by the quantity C is less useful because it requires an
experimentally measured quantity 3/a to be compared to
a value calculated as if CP violation were absent. The
latter requires high-precision knowledge of the strong-
interaction phase shifts, and therefore is unlikely to be
known to the desired accuracy. We include it as a test
primarily for reasons of completeness. In = decay, there

|

is another quantity (B/a)_—(B/a)_- which is a direct
test of CP, independent of any knowledge of the phase
shifts. This occurs because there is a unique isospin of the
final state in = decay.

The quantities 4 and B are quoted with I'a and I'S3 as
variables rather than a and 8. This allows simpler formu-
las for these asymmetries and may be easier to measure.
To first order in the weak-interaction phases

A =9ic:3+A ,

a-a (2.6)
p=BtB A

B—PB

Let us now study the quantities A, 4, B, and C in a little
more detail. We parametrize the decay amplitudes as fol-
lows:

(85 +¢5)
SzzSie AR
i

2.7)

i (8P +¢F

P=3Ppe %t
i

Where S; and P; are real, i runs over all possible ampli-
tudes for different final isospin states and change in iso-
spin Al, §; is the (strong-) final-state interaction phase,
and ¢; is the weak-interaction phase. In this notation, the
antihyperon decay amplitudes are

- (55— g5
S— _ZSiel(S, ;) i
i
(2.8)
— (6P —g¢P
P:EPiel( O
i

Since the weak phases are small compared to 1, we keep
only the lowest-order terms in ¢;. We have

> [S:S;sin(87 —8])sin(8] — ¢7) + P, P;sin(8] — 87 )sin(¢f — ¢])]

A=—27 3(S?+PP)+23[S:S;cos(8 —85) + P, Pjcos(8f —8))] e
i i>j
Zsipjsin(sf~sf)sin(¢}°—¢,$)
A== g e - 3 S P;sin(5] —87) ’ -
<
ZS,-chosj( 87— 87 )sin(g] —¢7)
B= % cre . 35, P;cos(8] —57) ’ 250
iJj
Cc— _g CPC(B_A)’ (2.94)
5 3.5 P;sin(8] —8;)
a e gsipjcos(sf_af) ' e
iLJj

We are now ready to study specific hyperon decays. We will study A’>—pr~, A>>n7n° =+ —nrt, S+t prP,
2~ —n7~, E-—A%" and Z°—A°° using the parametrization of Overseth and Pakvasa.'* There S;;, P;; correspond
t0 Sya1,21» Paar,21, and 8,7 and 8,;; for S- and P-wave amplitudes, respectively. In A decay we find for A°—p7—
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S(AY )= — (21725, OH¥D | (Ly12g, o H0sHD
P(A%)=—($)?p,, 1(8”+¢1)+(%)1/2P33ei(8”+¢§’) , 2.10)
and for A°—nz°
S(Ag)=(%)l/zsueiwﬁﬁ)'i-(%)1/25336“63+¢§) )
i(8;,+4D) i(833+0) (2.1D

