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ABSTRACT

An overview is given on the nonleptonic decays of the B, D, K mesons
and their CP-noninvariance properties.
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L. Generic Ways to Study Nonleptonic Decays and CP-
Noninvariance

In this section, I shall give some general remarks on generic ways of
studying nonleptonic decays and CP-nonvariance via the Kobayashi-Maskawa
(KM) scheme.

For a review see Ref. [1].

IL.a. The Quark-Diagram Scheme

Nonleptonic weak decays, after taking out the first-order W-boson con-
tribution, are essentially controlled by strong interactions. We do not have
precise ways of calculating them. The explanation for I = "2- dominance,
which was observed almost 40 years ago in the suppression of K+ — zt#°,
is still under debate. While we are trying to fully solve the strong interac-
tion dynamics, it is useful to set up a framework, as model-independent as
possible, to analyze these decays. This is the rationale for the quark diagram
scheme. Since its introduction more than 10 years a.go,m'(s)
be very useful.

it has proven to

It has been shown that all nonleptonic meson decays can be expressed in
terms of six quark-diagram amplitudes: A, the external W-emission diagram;
B, the internal W-emission diagram; C, the W-exchange diagram; D, the W-
annihilation diagram; £, the horizontal W-loop diagram; and F, the vertical
W-loop diagram. These quark diagrams are specific and well-defined physical
quantities. They are classified according to the topology of first-order weak
interactions, but all QCD strong-interaction effects are included. (The reader
can find figures for these amplitudes in Ref. [1] or Ref. [4])

It is important to emphasize that strong interactions do not alter the
identity of these diagrams. Otherwise this scheme would be useless. The only
approximations made are: restricting the weak interaction to first-order and
assuming SU(3) symmetry [which of course includes SU(2)]. These quark
diagrams have a one-to-one correspondence to those amplitudes classified ac-
cording to SU(3) irreducible representations, which was shown in Ref. [2].
However, to describe a given decay, quark diagram amplitudes are much easier
to write down than those SU(3) amplitudes. Of course, for decay products in-
volving only SU(2) multiplets, one needs only to work with SU(2) irreducible
representations. Actually, these quark-diagram amplitudes are as well defined

as what we call the AT = 1/2,3/2 amplitudes for the K meson decays. But
even in that simpler case the quark-diagram scheme works as well and can
even bring in some new insight. For example, it was pointed out in Ref. [1]
that the W-exchange diagram contributes the same way as the W-loop dia-
gram (the Penguin) for the AT = % dominance in K — 27 and can be equally
important. This has proven to be the case in lattice QCD calculations.

The quark-diagram scheme actually serves a purpose similar to the Fermi
coupling constant Gp. When Fermi introduced G in 1932, what he did was
to put down explicitly the known facts (i.e., spin and Lorentz covariance) and
parameterize the unknown by G. We hope that one day we will learn the
precise content of the unknown in those quark diagrams, though they may
not be as striking and as clear—cut as the intermediate boson propagator in
Gp.

The quark-diagram scheme has so far served well in many ways:

(a) It has provided a framework with which to do model-independent

data analysis and to make predictions from data”

(b) It has provided a framework with which to make critical evalu-

ations of model calculations ™™ All existing theoretical model
calculations are within the same general framework of approxima-
tions as the quark-diagram scheme (i.e., first order in the weak
interaction and using SU(2) or SU(3) symmetry); yet most model
calculations pick only a very special set of Feynman diagrams to
calculate. Without a general framework it is difficult to inter-
pret or evaluate the comparisons of these model calculations with
data. The quark-diagram scheme helps to pinpoint the difficulties
of various model calculations and it should help future attempts
to improve the calculations.

(¢) The quark-diagram scheme also helps to provide a generic frame-
work for analyzing CP-noninvariance. It is essential that these
quark diagrams have a well-defined identity in order to discuss and
calculate CP-noninvariance. A general survey using this method
made was made in 1980.(3) It was pointed out then what the
generic CP-noninvariance factor is in the KM scheme for decay-
amplitude CP-noninvariance and the proper ways to see decay-



amplitude CP noninvariance: i.e., via partial-decay-rate differ-
ences and tagged K°, K decays. It was also pointed out that
the partial-decay-rate differences can be large (as large as 107!
in contrast to 1072 to 10~2 in charm meson decays and in con-
trast to |¢'| &~ 1073|¢] ~ 10% in K meson decays) in B decays,
and that the search for the KM CP-noninvariance can be most
fruitful in B decays. It has not generally been appreciated that
the 102 suppression of the partial-decay-rate differences in D
mesons comparing to those of B mesons is a generic result of the
KM scheme, independent of model calculations. Most model cal-
culations calculate specific sets of Feynmann diagrams and debate
about which channels are important. We know that most of the
state-of-the-art model calculations are unreliable. The experimen-
tal search for new decay-amplitude CP noninvariance should not
rely upon these specific results of model calculations but should
be based upon the generic observation that decay-amplitude CP
noninvariance can be as large as fractional in B particle (mesons
or baryons) decays and look for it in the channels easiest to search
for experimentally. I will elaborate on these further in subsection
Lb. and section V.

