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We carry out a systematic study of branching ratios, angular correlations, and CP asymmetries
in the decay of neutral and charged B mesons to final states consisting of two vector mesons. The
renormalization-group-improved effective Hamiltonian is evaluated in the vacuum insertion (factor-
ization) approximation. Okubo-Zweig-lizuka suppressed and annihilation terms are neglected. Cur-
rent matrix elements are evaluated using the wave functions of Bauer, Stech, and Wirbel. Branching
ratios and angular correlations among subsequent decays of the vector mesons are calculated for 34
channels and a comparison is made with the data. As a first approximation, the calculational scheme
provides a useful framework with which to organize the data. Interesting direct C P asymmetries are
particularly evident in K*w and K*p final states, where branching ratios are moderate. They are
excellent probes of penguin term influence on decay amplitudes. Even larger direct asymmetries are
present in wp and pp final states where, however, branching ratios are low and results are very model
dependent. We show how B°-B° mixing phases are influenced by phases in the direct amplitudes.
The effect is particularly strong for K*°D*° final states.

PACS number(s): 13.25.4+m, 11.30.Er, 14.40.Jz

I. INTRODUCTION

The nonleptonic weak decays of B mesons are very
interesting for several reasons. First, CP violation in
the B-meson system will eventually give us information
about the C'P violating phase in the Cabibbo-Kobayashi-
Maskawa (CKM) mixing matrix [1]. Second, nonleptonic
weak decays will give additional clues for determining the
absolute values of the quark mixing parameters, in par-
ticular, the fundamental ratio |V,;/V,;|, although it is
expected that more solid information on this ratio will
come from semileptonic B decays. Last, the dynam-
ics of the nonleptonic weak decays in the framework of
the standard model is not yet well understood. One of
the problems in calculating the transition amplitudes for
nonleptonic weak decays is that one needs to evaluate the
hadronic matrix elements of certain four-quark operators
which can be done in QCD only with nonperturbative
methods. With luck it is possible that weak phases and
CKM matrix elements can be extracted from the data
in a way that is independent of the hadronic dynamics.
Otherwise it is clear that in order to gain information
on the |V,3/Ves| ratio or on the CP violating phase from
nonleptonic B decays further progress is needed in com-
puting the relevant hadronic matrix elements for these
decays.

The usual route to calculating these hadronic matrix
elements for B decays is to start from the effective, QCD
corrected, Hamiltonian for the Ad = 1 nonleptonic de-
cays in the six-quark model (i.e., including the ¢ quark)
[2],[3]. This gives the weak Hamiltonian in terms of four—
quark operators. For computing the hadronic matrix el-
ements of these four-quark operators the factorization

45

approximation is used [4]. Then the hadronic matrix
elements are given in terms of current matrix elements
(matrix elements of two—quark operators) as they ap-
pear also in semileptonic decays. These current matrix
elements are much easier to calculate and many models
have been proposed for them.

In this paper we intend to apply this framework for
calculating nonleptonic B® and B~ decays into two vec-
tor mesons. Actually this has been done in the past by
various authors [5], in particular, by Bauer, Stech, and
Wirbel (BSW) [6]. Concerning current matrix elements
we shall use their results, which they obtained from rel-
ativistic oscillator wave functions at infinite momentum.
It is the purpose of this paper to calculate systematically
all nonleptonic decays of B® and B~ mesons into two
vector particles V; and V, independent of whether they
have large or small branching ratios. However, we ex-
clude from our consideration channels which arise purely
from penguin diagrams. Since in the near future due
to the efforts of the ARGUS and CLEO Collaborations,
measurements of B decays with branching ratios as small
as 10™* seem experimentally feasible we find it timely to
get an overview about all two-body vector decays of B’s
which are possible on the basis of the complete effective
weak Hamiltonian for Ab = 1 nonleptonic decays in the
context of the CKM mixing matrix.

In addition to rates we shall calculate the full angu-
lar distribution which can be obtained by measuring the
combined angular correlations of the decay products of
V1 and V5. These coefficients of the angular correla-
tions serve as further tests of the combined short-distance
weak effective Hamiltonian factorization approach to-
gether with the BSW current matrix elements. In ad-
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dition we intend to look at asymmetries which occur in
the decay of the B into two vector mesons which in the
absence of unitary phases are signals of C'P violation in
the b sector. These CP-odd asymmetries can originate
only through interference of at least two amplitudes con-
tributing to the same process with different phases com-
ing either from genuine C'P violating effects in the CKM
matrix or from unitary phases from hadron dynamics. To
generate the C P violating effects, in the absence of uni-
tarity phases, we need the full effective weak Hamiltonian
including QCD renormalization effects when flavor sym-
metry breaking (FSB) is considered. For the b sector the
FSB effects enter via the penguin diagrams as proposed
by Shifman, Vainshtein, and Zakharov [7] for the s sector,
and via box diagrams. This full Ab = 1 effective weak
Hamiltonian has been calculated by Ponce [3] following
the work of Gilman and Wise [2] for the strange sector,
where FSB effects enter only via the penguin diagrams.