P(AD)=(3)172P e +(2)12P e

Experimentally we know that AI =+ amplitudes are much smaller than AI =

in the AI =+ amplitudes and the weak-interaction phases,

+ amplitudes. If we work to first order
we find

A(AS )—\/—2-S—sm(83—81)sm(¢3—¢1 (2.12a)
1
1S3 [cos(8,—83) sin(8;,—83) sin(¢]—¢3)
A(AY)=—tan(8,,—8,)sin(¢] —¢7) |1 -
an(dy—Bu)sin(él —41) | 1+ o | e~ (1 —By) sin(¢P— )
L1 Py [cos8y—8) sin(dy—5y) sin(¢f—¢7) (2.126)
\/_2- P“ 005(8“—81) sin(811—8 ) sm(¢f——¢‘1§ ’ '
. 1 S33 sin(8;;—8;) cos(8;;—&3) sm(¢1—¢3)
B(AY)=cot(8,;—8 P 1
J=cotl®u =Busin(éi —61) | 1+ 5 g - Gin(51,—61)  cos(dy—5y) sin(@?—¢%)
+__1___P_3§_ sm(83,—81)__cos(831——81) sin(¢f —¢?) (2.120)
V2 Py |sin(8;;—8;)  cos(8;;—8,) sin(¢F—4%) )
S33 Sil’l(83— 1) P33 sin(811—831)
C(A%)=tan(§,,—8;) |[1+V2———— _— 0)— 9). .
(A=)=tan(By )‘ Y S 26—y T 2Py, s, —ay) | DA AN @124
r
To lowest order in the AI =% amplitude, we have S(E:)=Slzei(82+¢fz)+ %S32ei(82+¢§2) , 210
AA)=—FA(AY), P(E=)—P zei(82,+¢f2)+%P32ei(821+¢§2) ’ .
AAD=A(AY), .
(2.13) i =0, A7°
B(A)=B(A?), while for A7
i i 3
C(AD=C(A). S(ED =T (Se s e )
We see that for A decay only one doecay mode needs to be P(='°)——(P (8,,+95) » i(82,+¢§’2)) (2.15)
studied. We choose to study A”—pw~. The strong =o/="5 e —Lne .
phases are §;=6.0°, §;=-3.8°, 8;=-—1.1°5 and

8;;=—0.7° (Ref. 15) with uncertainties of the order 1°.
The decay amplitudes for £~ — A%~ are

The discussion goes completely parallel to that for A de-
cay and we find

A(ED)=0, (2.16a)
- . 1 Py | Sy S

A(EZ)=—tan(8;,—8,) sin(¢1,— ¢12)+5P 2 sin(¢%,— ¢12)+7S Zsin(¢H— %) | (2.16b)
- | Py | Si )

B(EZ)=cot(5;;—8,) sm(¢12—¢12)+— 2 sin(¢5— ¢12)+““_‘Slﬂ(¢12 —3) |, (2.16¢c)

2 Py 255,

_ , | Py | Sy

C(ED)=[1+tan’8;,—8,)] sin(¢],— ¢1z)+‘2" o 2 sin(¢4, — ¢12)+ 25, “Zsin(¢5,—¢5) (2.16d)
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Again if AI=3 contributions are treated to lowest order,
we have

A(ED=0, A(E)=4(ET),

B(E))=B(E7), C(E)=C(ED), (.17
Bl 18| =301+unks, -5y
= =-

X

S .
5. sin(¢,—¢3,)
12

Py,

The equality A( =3)=A(E7)=0 is exact. This is because
there is only one final-state isospin. Phase shifts for =-r
scattering have not been measured experimentally yet.
Nath and Kumar'® calculate §,= —18.7° and 8,,= —2.7°
whereas Martin!’ obtains 8,;=—1.2°. In our estimates
we use 8, =—2.7".

In the case of X decay, the decay amplitudes are, for
2" —nm,

P
+—Lsin(¢h— ¢t ] :
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and the =+ —n7t amplitudes are

.S .S .
S(EH)= — 2(8,e" M L, e #h)e

ey S .
+ 3SR =23 5556 0™

ig? P is (2.20)
P(zi)z__g_(})ue H__;_P:”e 3l)e 11
P P s
+%[P13e‘¢'3—2(%)1/2P33e'¢33]e' 3
We notice that
idhS ihS
S“e"ﬁn_%sne'%x
and
i 4P s P
P“enﬁn_%},“enﬁ;,
—_ i3S
alwayi appear together, we redefine them as S lelal and