Lb. Invariants of the CKM Matrix and the Universal Decay-
Amplitude CP-Nonvariance Factor X¢cp

As was shown by Kobayashi and Maskawa (KM), the quark-mixing ma-
trix for three generations of quarks, which we call the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, has four independent parameters: three angles and
one phase. A very convenient way of parameterizing the CKM matrix was
developed by L. Maiani, and by L.-L. Chau and W.-Y. Keung in Ref. [6] and
has been adopted by the Particle Data Book:

Vid Vus Vi
ch(M = Vcd Vcs Vcb y (I.la)
Viae Vi Vi

-3

1 0 0 ¢z 0 s,ei? ¢z Sy O]
=0 ¢y sy 0 0 0 —sz ¢ 0],
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=| =—sz0y— c,,sys,e‘¢ CzCy — srsys,e"b SyCz ,

Sp8y — C i Fi
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1 Sz é‘ze—ig5
~ . .
— . — L id
as s; & 0 5z — 8y5,€'" 1 — s25y8,€ Sy . (L1.b)
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Of course physics does not depend upon how one makes the parameteriza-
tion. However it is important to know what are the invariants which describe
physical quantities and choose a parametrization that has the close relation
to observables. This parameterization precisely has that important feature.
It takes full advantage of the experimental information and that the phase
factor appears in the smallest matrix element. Each sine is directly related to
one type of experiments,

sz & |Vys| % [V, 4l = 0.22, determined from strange particle decays,
sy 2 |V,p| 2 0.05, from the b particle lifetime,

5y |Vub| ~ 0.01, from the measurement of (b — u)/(b — ¢),

(the value of |V, ;| is still under intensive study). These properties make the
matrix easy to use.

Besides the absolute values of each matrix element |V;;|, which are related
to the rates of decays, there is one single universal invariant that captures the
essence of the KM scheme for CP-noninvariance. In a general survey of decay-
amplitude CP-noninvariance reported in the 1980 VPI conference® and later
crystalized in Ref. [6], we showed that for three generations of quarks all decay-
amplitude CP-noninvariance is proportional to one single universal invariant



parameter:
Xep = In [VaVii(VimVin)'], (1.22)
=Inm VaVi(ViVin)'], i#i=uct; 1#£m=d,s,b,
= $28y8:8¢4 CoCyC2 & Sp8y5:54. (I.2b)

It can be shown, using this universality of Xcp, as discussed in Ref. [3] and
in section V, that B decays are the fruitful reactions to search for decay-
amplitude CP-noninvariance. This has also been substantiated by many ex-

plicit caleulations ™ T will elaborate more in section V.
The universal decay-amplitude CP-noninvariance factor X¢cp was later

noted by C. Jarlskog ® {5 be also related to an invariant of the quark mass
matrix.

The parameterization of Ref. [6] was inspired by Wolfenstein’s param-
eterization, but satisfies exactly the unitarity constraints. One has to be
cautious in using Wolfenstein’s original parameterization; it can give wrong
results in CP-noninvariance. For example, using the original Wolfenstein pa-

rameterization, ¢ would not have a contribution from charm quark in the

W-loop (Penguin) diagram; thus Gilman and Wise™ would not have made

the original observation that ¢ # 0 in the KM scheme! (I am glad to see
that after my remark at the beginning of this conference, people began to pay
attention to this fact and correction terms were put in for the Wolfenstein
parameterization.)

The geometrical meaning of the sine of the phase ¢, s4, was also given
in Ref. [6]. It is the angle between the two complex numbers V, ,V, ,*, and
(Vc chb‘)* of the triangle formed by the unitarity condition of the KM matrix:

VudVup" + VedVep” +VeaVii =0, (I.3)
s % Im [Vuqub*(Vchcb*)*} [(Vadl Wl Vel 1Vep D),
~ Xcp/sesys: (I.4)

Due to the experimental accident that |VC dl ~ [Vysl, it is also the angle
between the two complex numbers Vy sV, ubt and (Vcchb*)“ of the unitary

triangle in the Gauss-Argonne plot formed by the three complex numbers in
the constraint,

VusVub* + Vcsvcbt + Vtsvgz = 0» (15)

5% In [ VsV Ves Vi) /(1Vass) Wiy Ves! 1V,
~ ch/s,,sys,. (16)

Actually there are altogether six such unitary conditions:

o VaVi =0, 1#m=s,db; (I.7a)
i=u,e,t

Yoo VaVi=0, i#i=uct (1.7b)
I=d,s,b

Each equation gives one triangle with the area given by half of the products
of the absolute values of two neighboring complex numbers and the sine of
the angle between the two complex numbers. However, it takes a proof to
show that all six of these triangles have the same area, and this was done in
Ref. [6]. The universal area is precisely the expression of Egs.(I.2) for Xcp,
1.e.,
1

Area = > Xcp. (I.S)
FEach unitary triangle has three angles. So, altogether, there are 18 angles
(some are accidentally equal according to experiments. See the two different
expressions for s, given in Eqgs. (I.4) and (1.6). These angles do not have
fundamental importance. The important fact is that all six of these triangles
have the same area (= 1 X¢p) and their edges are given by products of the
absolute values of the KM matrix elements. Therefore all angles can be written
as X¢p divided by products of four absolute values of the KM matrix element.

10



sin¢i = Xep/[Val Vil [Vim| [Viml, (1.92)
or
= Xep/Val Vim| [Vit] [Viml, (I.9b)

where [ #m=d,s,b; i #j = u,c,t.
To conclude this subsection, we see that it is natural to pick the four
independent invariants |Vy], lvcb" |Vub|’ and X¢p for the four independent

CKM parameters. They are the ones precisely picked in Ref. (6): s, sy, s,
and $4 R Xcp/sesys:.

Ib.2. Implications of Measuring Partial-Decay-Rate Asymmetries
in Bf Decays and in Neutral B Decays Such as B° B° —
KsJ/v

Recently it has become very popular to discuss the partial-decay-rate
differences of B°B° and even to design B factories for measuring them; for
example, B3BS — KsJ/v is the most popular. Indeed, assuming that the so
called “Penguin polution” (what a down-turn of the fate of Penguin diagrams)
is small (which is yet to be proven experimentally), the decay-rate asymmetry
in the Im(Am - t) term is:

o {ap A(B° = KsT/4) q_x}
o(KsJ/$) = ~In {pB A(B® — KsJ/4) pk

_ g VeV Yes Ve VesViy” (1.10)
—im * * *
ViaVes Vcchb Ves ed

= Sil’l2¢1,

(see Ref. [10] and Lim’s talk at this workshop). Therefore this decay becomes
a measurement of the angle ¢;.