Concerning final-state interactions and strong phases,
our philosophy in this work is to present our results for
the most part as if they were not there. If they can
be calculated, their effects can be included as sketched
in Sec. III. Attempts at this difficult calculation have
been made along two approaches: (1) absorptive parts
of penguin diagrams at the quark level [8], [9] and (2)
K-matrix formalism [10], [11] at the hadron level. We
intend to return to this matter in a future publication.

We shall try several approximate versions of the Ponce
Hamiltonian in order to get an overview on the depen-
dence of QCD corrections and/or penguin terms. In ad-
dition we shall invoke also the N, — oo limit when eval-
uating the hadronic matrix element to have a realistic
model for some of the suppressed B decays [6].

In Sec. II we briefly recapitulate the weak effective
Ab = 1 Hamiltonian and discuss the influence of the
penguins and/or QCD corrections in the different sec-
tors. The resulting effective Hamiltonian is then applied
to the calculation of two-vector-meson decays of B9 and
B~ mesons. Here we use the factorization or vacuum
saturation approximation (VSA). (In the text the final
formulas are given only for one decay channel of B® and
B~ . The results of all the many other channels are put
into Appendix B.) Section III contains an outline of the
calculation of helicity amplitudes in terms of the invari-
ant amplitudes of current matrix elements as used in the
BSW model. The angular correlations are also written
down in this section. Their derivation is relegated to
Appendix A. The matrix elements in the VSA are writ-
ten down in Sec. IV. We report our results in Sec. V
and discuss their relevance for future experiments and
refinement of the theory beyond the approximations for
the calculation of weak hadronic matrix elements of B
mesons used in this effort. Section VI is a brief summary
and overview with some concluding remarks.

II. THE Ab=1 EFFECTIVE HAMILTONIAN

In this section we begin with a short description of
the different pieces of the Ab = 1 weak Hamiltonian. In
the absence of strong interaction effects and in the limit

mw — oo the nonleptonic Hamiltonian has the usual
current X current form

Hy = % (JuJ** + He) (2.1)

where in the CKM model the current J, is

Ju=tvu (1= 75)d+&yu (1 —75) 5+ v, (1—715)b

with color indices summed over. Here g, 3, 3, are the
transformed eigenstates of the weak interactions which
are related to the strong interaction eigenstates d, s, and
b by the unitary CKM matrix V [1]. G is the Fermi cou-
pling constant. The part of (2.1) responsible for Ab =1
transitions has six different pieces which, following Ponce
[3], are

As = 0, Ab = —Ac =1:
G . =\ o
H] = %Vudvcb (du) (Cb) N (223)
Ac = 0, Ab = As =1
G * =, - * - -
Hy = %[ Vs Vu (5u) (ud) + Vi, Vs (5¢) (¢b)
Vi Vis (51) (@) (2.2b)
Ac = As = 0, Ab =1 :
G . R . N (=
Hy = 7—5[ ViraVus (du) (@b) + V5 Vey (de) (2b)
+VigVas (dt) ()] 5 (2:2¢)
Ab = As = —Ac =1 :
G _. _ _
Hy = 7 Vs Veo (5u) (@) ; (2.2d)
Ab = Ac = As =1
G . _ _
Hs = 7§Vub Ves (5¢) (ud) ; (2-2¢)
As = 0, Ab = Ac =1
G . SN
Hg = 7V Vub (dc) (uwb) , (2.2f)

where V;; is the ij element of the matrix V.
(ab)(¢d) refers to the color-singlet structure
@iy (1 — 7v5) b€ v* (1 — v5) dj (sum over 7 and j under-
stood).
When present the H,

strong interactions are
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Ho,..., Hs are modified. At very high energies, i.e.,
for energies above my , the strong-interaction effects are
negligible and the effective weak Hamiltonian for the
Ab = 1 sector is described by (2.2a)—(2.2f). For en-
ergies below my, the strong-interaction renormalization
effects will change the weak Hamiltonian. The opera-
tors in (2.2) get different coefficients and in addition new
operators are produced with coefficients which are ob-
tained from solutions of the renormalization-group equa-
tions (RGE’s), i.e.,