_ i(85+¢%;) (85465 -
S(Z7)=Spse 3+ +(%)1/2S33€( 3+¢33), Pie'®!) respectively. The strong phases are §,=9.4°,
. (2.18)  §;=—10.1°, 8;;=—1.8°, and 8;;= —3.5° (Ref. 15) again
_ i(5 'y 5 ') 3 4 0q .0, 31 . g
P(A_)=Pl3e'< 3'+¢'3)+(§)V2P33e‘( ntes , with uncertainties of the order of 1°. Calculating the de-
while for S+ —pn®, cay asymmetries we obtain for 2~ —n7",
\/- Ry .S .
S(Eg_)=_§_2_(s“el¢l]__;_S3le’¢31)elal A(Z:)=O,
L V205 g2 )12, A2 )= —tan(®y —8y)4 , 2.21)
3 ’ - :
= —65)A4
+_ V2 i, 1 i¢f, 8y, 219 Bz meotlOu 0,
P(3§ )=——3—(Pne —7Pje e C(Z2)=[1+tan*8;,—85)]4 ,
V2 i¢fy 24172 i¢33, iby
+ T[Pl:;e -2 ?) Pjse le , where
]
172 . P S 172 . P S . P S
4|2 833 sin(@i3—¢33) |2 | Py sin(d33—4y3) 2 S33Pa3 sin(d33—433)
e s 5] Susin@h—¢f) |5 | Pusin(gli—4%) 5 SisPiy sin(¢7—47s)
A =sin(éi3—d73) 72 72 . (2.22)
L (2]78n [2]7 P 2 80Py
5 S13 5 P35 Si3Pys

+, we notice that

For 3*—pr®and =+ —nr
i hS. S
S13el¢l3—2(%)l/25'33€l¢33
and
4P 4P
Pl3e'¢13_2(_§_)1/2P33e‘¢33

o7 TP

_ i3S - i3
appear together, and defining them as S 3e'¢3 and P;e'¢3, respectively, we have

S3=S13—2($)"28;5; , Py=P;3—2(5)"*P3;

and

75— 513¢f3—3(%)1/2¢§3 F5= 2
S P,

In this notation, we find, for =+ —p#°:

P3¢ —2(3) %%,
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ASH = 2 S,8;sin(8,—83)sin(¢ 7 —@3) + P, Pysin(8;; — 83, )sin(@ T — 3 F) 223
=-2|= = = = —= — 23a
0 S12+S32+P 12+P32+ZSIS3COS(81—83)+2P1P3COS(8];—83])
N —p - S -
A=~ B (2g) |sin(8;;—8,)sin($F ¢f)+_—3sin(531—51)sin(¢§——¢f)+T3sin(8“—83)sin(¢f—¢§)
cpC P, S
5,7, . 2
+ 223 (8, —By)sin(BE—F ) / sin(8,;—5,)+ —sin(83,—5,)
1P P,
Sy . S;P;
+ —=sin(8;; —83) + =—=sin(83;,—8;) | , (2.23b)
S S1Py
+ a + TP T }—) TP T ‘§ @7—3%
B(Zl )= |= (23) |cos(8;;—8;)sin(d ¥ — &3 )+———cos(631—8 )sin(@f—¢ ) —cos(8|1—83)sm d1—d3)
B |crc P, A
+§3}_)3 cos(83,—83)sin(@ 4 — & 3) / cos(8 —6)—+—~1—J—3005(8 -8
5.P, 31—03 3 11—901 3 31— 0
S3 S;Ps
4+ —=—cos(d;;—83) + =—=—cos(83;—83) | , (2.23c¢)
Sl S1P1
C(Ef)= B (ENB(ESH)—AEN], (2.23d)
@ Jcpc

where from the data we find (8/a)cpc( 25 )=0.033.
For 2+t —nxt, we have

S T TS TS\ B B . TP TP
ASt)—4 §1835in(8; — 63)sin(d 7 — ¢ 3) + P P3sin(8;, — 831 )sin(dp | — b 5) (2.24a)

4§ 12+§ 32+4P 12—){—}_) 32—4§11§3COS(81-—83)-4}31[—’3003(511—831) ’