However, I must stress that without first establishing that the KM scheme
is the valid one for CP-noninvariance, an assertion claiming that a(KgsJ/%)
measures ¢; is meaningless. Furthermore a(KsJ/%) # 0 does not establish
the KM scheme for CP-noninvariance at all. It may come entirely from the
mass-matrix part, i.e., the (¢/p) factors in Eq.(I.10).
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To establish the KM scheme for CP-noninvariance unambiguously, we
must observe pure decay-amplitude CP-noninvariance, with no matrix-matrix
contribution mixed-in. It is essential first to unambiguously observe effects
such as ¢ of the K meson decays and the partial-decay-rate differences of B
meson decays. Therefore, for B factory builders, I must stress the importance
of observing partial-decay-rate differences in B* decays. Furthermore, their
measurements should be the first-generation experiments because of their ex-
perimental simplicity. They are minimum-bias experiments: no tagging and
no time-evolution measurements are needed, in contrast to measuring the
asymmetries in neutral B° meson decays such as B®, B® — KsJ /4.

I1. Nonleptonic Decays of D Mesons: from CKM Non- and Singly-
Suppressed Decays to the Predictions of Doubly-Suppressed Decays

Here I shall briefly summarize our results from analyzing nonleptonic
decays of D mesons using the quark-diagram scheme. I refer the reader to the

original pa.pers(4’u) for details.

II.a. Charm Meson Decays into Vector and Pseudoscalar Bosons,
D-VP

Il.a.1. The CKM Non- and Singly- Suppressed D — V P Decays

Our analysis of recent data of charm mesons decaying into a vector meson

and a pseudoscalar meson D — V P have established the following:(4)

e The final-state interactions are definitely important in D — K*m, (as
in the D — PP pseudo-pseudo meson decays).

o The D° — $KO decay is solely from the WW-exchange diagram, with
final-state interactions taken into consideration. Its observation and
size shows that the W-exchange diagram (' is significant.

e The D® — %70 decays, K*~nt, associated with the measurements
of DY — ¢x% and D} — ¢rt, give the value of the W-exchange
diagram C’. But we found that ¢’ # (', which implies important
SU(3) symmetry breaking.

e From the D} — K%K+, D} — ¢rt, K*°rt and Dt — ért decays,
we obtained the information that the W-annihilation diagram D is
important.

12


http:Eq.(1.10

e From the D} — pt° decay it follows that D ~ D’.
¢ From the Fermilab E691 result that D} does not decay into rtw,
X . ;

D} — wtw, it follows that the decay amplitudes have the following
relations: [D| >> |D| = |D’].

¢ Perturbative QCD calculations always give |A’| > |B/| due to color
suppression in the internal W-emission diagram B’ (anaz The ex-
perimental fact that |4’| < |B| clearly indicates the importance of
nonperturbative effects (e.g., soft-gluon exchange). The decay rates of
some color-mismatched channels, e.g., D® — wK?, ¢K° 7°K°, and
D, — K*°K*, are not suppressed relative to that of color-matched
modes. From the quark-diagram scheme we can predict that

(D)
T(DV)

Br(D® — ¢r°) = %(0.05) Br(D* — ¢7t).
For other comments on QCD calculations'"" see Ref. 3R

The values of the amplitudes and phase shifts are given next:

From the measured decay rates of D} — ¢+, Dt — ¢r+, K*Or+ and
D% — ¢K° we obtained the values for various quark-diagram amplitudes

A’ =(2.01+£0.33) x 1076,
[C'| = (1.77£0.21) x 107°,

B = —(3.12 +0.44) x 10~°,
( ) (IL1)

where the primed amplitudes denote the case that the vector meson arises
from the decay of the charm quark, and the under-lined amplitude refers to
the amplitudes of graphs involving the creation of §s. From the measurements
of D} — K*°Kt and D° — K*~ 7+, K*°7° we found

C'=—-043x10"°%  D=(143+0.46)x 107°¢ ,

I1.2
Ager = (6172 = 83/2)ger = (97T £13)° . HL-2)

For unprimed amplitudes, three sets of s_olution_s(4) can be derived from
the observed rates of D* — pt K°, D — wK°, p°K° and p* K~. However,
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the recent ARGUS result Br(D° — K°K*%) < 3 x 10~* implies C ~ C’. This
favors the following solution:

B =—(1.97+0.12) x 107°
g — (612 — 53/2);;}? = (0£26)° .

The other two solutions give values for the amplitude C which are too large.
The small rate for D}y — ptn° indicates™” D & D', The recent E691 result
for negligible DY — 7tw implies that [P| >> |D| ~ |D’|. Motivated by
C ~ LC', we will assume that D ~ D’ ~ D for the purpose of giving specific
D — VP rates.

A= (3.50£0.05) x 107°,

1.3
C = —(0.39£0.05) x 10~°, "

II.a.2. The CKM Doubly-Suppressed D — VP Decays

With the quark-diagram amplitudes and the isospin phase-shift differ-
ences given by Eqs.(IL.1) - (I1.3), we are able to compute the branching frac-

tions for all doubly suppressed D — VP decays(ls) except D, — K‘K(M?
The readers are referred to Ref. [13] for explicit results. Note that our predic-
tions do take into account the effects of final-state interactions obtained from
data analyses in the quark diagram scheme, as indicated by the phase shifts in
Egs. (I1.2) and (I1.3). Without final-state interactions, the predicted branch-
ing ratio for D — K*°7° will be smaller by a factor of three. Such final-state
interaction effects are still beyond the capability of most theoretical model
calculations.

It is also worth emphasizing that our analysis demonstrates the non-

negligible effects from the W-annihilation diagram D and the W-exchange

diagrams, C and (', the so-called nonspectator diagrams, as evidenced by

Eqgs. (I1.2) and (IL.3), in contrast to most model calculations """ For

example, in our scheme Dt — @Kt arises solely from the W-annihilation
diagram D.