HE = Zaioi ,

(2.3)

where at short distances only a finite number of new op-
erators, i.e., only the lowest-dimension operators O;, are
relevant. The coefficients a; are functions of my , of the
subtraction point g and for the cases of FSB they are
functions of the heavy-quark masses m;, my, and m.. In
this respect the various pieces of HT look quite different
after renormalization. Only for H; and Hs do the FSB
effects enter via the box and penguin diagrams and new
operators O; appear. For all the other cases, H;, Ha,
Hs, and Hg, there are no penguin contributions. Then
the effect of the QCD corrections is as follows. (We con-
sider H; as an example. The pieces Hy, Hs, and Hg are
treated in an analogous manner.) In the RGE procedure
the operators that renormalize multiplicatively are

011 = (du)(@) + (db)(cu) . (2.4)

Taking the subtraction point 4 = m, the weak interac-
tion Hamiltonian H; in (2.2a) is changed through QCD
corrections into the form

Hleﬁ = ViiVer(c=O1- + ¢c4+014) , (2.5)

G
2V2
where, for oy = 1, mw = 100 GeV, m; = 30 GeV, my =
5 GeV, m, = p = 2 GeV the coeflicients ¢y take the
following values: ¢y = 0.774 , ¢ = 1.669 [3]. For
¢+ = c— = 1 we recover the uncorrected H; in (2.2a).
For H,, Hs, and Hg the analysis is exactly the same and
follows by changing O;3 — O, Osy, Oey with the
same coefficients ¢4 as given above. Since Ponce’s calcu-
lation the limits on the top mass have steadily increased.
Thus the coefficients would change especially since now
it is believed that m; > my,. We have examined the
changes which would occur if Ponce’s calculation were
to be repeated with much larger m;. It was found that
the changes are not significant in particular in view of
uncertainties due to the scale of u in connection with
Aqcp, ie., a,. Therefore we decided in this survey that
we would continue to use Ponce’s coefficients which in
any case will be modified for phenomenological reasons
in various models given below.

In the case (2.2b) and (2.2¢) penguin diagrams enter
and the analysis becomes rather complicated. Let us con-
sider (H3), for example. For energies above my, the ef-
fective weak Hamiltonian is given by (2.2b) which, using
the relation VJ, Vyp + V2 Ve + Vi Vip = 0 following from
unitarity of the CKM matrix V, is written as

TABLE 1. Comparison of various models for the amplitude coefficients. The eight independent
combinations in the first column take the indicated values in various models.

Amplitude | No QCD Value | BSW Model O(a,) Model QCD Value

Coeflicient Fit to B Decays (This Work)

N, =3 N.=3 | N.=00 N, =3 N.=3| N.=00

2er+3c |1 1 a; =11 1 1.07 1.22

ey —3c_ |2 0 az = —0.24 3 -0.041 | -0.45

icttic |1 1 a; =11 1 1.09 1.16

1 1 1 1

662 + ;Cl 3 0 az = —0.24 3 0.17 -0.22

3catic, |O 0 0 -0.10 -0.036 | -0.042

%c4 + %ca 0 0 0 0 0.005 0.019

16 1

9C t+3¢ |0 0 0 -0.20 -0.10 -0.005

2Ce 0 0 0 0 -0.005 | -0.005
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TABLE II.

Given for the channels in the first column are branching ratios (column 2),

B°-B°® mixing parameter (column 3), transverse to total decay rate ratio (column 4), and
coefficients of the indicated azimuthal terms in the angular distribution, where ¢ is the
angle between the V; and V, decay planes (columns 5 and 6). The input CKM parameters
are those of Ref. [24] (p positive solution.) The model for the effective Hamiltonian
coefficients is O(a,) QCD with Fierz terms. These channels have no penguin diagrams.