_ P - S Yy
AZH)=— B (2F) [sin(8;, —8,)sin(¢ F — 1 3sm(531—¢5 )sin(¢ 5 ¢f)—i_—Ssin(Sn——Sﬁsin(tﬁf—(ﬁ‘;)
cpcC 2 P, 25,
1 S;P; P TS 1 P; 18;
T3 G busin@{-33) / sin(8;,—8,)— 2 F s =8 =5 Lsinidy )
S.P
L2372 By —89) |, (2.24b)
4 5,P,
+_ |« P T 1 Py P T 15, . TP TS
B(Z])=|= (23) |cos(8;;—8y)sin(¢ T — @) —=cos(83,—8;)sin(d f—¢3) — ——==cos(8;,—83)sin(¢ | —#3)
B |cpc 2 P, 25,
l§31_’3 cos(83,—83)sin(¢ ¥ $s) / cos(8;;—& )—*—icos(S -6 )—l S (8;,—83)
4 §1131 31 3 1 11 1 ) I_)l 31 1 2 _1 Cos{01;— 03
1558 o 5—by) 22
4 g I_) —= = Cos 31703 3 ( . 4C)
cshH= L | sheehH-ach]. (2.24d)
@ fcpc
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By assuming that the values given in Ref. 18 are for the
real parts of the amplitudes, we find (B/a)cpc(2T)=3.5.
In the above expressions, we use exact formulas because
all contributions are of the same order of magnitude.

The remaining task is to calculate weak-interaction
phases @;’s which in turn depend on the model for CP
violation. We proceed to estimate them in the following
sections for different models.

III. KOBAYASHI-MASKAWA MODEL

In the standard model with three generations, the in-
teraction of the quarks with the charged gauge bosons
may contain a phase which can generate CP violation. In
the kaon sector the box diagram provides the dominant
CP-odd effect, i.e., the mixing of KJ and K. In hy-
peron decay the box diagram does not contribute as it is
AS =2, and the CP nonconservation is contained in the
AS =1 penguin interactions. The operator which is im-
plied by this is

. Gr . =
L cpy=i —2—‘7.2—sm9100s0,ImC5dt AYu(1475)

Xsgtiy*M(1—ys)g , (3.1
where ¢4 are the Gell-Man SU(3) matrices acting on the

colors of quarks. The strength of the interaction, ImCs,
has been calculated by Gilman and Wise!® to be

ImCs= —0.15in0,sin0;sind . (3.2)

Present bounds on the KM angles force this to satisfy

ImCs <2X1074, (3.3)

but the requirement that the model generate enough CP
violation in K°K © mixing implies that ImC; needs to be
close to its upper bound. For our estimates we will use
Eq. (3.3) as an equality in quoting numbers.

To calculate the effect of this interaction, we will utilize
the bag-model calculations of Donoghue, Golowich, Hol-
stein, and Ponce?® (DGHP). The effect of the penguin
operator on the S- and P-wave amplitude can be read off
of Tables III and V of DGHP. The only complication
arises in the separation of the = amplitudes according to
the isospin of the final state, as is required by our usage
above, Eqgs. (2.18)—(2.20). For example, PCAC (partial
conservation of axial-vector current) requires that the S-
wave Al =+ amplitude in =t —n7* vanish. This can
only happen if the two amplitudes S;3 and S;; cancel.
Our procedure is to extract the amplitude from the data,
assuming the data quoted in the Particle Data Group
tables represent real amplitudes. The weak CP-violating
phases are then added as calculated in the model. All am-
plitudes are quoted in units of 10~%, and the strong-
interaction phase shifts are not included.

The amplitudes which we find for A decay are

4S8 4§
S(A% )= —(2)1725,,e"1 4 (1)1/25,,'%

=32.8(1—0.42i ImC5)—0.3, (3.4a)

P P
PA% )= —(2)12p, "1 (L)172p, o'

=12.4(1—2.24i ImC5)—0.06 . (3.4b)

The numbers are quoted in the same order as the formulas
above them. Note that only isospin-3 amplitudes have
any weak phases. This is also true in the Weinberg-Higgs
model.