II.b. Charm Meson Decays into Pseudoscalar-Pseudoscalar
Mesons, D — PP
ILb.1. The CKM Non- and Singly- Suppressed D — PP Decays
From analyzing the recent data of charm mesons decaying into two pseu-
doscalar mesons, we have established the following:(q)

14



¢ The final-state interactions are important(m) inD— Kr.
¢ The W-annihilation diagram D is important in D, — PP.

e The D° — K°KO° decay can only come from effects of final-state in-
teractions and/or with SU(3) breaking. Its observation by Fermi lab
experiments E400, E691 establish such effects.

¢ The loop-diagram contributions in D decays only occur in the SU(3)-
breaking forms (£ —£) and (F — F) because Vy,, V5, + V,aVi 2 0. They
are shown to be small by the D® — K°K° measurement.
With the new data of D° — K°¢/, D} — ntpand D} — 7+, a unique
set of solutions for the D — PP quark-diagram amplitudes A, B, C, D, C
and D can now be obtained. More precisely, the six amplitudes deter-
mined from the measured decay rates of D*¥ — KOrt KOKx+ DO —
K%, K%/, K=n%, K°2°, and D} — K°K*, 7tn are (in units of GeV):

[Alpp ~3.4x 1075 [Blpp ~2.1x107% [Clpp ~—18 x107°,
[Dlpp ~ —0.5x 1076, [Clpp ~—0.8x 10%, [D]pp ~ —0.4 x 10~° ,
AR,,. = (61/2 — 53/2)R1r = (79 s = 11)0 . (H4)

Evidently, the nonspectator contributions, especially the W-exchange dia-
grams, play an essential role in D — PP decays.

There has been an outstanding prediction since 1983:1

D(D¥ = 7+ 70)T(D¥ = ROr*) = £{Vaa/Vio? 2 0.01.

II.b.2. The CKM Doubly—Suppressed D — PP Decays
The quark-diagram amplitudes given by Eq. (I.4), lead us straight to-
ward computing the branching fractions for quark-mixing doubly—suppressed

D — PP decaysgla) Again, it should be noted that nonspectator diagrams
and final-state interactions are included in our calculations. In addition to the
predictions based upon detailed information of Eq. (I.4), we have also the

15

following general relations between the doubly—suppressed decays and non-
suppressed D° deca,ys:(ls)

F(DO — K+7r—) =

) (IL5)
I'(D° — K%) = 2 I'(D° — K°); \Gamma(D® — K%)=
1
s1\? =
<_> I-\(DO — {On/)’
C1
where
s1 2 Vil = [Vasl; a1 = V4| [Vadl; (1L6)

n=rmngcosf +nosinf, n = -—ngsinf +nycosd; 6= 20°.

IL.c. Charm Meson Decays into Vector-Vector Mesons, D — VV

The quark-diagram scheme description for D decaying into vector-vector
mesons is much neater than that for D decaying into vector-pseudoscalar
mesons and that for D decaying into pseudoscalar-pseudoscalar mesons. For

doubly-suppressed D — VV decays,(l3) we have the following predictions:

The observation of Dt — ¢K**+ will establish and measure the W-
annihilation diagram D.

The observation of D® — @¢K*° will establish and measure the W-
exchange diagram C, and we predict

2
F(DO — ¢I(*0) = <$1 /c1> F(DO — (ﬁ?o); F(DO -—»w](*o)

2
= <s1 /c1> T(D° — wK™); (1L.7)

16



2
I(D° — p~K*H) = <51 /c1> [(D° — K*~p*); T(D® — p°K*°)

2
- <s1 /c1) I(D° - K0, (I1.8)
We also predict
2 —*0
(D} - K*t K*0) = (sl/q) (DY —ptK ). (IL.9)

Using the recent ARGUS measurement Br(D® — K*%w) = (2.0+0.5+
0.3)%, we predict Br(D° — K*%w) ~ 6 x 1075.

III. Nonleptonic Decays of B Mesons
IIL.a. The CKM Non-Suppressed Decays

Using the quark-diagram scheme, studies similar to those with the D
mesons can be made for the B meson decays. However, at this time, we need
more complete data for such an analysis.

IIL.b. Interesting Features in the Rare B Meson Decays

IIT.b.1. Unambiguous Ways to Observe IVubl # 0 in Non-
leptonic Decays

Theoretically the simplest way to measure Wubl is to observe By — TVr.
Unfortunately, the branching ratio for such a decay is very small, [Br(By —
rvr) S 1073, using the current estimate of IVub/Vcb|2 a2 (3)?. Tt is therefore
important to find other decay channels which are non—zero only when 'Vubl
is non—zero. Certainly the observation of a charmless semi-leptonic decay
b — £7VpX, = ( inclusively or exclusively will establish 'Vubl # 0. Here, we
shall list some pure nonleptic decays which are non-zero only if IVubl £ 0.
Such a selection is possible based upon the general model-independent quark-

17

diagram scheme: !

Bj. —* F+Xc:0,s:0 :

F+r® x V2, F¥ng x /6, Ftno x V3, F¥p® ete: VsV (A);  (LILL)
VesVop (D); (I112)

F*g¢, ete.:
— DXe=0,5=41:
DK+, DOK*+, DK+ D*OR*t etc.:
Bg -+ F+Xc:0,s:0 :
Ftr—, Ftp—, ete.
- DXc=0,3:+1 :
DOK® DOKO* D*OKO D*OKO0* etc.:
B? — F+Xc:0,3:—1 :
FtK—, FtK*= etc.:
— DXc:O,s:o:
DO x \/2, D°ng x /6, Dny x /3, Dtr—,
Dtp=, DJ/4, etc.:

For simplicity, we use here the same amplitude symbols for final states from
different multiplets. But keep in mind that they are, in general, different.
Notice that all these decays have a net one unit of charm and strangeness
quantum numbers in the final state. Essentially they are all from graphs with
b—uaW* and Wt — ¢5; therefore, the combination VcsVub* always appears

in these decays. There are also decays involving Vchub*’ eg. B— Dtr |
D°r°, which are non—zero only if 'Vub' # 0 but their branching ratios are
suppressed by a factor |Vcd/VCSI2 22 0.05 compared to the ones in Eqgs. (IIL.1)
to (IIL.7).