Channel B (%) % EI? ay a;
[cosd] | [cos24)]
Channels without penguins: As =0, Ab= —Ac=1 (H;)
B° — w + D*° 0.0362 -0.657 | 0.284 | -0.511 | 0.0402
B° — p° + D* 0.0371 -0.659 | 0.280 | -0.509 | 0.0395
B° - p~ + D*t 1.03 -0.787 | 0.126 | -0.426 | 0.0402
B~ — p~ + D* 1.65 — 0.153 | -0.448 | 0.0417
Channels without penguins: Ab= As = —Ac =1 (H,)
B° —» K*~ + D**t 0.0549 -0.778 | 0.161 | -0.471 | 0.0519
B° — K*° 4 D*° 0.00448 -0.665 | 0.304 | -0.537 | 0.0549
B~ — K*~ 4+ D** | 0.0903 — 0.189 | -0.490 | 0.0538
Channels without penguins: Ab= Ac= As =1 (Hs)
B° — K*° + D**W | 0.00104 0.428 | 0.304 | -0.537 | 0.0549
B~ — K*~ 4+ D*° | 0.00104 — 0.304 | -0.537 | 0.0549
Channels without penguins: As =0, Ab= Ac=1 (Hg)
B° — p* 4+ D*~ 0.000401 | -0.432 | 0.281 | -0.509 | 0.0396
B° — p° + D*° 0.0000222 | -0.432 | 0.280 | -0.509 | 0.0395
B® - w+ D*° 0.0000217 | -0.431 | 0.284 | -0.511 | 0.0402
B~ — p~ 4+ D* 0.0000445 | — 0.280 | -0.509 | 0.0395
B~ — p°+ D*~ 0.000401 | — 0.281 | -0.509 | 0.0396
G . . N o\ - _
Hy= — E { VoiVeo [(5u)(ub) — (5¢)(eb)] 0, = (8b); (au),, O4 = (5ibj), ;(‘Ij‘Ii)L ,
+Vtsvtb [(Su)(Ub) (St)(tb)]} 02 — (gibj)L (ajui)L, 05 — (EAab)L Z(q—Aaq)R ,
q
= — 55l VaVa (05, +05)
O3 = (§b)L Z(QQ)L , O = (gb)L E(QQ)R .
+V 3 Vi (054 +05)], (2.6) 1 g
(2.9)
where
08, = [(5u) ()£ (6) ()] ~[(50) (@) (D) @] - Lyleutioed by pors (57 = c4 2 ¢ 20 ca have been

(2.7)

For B decays we are interested in Hy down to energies
Kk = m.. In this case the penguin contributions introduce
new operators so that H§T takes the form [3]

e G * c c
H2ﬁ = - m( VcsVCb (c+02+ + C—OZ—)

(2.8)

6
+ViVa > Cioi)

i=1

with

cp = 0.774, c_ = 1.669, c¢; = —0.443,
ca =2316, ca= 0.037, cs= —0.084, (2.10)
cs = —0.052, cs = —0.010.

We notice that ¢y are unchanged as compared to cy in
H;. Down to k = m, the operators O§ still renormalize
multiplicatively as in H;. The subscripts L and R refer to
the Dirac operators L = v, (1 — 7v5) and R = ¥4 (1 + 7s),
respectively.

The Ac = As = 0, Ab = 1 sector is treated analo-
gously. The Hamiltonian Hj in (2.2¢) is written as
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Ha= = 525 Vi Vio (05, +05.)
+VaVe (05, +0L)],  (211)
where
O3 = ((du)(ab) + (@b)(aw)] — ((da)(ab) % (d6)(d0) -
(2.12)

Penguin diagrams are present again. For HST we have
the analogous formula as (2.8) with the replacement of
the s quark, in all places where it occurs in the operators
and the CKM matrix elements, by the d quark.

In the following we shall consider all B® and B~ decays
into two vector mesons which can proceed through Hi,
H,, ..., Hs. We shall limit ourselves to those channels
which have contributions from W emission, i.e., O, and
possibly penguin contributions, i.e., through operators
O3, O4, Os, Ogs . We shall not consider channels that can
occur via penguins only, since they have extremely small
branching ratios. As we shall see, some of the decays
which are calculated also have rather small branching
ratios too. We include them in order to find out the origin
of the reduction of these branching ratios. Of course in
some of the cases, as for example, the decays induced by
Hg, this is obvious because of very small CKM mixing
elements. We group the various decays into those without
penguin contributions, i.e., those induced by H,, Ha, Hs,
and Hg and the decays with penguin terms which are
calculated from H, and H3. The list of transitions with
mixed contributions internal, W emission and penguins is
given in Table I ordered according whether they proceed
through H, or Hg, respectively. The transitions without
penguins ordered with respect to H;, Hy4, Hs, and Hg
can be read off from Table V.

A large fraction of these decays have been considered
in the past [5, 6] mostly to estimate decay rates. Re-
cently Chau et al. have completed a calculation of B
decay branching ratio from a similar calculational point
of view for charmless B decays [12]. The interference
of internal W emission and penguins was calculated also
in some detail by Valencia [13] for the special channel
B~ — wK*~ using the Ponce Hamiltonian H, with the
aim to obtain predictions for angular correlations and CP
violation signals. As it will be apparent later, this work
is an extension of Valencia’s work in several respects.