In = decay, our results have been given previously:

i6S i8S
S(EZ)=Se ¢lz+%532€‘¢32
=—46.2(1—-0.29/ ImCs)+1.1, (3.5a)
ioP 4P
P(ET)=Ppe* 4 1Py
=10.2(14+0.92i ImCs)—0.1 . (3.5b)
Finally in the = system, we find
V2 s}, 4 i¢$ 25 i#f
S(EJ)=TS,3e' B Ve Sye P4 5 Sie’”!
=—20.9(1—0.3i ImC5)— 1.5
—10.3(1-0.3/ ImCs) , (3.6a)
V2 igh 4 sl V2~ igf
P(ZJ)ZTPBG' B_ 3‘/5 P33e 33+—3—P1e !
= —0.3(1420.0i ImCs)—1.9
+28.8(1—0.15i ImCs) . (3.6b)

Even though these results are the best that can be done
with present calculational methods, there can be consider-
able uncertainty. The S-wave amplitudes, when calculat-
ed in the quark model, generated by the full weak Hamil-
tonian match the experimental data roughly in amplitude,
but have a somewhat different SU(3) structure. The
baryon pole model for the P wave has a well-known factor
of 2 defect in reproducing the magnitude,?! although the
signs are correctly given. Thus one should allow at least a
factor of 2 uncertainty in the calculated phases.

We will defer a complete discussion of the observables
until the conclusion. However, we note that phases are
typically of order

¢~ImCs~10"%.

IV. WEINBERG-HIGGS MODEL

In the Weinberg-Higgs model, the CP violation is gen-
erated by the exchange of charged-Higgs bosons. The
AS =2 box diagram is small compared to the effect of
AS =1 CP violation. The model can be viable if disper-
sive effects in K°-K ° mixing provide the major contribu-
tion in the kaon sector. That this may be the case has
been shown in Ref. 22. The most important operator in
the model involves the gluon field strength tensor F ;fv:



34 HYPERON DECAYS AND CP NONCONSERVATION 839

L cpv=if dt?a*(1—ys)sFy, . 4.1)
The chiral-symmetry behavior of this operator, i.e., its
transformation as (3;,3g) under chiral SU(3), played an
important role in the analysis in the kaon sector. It will
also be important below.

To normalize the strength of CP violation in this
model, we use Ref. 22 to estimate the dispersive contribu-
tion to the K°-K © transition and to relate it to e. We find

2mKImM12 =2mK\/§ | € I Am

~2X 107 (7| Lpv | KO, 4.2)

which yields

(7% L cpy | K®)=5.8x10"11 GeV?. 4.3)

The parameter p of Ref. 22 has been set equal to unity. If
p<]1, the strength of CP-odd signals in hy-
peron decay would be enhanced by a factor 1/p.

The effect of the operator in .Z cpy has been calculated
in the bag model in Ref. 23 (DGHP). However, it has re-
cently been discovered®* that the PCAC analysis of hy-
peron decays is modified for operators with a (3,3)
transformation property. We include this modification in
our analysis. The most important effect is the addition of
a new diagram to the analysis of the S-wave amplitude.
The new diagram is that of a K—vacuum tadpole, as
shown in Fig. 1. In the standard model, the (8;,1¢) chiral
transformation property of the weak Hamiltonian forces
this diagram to vanish. However (3;,3%) operators, such
as the one that occurs in the Higgs-boson model, have a
nonvanishing K—vacuum matrix element. This can be
most easily seen using effective chiral Lagrangian, where
the (3;,3g) character is implied in the Lagrangian

L r=8 Tr(AM) 4.4)
with
ApA
M=exp —iLfQ— 4.5)

and ¢ being the eight pseudoscalar fields. This Lagrang-
ian has the expansion

T

{Hw]

B

FIG. 1. Tadpole diagram for hyperon decay.

408

__8_ b
L= ids—deap—r— 2F,

17

+, (4.6)

so that
(0| Lcpv | K =i2F (| Lcpv |K°) .