In the decay
1
Bf —rtr®: Vuqub_\/;('A + B), (I11.8)
there is cancellation among the loop-graph ¢ contributions with coefficient
ViV Thus the observation of B} — r+#° is clear indication that |Vub| #

0. Bf — p*p° decays also occur only when [V,p! # 0; but experimentally it
is not as easy as Bf — ntn° to observe.
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VesVyy (B +D); (IIL3)
VesViop () (IL4)
VesViyy (B);  (IIL5)

VesVioy, (A+C); (I1L6)

VesVi2p (€). (IILT)



Other decays with Vu qub" factors in general can have contributions
from other diagrams involving V.V which has absolute value much larger
than that of Vy4V,};. For example, the charmless decay B — 77~ is given
by the following quark amplitudes and quark mixing factors:

Bi —»tr™: V Vo (A+C+Ey _ )+ Vo Vi(Ee — 1) (T11.9)

We see that even when IVubl =0, B} — nt7~ may not be zero due to the
loop diagram (here &, _ ¢ = &u — &).

Hence the search for |V, ;] is, in general, not likely to be most successful
in the charmless decays of beauty particles, with the exception of case B}f —
7+ 7°. However, if we can establish experimentally that the W-loop diagram
contributions, even with their large mixing matrix coefficient, are negligible
compared to the tree-diagram contributions (in many cases with very small
mixing matrix coefficients), then the charmless decays such as B} — nt =~
can give estimates on |V, ;.

ITL.b.2. Decays of B Mesons Solely from the W-loop diagrams

Here again the Quark Diagram Scheme is useful. The following decays
are from W-loop diagrams only:[m] A
Bg = K% : ViV (Eue)+ VesVi(E0oy),
=* I{*Oqs ¢ Vi VJb (gu—t) + Vcch‘i,(gu—t),
— KR VaaVh  (Eumt+ Fuce)
VeV (Eemt + Femt),
— KR VaaVyy (6o + Fy)
+VeaViy (Eeme + Fizo)s
— KR VgVt (Euct+ Fu—e)
+Vcdvc7, (gc—-t - fc—t);
— ¢¢: VaudViy  (Fu—t) + VeaVi(Femr);

BY 5 R: ViaVly  (Eumt)+ VeaViy(Eome),

ST VaaVh  (EL_)+ VeaVS(ELy),
K™ : VauVity  (Euct + Fucr)
+Vcs Vc?, (gc—t + }-c—t)a

— K
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¢ ViVl (Eumtt Fue)
AVeoVE (Bt + Fa),
= KoK VoV, (Eime+ Fiy)
+Ves Vi (Eice + Fose)s
S KR VayVy  (Eumet Fuce)
+Vcch‘b (gc—t+-7'-c—t)- (H[ 10)

Note that By — #¢ come only from the vertical W-loop diagram F; and

By — K%, K*°4, B? — ?Otﬁ, F0¢> come only from the horizontal loop
diagram £. See Ref. [9] for a model calculation of these decays.

IIb.3. Sensitive Dependence of B3BS mixing on the KM Phase.

The ARGUS’ observation of B} « BS mixing initially came as a surprise.
Here I would like to tell an interesting story — especially to those of you in
the audience who are young physicists:

As we all know, the formula for B%-mixing is

o= P(B° ") _ Plete” -+ B'B°—4747) _ (Am/T)” + (AT/2)
B=PB—+) ~ P(ete — BYB® — p+4-)  (Am/T)2—(AT/2[)2 + 2

(II1.11)
The large mixing occurs either through AT'/2T & 1, which was in fact true in
the K-meson decays, i.e., ATk = Tk, = oT; or through Am/f‘ >> 2, which
is the case for the B- meson decays. In both cases, the box graph which gives
Am and AT must compete with the decay graphs which give I'. Thus the
particle—antiparticle mixing is more favorable in the decays of K and B mesons
where the tree graphs are suppressed due to the quark-mixing suppression,
and, in contrast, the mixing of the decays of charm mesons and top mesons is
less favorable due to supression of the box graph relative to the tree graphs,
which is quark-mixing nonsuppressed.

For the B mesons it is reasonable to assume that Am comes mainly

from the box graph — the so called short-distance contributions — which is

dominated by the t-quark term: *®

, G¥Bafpms

Am == sE=ml F(m [mi)|V I, (IIT.12)
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where [V[? = |V,;V3[?, for By-mixing; and |V|* = |V, V;|?, for Bs-mixing;
and

F(z)=1-(3/4)(z+2%)/(1 — z)* = (3/2)z%Inz/(1 — z)?,

which is a smooth and slowly decreasing function. AT comes from the ab-
sorptive part of the box diagram and therefore the t quark intermediate state
cannot contribute. Thus AT’ << Am is expected, and Eq. (IIL.11) simplifies
to

rg ~ (Am/T)?/[(Am/T)? + 2]. (I11.13)

It is obvious that as Bp f% and m? increase, the mixing of rp increases. The
reason that Bg-mixing in general is bigger than By-mixing is that |Vi,|?> >
[Vid|>. What was noted in Refs. [1] and [17] is that |Vig| is very sensitive
to the CP-invariance violating phase. This is most easily seen by using the
parameterization given in Ref. [6] and in Eq. (I.1.b)

Cr S s,e”t?
V= —(sz+sys.€'%) ey 8y . (IIL.14)
sylse = (s:/5y)e™] —sy[L+ ss(s2/sy)e*] 1