In the next two sections we calculate the matrix ele-
ments for the decays listed in Tables IT and V.

III. MATRIX ELEMENTS AND DECAY
CORRELATIONS

To calculate decay rates and angular correlations we
need the matrix element

< V1(A1) Va (A2) |Hyyent | B® >

and similarly for the B~ decay. A\; and )\, are the he-
licities of the final-state vector particles V; and Va, with
four-momenta p; and p;, respectively. In the B° rest

system (p; + p2 = 0) we have A; = A, = A. We use the
notation
Hy =<Vi(A) V2 (\) |Hex|B® > (3.1)

for the helicity matrix element, A = 0,+1. The rate I of
the decay B® — V1V, is given in terms of the H) by

1
I'= p(IHol* + |Hyal? + [H-1)) (3.2)

8mrm?2
where p = |p;| is the momentum of V; in the BO rest
system. We have three independent helicity amplitudes
Ho,H4q, and H_;. They can be expressed by three in-
variant amplitudes a,b, ¢, which are easier to calculate.
They are defined by the decomposition

v

Hy=eu (M) e (V)* ( agh’ + p'p

mimsa

6“"°ﬁp1app> , (33)

ic

+
mima

where p = p; +p3 is the B® four-momentum. The masses
of V1 and V; are m; and m, , respectively. m is the mass
of the decaying BY. a,b, c are defined as in Ref. [8]. The
relations among Hy,, Ho, and a,b,c are

Hyy=a+Vz2-1c¢,

3.4
Hy=—-az—b(z?-1) , (3-4)
where
= DP1P2 - m2 — m% — mg (35)
mimy 2m1m2
so that
2 _ m%m% 2
P = 7(1’ - 1) . (36)
We also use the reduced width

T = |Hu+ [Hoo* + [Hol? (3.7

The helicity amplitudes H, for the decay of B® — V; V3,
where Vi and V, are the antiparticles of V; and V5, re-
spectively, have the same decomposition as (3.3) with
a—a, b—b, and c — —c.

The coefficients a,b, and ¢ describe the s-, d-, and p-
wave contribution of the two final vector particles. They
have phases é from strong interactions, for example, com-
ing from final-state interaction of the two vector particles
V1 and V, and weak phases ¢ originating from the CP
violating phase in the CKM matrix. a,b, and ¢ may con-
sist of several interfering amplitudes of different isospin
i. Then the phase structure of a,b, and c is

. c0, 240
a = ) a;|e?HoT
t
b= Y |bileftiHiel (3.8)
[

c = Zlci|ei6}+i¢: .
i
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The superscripts in 67 and ¢?, etc., denote the angular
momenta in a, b, and c. For the particle decay B® —
V1 V2, the amplitudes @, b, and ¢ we have the same phase
structure as in (3.8) with the weak phases changing sign
45?’1‘2 — —¢?’1'2. This means the @;, b;, and & have
the same strong-interaction phase and the opposite weak
phase as a;, b;, and c;. For the case that there are no
strong-interaction phases, which we shall assume in the

models considered later, we have

and¢ = c¢*

a=a* b= b,
Since there is a sign change in front of ¢ in Hy we have,
for the case of vanishing strong phases 6?’1’2

Hy = H? Ho=Hp} .

L (3.9)

Next we present the formulas for the angular decay dis-
tributions. The exact form of these angular distributions
depends on the spins of the decay products of the decay-
ing vector mesons V; and V5. We considered five different
cases, depending whether one of the vector mesons de-
cays into two pseudoscalar mesons, into ete~, into one
pseudoscalar meson plus a photon, or into three pseu-
J

d3T _p 9
dcosf; dcosfydp ~ 16m2m2? 8

doscalar mesons. These four specific cases, which cover
also all other cases in Tables II and V are

(i) B—K*¢, K*—Kmn, o —ete
(i) B— K*p, K* - K=, p—rr,

(ii) B — D*D%, D* — D=, D:— Dy,

(3.10)
(iv) B— K*w, K* - Kn, w —atn n®,

(v) Bowy, w—oatr™ 70 o —ete

+ 0

(vi) B ww, w—rtr

The derivation of the angular distributions is straight-
forward and is sketched in Appendix A for case (i). Here
we give only the results. For B — K*¢ — (Kn)(ete™)
the differential decay distribution looks as follows:

{ $sin?6; (1 + cos® 02) (|H4a)? + |H_1|%) + cos® 6, sin? 6| Hy|?