The S-wave amplitudes are modified by this term in the
following way:

0y_ ]
S(AQ) oF. w|A)
1/2
L3 Mp—My
2F, |2 M,—M,
M, +
.—’—1<0|H21K>] (4.7a)
IFKM
SEF)=—— +
(5§)=—>x o =)
. Ms—Mp (M, +M
yo— 2 | (0| H, |K) |,
2F, M,—M, | iFxMy
(4.7b)
S(E) = — L =0)
0 2F,, w
/2
i |3 M—-M,
2F,
M, +M,
T4 (0| H, |K) |- 4.7c)
Mg

The relative sizes and signs of these terms may be checked
using the Feinberg-Kabir-Weinberg theorem,?’ which re-
quires that all the amplitudes vanish if the Hamiltonian is
d(1—vs)s. The contribution of the tadpole term turns
out to be important because the phases generated by them
are larger than those of the baryon terms. However there
is substantial cancellation, between the K tadpole terms in
the S wave and the K — pole terms in the P wave, when
comparing ¢s—¢p. In the P waves we use the standard
baryon-plus-kaon pole model. Again we recall that the
kaon poles are of order M,2/My? (and hence negligible)
in the KM model, due to the (8;,13) chiral property, but
are important for a (3,3) Lagrangian.
Our results in this model are given below. In A decay

SIAY)= — ()75, T4 (1)1 /2550
=32.8(1-1.2i x107%)—0.3, (4.82)
P(A® )= —(2)12P, ™ 1 (1)172p, o'
=12.4(1—1.4i X107%)—0.06 , (4.8b)
while in = decay
S(ED)=Spe 4 L5 e
=—4.62(1—0.7i X 1073+ 1.1, (4.9a)
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TABLE II. The CP-violating observables for the KM model.
A A B C (B/a)cpc
A—pr= —5.4x1077 —0.5x10~* 3.0%x1073 —3.6x10~* 0.124
E A% 0 —0.7x10~* 8.4 104 2.6x10~* 0.287
3" —nmw" 0 1.6 x10~* —1.2x1072 —14x1073 0.116
St pr® —6.2x1077 —32x1077 —4.2x10~* —1.3x107° 0.033
>t snrt 6.0x 1077 —1.6x10~* —8.4x1077 5.7x10~* 35
—_—— igfy 1 ih :
P(ZZ)=Pe  “ryPye 1—inB. We have
S__
—10.2(140.4i X 10-)—0.1 . (4.95) di=nb, 5.2)
r_ .
Finally, the = amplitudes are $i=-—mB,
for all decays. 73 can be obtained from CP nonconserva-
V2., i 4 i¢5, V2o i# tion in kaon mixing. In this model, the box diagrams'
+y__ YV e 13 33, V4 1
S(Eo )—- 3 Sue — 3‘/5 S33e + 3 Sle yleld
=—20.9(1—1.0i X 1073~ 1.5 Gr® s\ ’fxk’MkMc’ M
20.9(1 0i X ) e ‘/F_ . 1fKAMK < g 60C, » J/LR 2B, 63
—10.3(1—1.0i X 10~3) , (4.10a) 12v2m LL
p WP V3 igP where Cyg ~3 is the quantum-chromodynamic correction
P(E)= ——‘;——2—P13e‘¢”—— 3:;3 P33e'¢33+ —%Plew' factor and

=-—-0.3(1-25.0i x10™%)—1.9

+28.8(140.1i X 1073) . (4.10b)

We note here that the phases are typically of order 107>,

V. LEFT-RIGHT-SYMMETRIC MODEL

In this section, we estimate weak phases ¢;’s in the
left-right-symmetric model. There are several versions of
left-right-symmetric models of CP nonconservation, but
the most appealing is that with the “isoconjugate struc-
ture” which generates sizable AS=1 CP-odd interaction
even though €'/e=0 in kaon decay (in the limit of no
W -Wpr mixing). The full AS=1 Hamiltonian has the
form

Gr

V2

where n=My */My % O, and Ogg are identical
operators, except that Oy, is a product of two left-handed
currents whereas Ogy has two right-handed currents. Be-
cause of this structure one can easily see that all AS=1
parity-conserving processes have an identical phase factor
1+inpB, while all parity-nonconserving ones have phase

H,, = —=-sin0;cos6,(0r; +ne‘POgg) , (5.1

MR (K°|5pd5.dg | K°)
M (KO|3,y,d 5 yHd | KO)

(5.4)

MR/ #p is in the range 3—10. Note the large factor
60C, g M /M;; which enhances the left-right box dia-
gram, but decreases the size of the signals in the hyperon
sector. The value for € implies

My
B~
“”LR

X2.2x10~% .