From the expression (IIL.14) we see that |Vig| = sy[|sz — (5:/8y) cos >+
I(s:/sy)sin ¢|?]3 is very sensitive to the sign of cos @, and it increases as ¢
increases from 0° to 180°. As the value of [V,;/V.s| becomes closer to the
value of |Vy,]|, the dependence of |Vi4| on ¢ becomes more dramatic. The
dependence of |Vi4| on ¢ is the opposite, i.e., it decreases as ¢ increases from
0° to 180°. However, since the quantity s;(s;/sy) < 1, the dependence of |V;,|
on ¢ is less than that of |V;4|. Therefore it was noted in Refs. [1] and [17] that
¥p4 can change from 107 to 10! as ¢ changes from ¢ & 0 to ¢ ~ 180°. The
value of top quark mass used was m; ~ 60 GeV. We thought that we were
brave in using such a large top quark mass. Our results of 1983 were forgotten,
however, because there was a time in the mid-1980s when UA1 announced the
observation of a top particle with a mass of about 35 GeV, and the value of
qub/Vcb' had diminished. Both results made B « B mixing negligible. It
is amusing to reflect that we are today talking about a top quark mass larger
than 100 GeV!
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In any case; B « B mixing is sensitive to the value of the KM phase
and indications are that the phase ¢ is large.

IV. CP-Noninvariance in K Meson Decays
IV.a. Implications of the Measurement of Re(¢'/¢)

Now, after almost a quarter of a century has passed since the first obser-
vation of CP-noninvariance ¢ in the K decays, there is finally a hint of a new
type of CP-noninvariance ¢ that has been observed, again in the K9 meson.
The significance of NA31’s positive results of a non—zero ¢":

R. (g) = é [In4=/n0ol? = 1] = 0.0035 4 0.0007 + 0.0004 + 0.001¢V .1)

where
ni- = A(Kp — ntr7)/A(Ks — rtn7),
oo = A(Kp — m°1°)/A(Ks — n°x°).

It was originally observed by Gilman and Wise! that the KM scheme gives

¢ # 0. One can easily show™ that Int=/mool # 1 necessarily indicates
decay-amplitude CP-noninvariance. From the definitions of ny_, 7o,

ny = Be=lAv-opld o
Ay-[Ay- +p/e
(IV.2)
oo = Aoo/Aoco —p/q _ 2

" Aoo/Aco+p/7

where (Z)i = A((I'() — fi),and p = 1 =, ¢ = 1 4+ F; ¢ is the CP-violating
parameter of the amplitude of isospin zero of the two pions; and ¢, of the
isospin two,(ls) we see that both the mass-matrix and the decay-amplitude
CP violations can give nonvanishing ny_,n00. In the ratios A,_/A;_,
Aoo/ Ago, the strong-interaction phase cancels. Without decay-amplitude CP
violation in weak interactions, any phase in Aj_ /Z+_ and Ago/Ago can

be simultaneously removed by choosing a proper phase convention so that

22



A+_/71-+_ =1= Aoo/zoo_; thus r]+_/@0 = 1. The reverse is also true, i.e., if
N4—/Moo =1, then Ay_/A,_ = Aoo/Aoo, and |Ay_ /A;_| = |Aoo/Acol = 1,
(that the second relation must also be true is due to the fact that the K°,
K —or decays are closed systems and the CPT theorem apphes and it im-
plies T(K® — n+7~) + T(K° — 7°70) = I‘(K —rtr) + I‘(K — 7070).
Therefore, if |A;_/Ay_| < 1, then |Ago/Aoo| = = [Ay_/A4—| > 1. We can-
not have a situation where |4y _/Ay_| = |Aoo/Aoo| # 1. There are decay-
amplitude CP violations if |A/A| # 1, or even when both |4, _ [A4-| =
| Aoo/ Aool = 1, but no phase convention can be found such that A;_/A,_

and Aoo/Aoo are both real. Therefore |n;_/noo| # 1, i.e., Re(¢'fe) #0, is a
necessary and sufficient indication of decay—amplitude CP violation. This is
what NA31 and Fermilab experiments measure.

Such decay-amplitude CP violating effects can be measured (1.3):(20) in
different ways: directly in tagged K° K -t 0 vy, and K* — 3,
as well in A, A and 37,3 decays, Wthh I shall dlSCllSS in the next section.
IV.b. Other Important Searches for Decay-Amplitude CP Nonin-
variance in the Strange Particles

IV.b.1. Tagged K° K° — 27 Experiments

As indicated in the proof of ¢’ being solely in the deca.y amphtude ¢ #0
is a direct result of the partial-decay-rate difference in K°, K©, i.e.,

AK® —» nt ™) JA(K® — ntr) #1,
and (Iv.3)
A(K® = n°7%)/A(K°® — r°7%) #1.
Thus, a natural way to measure decay-amplitude CP-noninvariance is to mea-
sure the partial decay-rate difference of K°, K 0,(3) ie.,

— F(KO - Tr+7r_) ’
(RO ) T
0 —_—
Roo= SO =TT) e, (IV.4)

T(K° — n070)

Here the partial decay-rate-difference effects exist only when K° K° are
tagged, since K, K° mix maximally.
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Thus, to see such effects directly, tagging and time-evolution measure-
ments are necessary. The CERN LEAR experiment PS195 is designed to
make such measurements:

_T(PP— T KYK — - Ktrtro)

== =1+42R.(¢), (IV5
T T I(PP - rtK-K® — rtK-rtro) +2Re(€), (IV.52)

(PP — " K+K —r~K+r%1") _
['(PP — m+ K- K% — n+K-n070)

Roo = 1—4R,(¢"). (IV.5b)

Such tagged K°, K° partial-decay-rate-difference measurements are more
direct and general ways to measure decay-amplitude CP-noninvariance (see
later discussion in Section V on CP-noninvariance in B and charm mesons).
Another important reason for doing such tagged K° K° measurements are
that it provides a different measurement of ¢’. Note that NA31 measures
Re(¢’ [¢), i.e., the projection of ¢’ on ¢, while tagged K°, K° experiments
measure Re(¢’). Under CPT invariance, one can show that [phase (¢)] ~ 90°—
(62—61) = 90° +(—45.3° +4.6°) & 45°, which is very close to [phase (n4-)] =
by- = 44.6° £ 1.20°. So ¢’ is expected to be aligned with e. Therefore, from
the CPT theorem we expect:

|Re(e")| = |Re(¢’[€) - £ - cos45°| = [0.0035 - € - cos 45°]. (IV.6)

A measurement of Re(¢’) different from this predicted value is a clear indica-

(21)

tion of CPT invariance violation.