—% sin? 6, sin? 6, [cos 2¢ Re (H+1H:1) — sin2¢ Im (H+1H:1)]
—2 sin 20, sin 26, [cos¢ Re (Hy 1 Hy + H_ HY) — sin¢Im (Hy Hy — H_1H))} .

In (3.11) 6; is the polar angle of the X momentum
in the rest system of the K* meson with respect to the
helicity axis, i.e., the momentum p;. Similarly 8, and
¢ are the polar and azimuthal angle of the positron et
in the v rest system with respect to the helicity axis of
the ¥; i.e., ¢ is the angle between the planes of the two
decays K* — Km, and ¥ — ete™ (or utp~). The in-
tegration over angles 61,05, and ¢ yields the integrated
width (3.2). The ratios

r Hy |2+ |H-1|?
I |Hu|*+[H (3.12)
T [Hol? + |Hyr|? + |H-a
and
r Hyl?
L= | ol (3.13)

T ~ [HoP+ [Hu 2+ [H 1|2

measure the amount of transversely (longitudinally) po-
larized K* (or ¥). We have I' = ' 4+ I'z. Later we shall

J
a3r _ p_9
dcosfy dcosBydp ~ 16m2m24

(3.11)

[

give numerical results for I'r /T and similarly for the co-
efficients of the cos2¢, sin 2¢, cos ¢, and sin ¢ terms in
(3.11), which are defined as

o = Re(H41HZ,)
2T HolP+ [Hy P+ [H_1

_ Im(H4 HZy)
[Ho|> + |Hy1|? + [H_1]?

B2
(3.14)

o, — Re(Hy Hg + H_yHY)
YT HOPH [ H P+ H P

5 = Im(HaHy — H_yHp)
|Ho|2 4 |Hya|? + |H_1|?

For case (ii) B — K*p — (K =) (ww) the decay angular
distribution has the form

x{%sin?0; sin?0, (|Hy1|* + |[H-1]%) + cos? 8, cos?f,|Hy|?
+3 sin® 6, sin” 6, [cos 2¢ Re (Hy  H* ) — sin 26 Im (Hy, H* )]

+i— sin 20, sin 20[cos ¢ Re (H Hy + H_1Hy) —sing Im (Hy Hy — H_1HY))} .

(3.15)
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Clearly (3.15) can be used also for all other decays
where V; and V5 decay into two pseudoscalar mesons.
The decay distribution of B — D*Dj (iii) with D* —
D (6,) and D} — D,v (02, ¢) is the same as (3.11), i.e.,
the distribution for B — K*¢ with K* — K (6,) and
Y — ete™ (02, ¢). It is clear that the formula (3.11) can
also be used for B — D*D* where one of the D* decays
into Dw, and the other D* decays into Dy. The angular
distribution of B — K*w (ii) is the same as the distribu-
tion for case (iv), independent of whether one defines the
direction (63,#) by the momentum of one of the outgo-
ing pions, for example, the momentum of the 7+, or by
the normal of the decay plane formed by the momenta
of 7+, 7~, and 79 in the w rest system. The distribution
for case (v) is identical to the distribution of case (i) and
that of (vi) is the same as the angular distribution for
case (ii).

In general the dominant terms in the angular correla-
tions are I'r/T" , 'L /T, a;, and ay. The terms §; and
P2 are small since they are nonvanishing only if the he-
licity amplitudes H41, H_;, and Hy or the invariant am-
plitudes a,b, and ¢, respectively, have different phases.
These phases can originate from strong or weak interac-
tions [see (3.8)]. In the models considered later we shall
have no strong-interaction phases. In this case the co-
efficients #; and (2 are nonvanishing only through the
C P-violating phase of the CKM matrix under the con-
dition that they contribute differently to a,b, and ¢ or
Hi1,H_y, and Hj, respectively. As we shall see later
this will happen only for a very small list of B® and B~

J

LB () — f)oc 5 e | |A(H) P + |24
2 P

+2Im (%A (f) A* ( f)) sin Amt] ,

P W)~ ) o« g e [1A(7)71+ ]2

+2Im (§ A(f) A (f)) sin Amt]

with A(f) = A (B® — f) and A(f) = A(EO — f) For
AT =~ 0 the factor ¢/p is just a phase: p/q = (¢/p)* and
we have

tm |24 (7) 4 ()| = -1m[22(7) 4 () ]

Accordmg to (3.9) the helicity amplitudes H for the
decay B® — V;V, are connected to H,, the decay ampli-
tudes of BO —» V1 Vs, so that in the case of common final
states for B® and B° decays we get for the quantity AT,

decays. Under the simplifying assumption of no strong-
interaction phases, the asymmetry coefficients §; and S,
will give us the amount of CP violation to be expected
due to our present knowledge of CKM coefficients and
current matrix elements.