(5.5)

In our later estimates we will use .#;; /.# g~+, that is
nB=4.4%1075

Because all S and P weak phases are equal, the calcula-
tion for A, A4, B, and C is much simplified. We have

A=0, (5.6a)
A=— B | singP—o), (5.6b)
@ Jcpc
_|a P 4S
B= sin(¢” —¢°) , (5.6¢)
B |cpc
c=l1+ B | |sin@?P—¢%, (5.6d)
@ |cpc

TABLE III. The CP-violating observables for the Weinberg-Higgs model.

A A B C
NS —7.8x10"° —2.5%x1073 1.6 103 —0.2x10~?
E- A% 0 —32x10~* 3.8x1073 1.2x1073
ST —nr” 0 —1.1x1073 8.6 1072 1.0x 1072
3t pr® 1.4x 1073 —3.2x1073 3.9% 1072 1.3x107?
St snrt —1.3x1073 —34x1073 2.6x103 1.2x 1072
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TABLE IV. The CP-violating observables for the left-right-symmetric model.

A A B C
A—pr™ 0 —1.1x1073 7.0x10~* —8.8x10°?
E- A% 0 2.5x1073 —3.1x10~* —0.9x10~*
2T —>nmw" 0 1.0x10~3 —7.6x10~* —0.89x107*
St pn® 0 —2.9%10° —2.7x1073 —8.9%10~5
St onrt 0 3.1x107* —2.5%x1073 —1.0x1073
VI. CONCLUSIONS Model X (approximately)
In the preceding sections we have defined all of the ob- Superweak . 0
servables and provided calculations of the weak phases in Heavy neutral Higgs boson 0 )
several models. Here we combine these to obtain predic- Kobayashi-Maskawa 20e

tions for the various quantities.

First in Table II we consider the KM model. Here we
use the upper bound on ImCj as an estimate of its value.
Tables III and IV provide the same estimate in the
Weinberg-Higgs-boson and left-right-symmetric models,
respectively. Not included in the table is the (8/a) charge
asymmetry in = decays. For this we find

= 16.3%x 1077, Weinberg-Higgs ,
0, left-right .

6.2x10"%, KM,
l:o

B
a

As expected the Weinberg-Higgs-boson model provides
the largest signal in practically all cases. In Table IT we
also show the expected values of (8/a)cpc. These are un-
certain by about 10% due to the *1° uncertainty in the
phase shifts. Unless these can be reduced to 0.1° the pa-
rameter C seems difficult to use.

The rough size of the signal in the various asymmetries
can be readily understood by inspection of the original
definitions. Both the strong interaction phase shifts and
AI = effect are small and can suppress the signal even if
the weak CP-violating phase is large. We normalize?® all
of the models ultimately to the only known measure of
CP nonconservation, i.e., €. If we characterize each model
by the amount of AS=1 CP violation using a parameter
X, our earlier estimates would indicate the following pat-
tern.

Charged-Higgs-boson (Weinberg) ¢
Left-right-symmetric (Myy /MRy e

Using this, and counting the factors of sind or 45/4, in
the observables, one can understand the strengths of the
signals

(C=T)/AT +T)=~sin(8;—8;)(A3 /A )X =1073(X /e) ,
(a+&)/(a—a)~tan(8s —8p)X =~ 10~4(X /e) ,
(B+B)/(B—B) =X /tan(85—8p) =~ 10~ XX /) ,
Boo/Oso—Be— /s =(A3/A)X ~10"*X /€) .

As pointed out previously,' the ratio involving the B pa-
rameter is the one where any CP violation would be most
evident. We would hope that these tests could be carried
out and provide new evidence on the nature of CP non-
conservation.
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