IV.b.2. High Precision Measurement of doo, d+—

Currently the experimental values of
$oo = 54.5° £5.3% ¢y =446°+£1.2° (IvV.7)

have a difference larger than allowed by the observed value of Re(¢’ /¢). There-
fore more accurate measurements of ¢og, ¢4 — are very important. If the dif-
ference of ¢go, ¢4 — remains larger than allowed by the measured value of
Re(¢'/¢), again CPT invariance is violated. For a detailed discussion see
Ref. [22].
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IV.b.3. Decay-Amplitude CP-Noninvariance in K° K°® — 2y

The measurement of ¢ is a definite indication of decay amplitude CP-
noninvariance. Unfortunately ¢’ is a CP-noninvariance effect in the AT = %
amplitude, which is known from experiments to be suppressed in the ampli-
tude by a factor of 20 compared with the AJ = % part. Historically, this sup-
pression was important for the observation by Dalitz of the (K+ — nt70),
(Kt — mtrtr™) puzzle, which eventually led to the discovery of parity—
invariance violation. However, ironically, the same factor now is important

in making |¢’/e| small. Therefore Cheng and 1 began a search for other
K-decay channels where decay-amplitude CP-noninvariance has no suppres-
sion which compares to the mass-matrix CP-noninvariance. We found that
such a possibility existed in K°, K - 2y from the interference between
the 27 intermediate-state contribution in K¢ — 2y and the =, 37, n, 1/
intermediate-state contributions in Ky — 2v. For such an interference effect
to be appreciable, the Kg — 27 rate needs to be comparable with K1 — 27.

Our theoretical calculation predicted(zs) I['(Ks — 2y)/T(Kp — 2y) =~ 24

and the NA3 measurement indeed gave(24)

T(Ks —2y)/T(Kp — 2y) = R=24+ L.1. (IV.8)

As indicated in Ref. [7], for such a ratio of comparable Ks — 2y vs
Kp — 2v, the decay-amplitude CP-noninvariance effect can be as large as
the mass-matrix CP-noninvariance ¢. It is interesting and important to note
that the appropriate ways for observing such a CP-noninvariance effect are
measuring the tagged K°, % - 2% time-dependent decay-rate difference
measurements. It is impossible to see this effect in separate K, Ks — 2¥
decays. For details, see Ref. [23].

IV.b.4. Decay-Amplitude CP-Noninvariance in K — 37 de-
cays(l)

We should also expect decay—amplitude CP-noninvariance in X+ — 37
decays; i.e.,, (Kt — ntntr=)/T(K~ — n~r~nt) = 1 + A, where A # 0.
However, since K — 37 decays do not mix with K — 2, the total rate of
Kt — 37 must be the same as K~ — 37 from the CPT theorem. Thus the
difference in the charged 37 decays must be balanced by the 7 7%x° channels.
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A good place to study decay—amplitude CP-noninvariance in K — 3 is the
measurement of the ratio of the ratios of the following decays:

(Kt — a7~ )/T(Kt — ot 7070)
(K- — m—rtnt) /(K- — 7= 7070)

=1+24s,.  (IV.9)

The advantage of such measurements of the ratio are two—fold: firstly, it
gains a factor of two in the difference, secondly many experimental errors are
cancelled. Unfortunately though, Az, is expected to be only a fraction of the
value of €.

One cautious note should be given to the implication of measuring n, _o =
A(K2 — ntr=1%)/A(K) — nt7~n°) for CP noninvariance. Unlike that
N4— # 0 always indicates CP-noninvariance 7, _o # 0 does not necessarily
imply CP-noninvariance, since 7+ 7~ 7% can be in both CP odd as well as in
CP even states. One has to look at the particular region of the Dalitz plot
where 7t 7= 7% forms a CP odd state to look for CP-noninvariance effects in

N+~0-

IV.b.5. Decay-Amplitude CP-Noninvariance in Hyperon De-
cays

Through the general analysis one can show ™" that there can be
partial-decay-rate differences T'(A — 77p)/T(A — 7tp) = 1 + A, and
(A — 7°n)/T(A — m°7) = 1 — A. Currently the estimate is A ~ 107*
to 1075. There has been a proposal made at LEAR to measure

['(PP — AA — 7~ pr°R)
['(PP — AN — monmtp)

= 1+42A. (1V..10)

It is well known that 3 is produced highly polarized and the r distribution
with respect to the polarization of ) is asymmetric. CP-noninvariance can
lead to a difference in the asymmetry between 3% — 7+n, and PO ST
The estimate given on such an asymmetry was comparable to the size of e.
This may be a very interesting effect to observe. Table 1 lists some other
interesting CP-noninvariance effects in hyperon decays.
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Table 1. CP violation effects in hyperon decays, from Ref. [24] of
Chau and Cheng.