A different signature for C P violation is obtained when
one considers neutral B mesons only Then it is possible
to generate interference via mixing by looking at final
states that can occur from B® and B° decays. For this
we consider the time evolution of B® and B° mesons.
This is generally written in the form [14]

IB®(#) > = g4+ (t)|B° >+ % 9- (1)|B° >
(3.16)
1BO () > = ;g (#)|B° > + g4 (2) |B® >

where |B® > (|B® >) are the B® (B?) statesatt = 0,
g/p = (1-¢)/(1+¢), and

1 —I"t/?eimlt(li e—Al"t/2ex'Amt)

g+ (t) = 3e (3.17)

with T;,m;, ¢ = 1,2 the width and mass of two neu-
tral mass eigenstates B; and AT = I'; —T';, and Am =
mz—m;. For the B%- B system we can neglect AT and
obtain for the time dependence of the decay rate of B°
and B9(I' = I'; ~ T'y) into a final state f and its CP
conjugate f:

s (IA(f)I"’— |44 ) cos Amt
(3.18)
(|A GIEE A(f)r) cos Am
(3.19)
u
the difference of I'(B° (t) — f) — ['(BO (t) — f) normal-

ized to the total rate (' = I'; ~ Ty

m(%(Hg + 2H+1H—1))

A
—_—= . 3.20
r |H0|2+|H+1|2+|H_1|2 ( )

This quantity depends on the mixing phase ¢/p and the
weak phase of HZ +2H 1 H_;. In some of the considered
decays Ho, Hy1, and H_; have equal weak phases. Then
AT'/T is maximal if Hy; = H_; [15, 16].

In the next section we shall calculate the helicity am-
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plitudes H) with the help of the vacuum-saturation ap-
proximation, which we referred to as factorization in the
Introduction.

IV. MATRIX ELEMENTS IN THE
VACUUM-SATURATION APPROXIMATION

To calculate the helicity amplitudes H) we use the
vacuum-saturation approximation (VSA). It is clear that
we cannot expect this approximation to give accurate
predictions for the helicity amplitudes in all cases which
we consider. According to more recent investigation the
factorization approximation seems most accurate for de-
cays in which at least one vector meson contains a heavy
quark, as for example, in the final states D*p etc. [17].
In all other cases we must expect important corrections.
For these cases we shall regard the VSA as giving us or-
der of magnitude estimates for the H) and also for the
resulting decay rates and angular correlation coefficients.
Because the weak interaction Hamiltonian has in general
the form (2.8), within the VSA the decay amplitudes will
be linear combinations of the factors

J

Fi =< WV1|julB > < Vo|3#|0 >,

Fy =< Valju|B > < V1|7#|0 >,

- (4.1
F3=< ViVa|ju|0 > < 0[7*|B >, )
Fy=< V1W|S|0 >< 0|P|B > .

The amplitude Fy with scalar and pseudoscalar am-
plitudes occurs when one Fierz arranges Os or Og in
(2.9). In our final evaluation we shall neglect the con-
tributions of F3 and F, since the momentum dependence
of the form factors suppresses these terms with the typ-
ical factor mp 2/ (m% — m%) where mp << mp is the
form factor mass in F3 and Fy. It is clear that this ar-
gument becomes invalid for such cases where F; and F5
are suppressed for other reasons. Nevertheless to get an
overview about the various decays we shall concentrate
on the contributions of F; and F, and neglect the weak
annihilation terms F3 and Fj. The currents j, in F; and
F, are always left-handed currents.

In the following we shall write the matrix elements
for two specific channels which are induced by HS® as
given in (2.8) and by H§™ which follows from (2.11) and
(2.12), respectively. The first example is B0 — K*04).
The matrix element for this decay in VSA is

< K*% |HST) B® > = — %{ < K*0|(3b), | B >< ¥ |(2c)" | 0> [a_ Ac+ (as + ce) Ad]

+ < |(db),| B >< K*° [(5d)" [0 > aqA,
+ < K*% |(5d), |0 >< 0|(db)*|BO > a4A,

+ < K*% |(5d) |0 >< 0| (dvsb) |B® > asA;} .