A/Xcp A/Xcp [B/a — tan(6, — 6,)]/ Xcp
A2 8 x 10~2 -2 x1072 1.2 x 107!
A -1x107! 4x1072 -4 x 1071
Sd 0 -8x1073  —4x107? -——-
A 2 x 10-2 80 —-——
S 0 —4x 107! 4

V. Some Generic Properties of Decay-Amplitude CP-Noninvariance

As we have already seen in some specific decay modes in strange meson
and hyperon decays, the general and direct way to analyze and measure decay-
amplitude CP-noninvariance is to measure the partial-decay-rate differences
in both neutral and charged particles. Such a general view has led to a
different way to measure €, i.e., measuring the tagged K, K —or decay-
rate differences, and to the predictions of CP-noninvariance effects in partial-
decay-rate differences in many other systems. A general survey of such effects
in the KM scheme was accomplished (see Ref. [3]) in 1980. That such a general
survey of CP-noninvariance was possible was based upon the observation that
meson weak decays are given unambiguously in terms of the quark-mixing
matrix and six decay amplitudes A, B, C, D, £, F. To explain how particle-
antiparticle decay-amplitude differences arise, [ use an explicit example: The
process B — K% p0 is given in terms of the quark diagrams as follows,

A=V Vas(A+ B+ D+ Euse) + Vo Vis(Eeme) = Vip Vits(A1) + Vo Vs (A2),

and By — K~ p° is given by
(V.1a)

A= VibVus(A+ B+ D+ Eume) + Vi Ves(Eemt) = Vi Vus(Ar) + Vi Ves(A2)-

(V.1b)
Note that the difference between particle and antiparticle decays is in the
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exchange of V;; -
of CP invariance in strong reactions. The partial-decay-rate difference is then

given by

V;J The amplitudes A; and A» are not changed because

_JAP=[AP _ —ATm(V,, Viis (V. Vis) 1 Im( A} A})
TNAR AR WV Viis AL+ Vi Vis Aol + Vi Vus AL + Vi Ves A2l
(V.2)

Here we see that the important ingredients for a non—zero partial-decay rate
difference are: first, that Xcp = Im[V, ; Viis(V, Vés)*] # 0, which is provided
by the KM mechanism from the interference of at least two distinct weak
decay amplitudes; hence such decay-amplitude CP noninvariances will only
happen in mixing-matrix suppressed decays; and second, that Im(A; A3) # 0,
which means that there must be two independent types of nonleptonic decay
amplitudes, e.g., the interference of the [ = 0 and I = 2 amplitudes in K — 27
and the interference of the s and p wave amplitudes in A — =N, A — 7N
decays.

The same formulation applies to other B meson decays as well as decays
of charm, strange and top-quark mesons. The interesting point here is that
for the three—generation quark-mixing matrix, shown in Ref. [6], the same
Xcp appears in the numerator for all partial-decay-rate-differences, i.e., the
partial-decay rate differences have the following generic form

ch Im(AlA';)
= 2GR SLE1 B3] V.3
AP + [P (V:3)

where X p is the universal KM CP-noninvariance factor as given in Eq. (1.2).

Phenomenologically the uniqueness of X¢p for all CP-noninvariant de-
cays in the three generations of quarks carries an important message. Even
without knowing the detailed dynamics, we can conclude that we will have bet-
ter luck in getting large partial decay rate differences in those channels where
the decay rates are suppressed, t.e., where the denominators in Eq. (V.3) are
suppressed. This fact has been born out by many model ca,lculations,(lg) and
the basic reasons were given in detail in Ref. [3]. The partial decay rates in
many rare B meson decays can be as large as a few x 10% in constrast to
|¢'| ~ 10=3|¢| ~ 10~5. The reason can be simply seen as follows. If there is
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no reason for dynamical suppression,
Ap ~ sin @, (V4)

which can be of order one when ¢ is near 90°. However, in charm decays they
are typically less than 1%:

Ac =~ 1072 sin ¢. (V.5)

This is merely a reflection of the larger decay rates of quark-matrix suppressed
decays of charm mesons compared with those of B meson decays. Actually
this is the same reason that the K and B meson systems are the best systems
for neutral particle-antiparticle mixing. Thus we anticipate that the B meson
will be a very useful source for interesting physics just as the K mesons have
been. Recently, we have made detailed state-of-the-art calculations of rates

8]

and CP-noninvariance effects in Rare B decays.

V.a. Decay-Amplitude CP-Noninvariance in B Meson Decays

From the general arguments just given, we see that the rare B decay chan-
nels are the most likely reactions in which to find fractional partial-decay-rate
differences. Among all the channels considered, B¥ — K*,0 =%t have
the final decay products that are most accessible for experimental detections.
Channels involving charm mesons are more difficult to observe due to the need
for charm-particle reconstructions. To observe partial decay rate differences
in neutral B°, B mesons, one must tag the B°, B° mesons. Tn contrast to the
“neat” ways to tag K0, K in PP — T K-K°, = K*+XK° and to tag D°, D°
in ete~™ — 1(3370,4030) — 7+ D~ DO 7~ D*D°, clever arrangements have
not been found for tagging the B°, B° mesons. Theoretically, the sources
of partial-decay-rate differences in neutral mesons are also complicated (see
discussions in subsection I.b.2.). They can involve all three effects of mix-
ing: B, B mixing, mass matrix CP-noninvariance, and decay-amplitude
CP-noninvariance (see Lim’s talk at this conference and Eq. (I.10)).
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V.b. Decay-Amplitude CP-Noninvariance in Charm Meson
Decays

As discussed before, in the case of three generations of quarks, the partial-
decay rate difference in charm mesons are, in general, a factor of 10-100 smaller
than in the B mesons, and they thus require 102-10* more events. The partial-
decay-rate differences in charm particle decays can be large if there are more
than three generations of quarks;(zs) this however is not indicated by experi-

ments.

V.c. Decay-Amplitude CP-Noninvariance in Top-Quark Par-
ticle Decays

The decay-amplitude CP-noninvariance in top-quark particle decays can
be as large as in B meson decays. But the two-body and three-body decay
channels of top-particle decays have branching ratios that are too small (~
1078 for a top quark mass >50 GeV ). Therefore, it will be difficult to see
decay-amplitude CP-noninvariance in top quark decays.
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