In (4.1) we have introduced the following combinations
of the QCD coefficients cy,c_,c1,...,¢c6 :

_ 2 1

ay = Fcq4 kzc-
_ 1 1

a; = gc+3c2,
_ 1 1

a; = 3¢ +ger,

(4.3)

_ 1 1

a3 = 3c3+ 5C4,
1 1

a4y = gc3+ 3¢,
16 1

as = -g¢5+ 366,

Some of these definitions do not occur in (4.1) but are
needed for the other channels which are collected in Ap-
pendix B. A. and A, stand for the following combination
of CKM elements:

A, = ViV, A= ViV . (4.4)

In (4.2) the first term on the right-hand side is the

term with the structure of F; . The second term has the

(4.2)

I

structure 5 and the third and the fourth terms have the
structure of F3 and Fy, respectively. The current matrix
element of the second term is Okubo-Zweig-lizuka (OZI)
forbidden and will be neglected. Since in the numeri-
cal evaluation we shall neglect also the terms with the
structure F3 and Fj , i.e., the annihilation terms, we are
left here only with the first term with the structure Fi.
Therefore all helicity matrix elements will have the same
phase for this case so that the C P asymmetries 8, and [,
vanish. Of course, if we would include the OZI-forbidden
matrix element and/or the annihilation terms, such CP
asymmetries, although very small, could be generated.
In this work we shall concentrate on the dominant terms
and will leave further improvements to later work.

Concerning QCD coefficients we observe that the pen-
guin effects are small in this case since (a3 + ¢g) is small
compared to a_ [see (2.10)]. Thus the branching ratio is
determined essentially by the factor a_ A.. The QCD co-
efficient a_ is nondominant, i.e., for the coefficients (2.10)
we have |a_| << a,. How the rates predicted with the
coefficients (2.10) compare to experimental data will be
considered in the next section. _

Next we give the analogous formula for the decay B® —
D*t D*~, which is generated by the effective interaction
HST. The result is
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< D**D*"|H§T|BO > = — ﬁ( < D**|(eb),|B® >< D*~|(de)*|0 > (—ay A + agA;)

V2

+ < D**D*~|(au — &), |0 >< 0|(db)#|B° > a_A,
+ < D**D*7|(au), |0 >< 0|(db)*|B° > ar A,

+<D*+D"'

+<D‘+D*‘

with
A =ViVa, Ai=ViVe .

Z(QQ);‘
> @ of

+ < D™ D*~| (dd) |0 >< 0] (dyst) |B > asA,)

0> < 0|(db)#|B° > a3 A,

0> < 0|(db)#|B°® > cg A,

(4.5)

(4.6)

Compared to A, and A, in (4.4) the coefficients A, and A, are Cabibbo suppressed. Except for the first term on
the right-hand side of (4.5) all other contributions are annihilation terms which will be neglected in the numerical
evaluation. The QCD coefficient a4 is large. The penguin terms proportional to a4 are small compared to the
dominant a; term. With annihilation terms neglected the C' P asymmetries 8; and S, [see Eq. (3.14)] vanish.

The matrix elements of all other decays generated by HST and H$®, which also have penguin contributions and
which are listed in Table V are written down in Appendix B.

The structure of the decay matrix elements generated by Hf, H{T HET and HET is much simpler since penguin
contributions are absent. As an example we write here the matrix element for the decay B~ — p~ D*® which occurs

via H$®. It has the form
G

< p"D*|H{|B™ >= —=V,5Va[< p7|(db)u| B~ >< D*°| (eu)* |0 > a_+ < D*°|(eb),, |B~ >< p~ |(du)*[0 > a4] .

V2

The branching ratio of this decay is large since the ma-
trix element is proportional to V;Vy ~ V4 and to ay.
In this matrix element only one combination of CKM ele-
ments is present so that no interference of different CKM
elements can occur. Therefore 8; and B vanish iden-
tically because the different helicity matrix elements are
all real in our approach. The matrix elements of all other
decay channels listed in Table II are given in Appendix
B.

In order to calculate the matrix elements (4.2), (4.5),

<Vi(A)|5ulB® > =€ (W)™ ((m +my) A1(a*) g, —

214.2 (qz)
m+ my

(4.7

and (4.7) (and all the others listed in Appendix B) we
need the current matrix elements between a vector par-
ticle and the vacuum [see also (4.1)] which has the form

<V > = e (), maf, (4.8)

and the current matrix element between the initial
B and a vector particle Vj(A) in the final state.
This is parametrized by three invariant form factors

Ay (qz) , A2 (¢%), and V (qz) following the work of BSW
[6]:

(4.9)

2iV (¢?)
uow +my

p, o
€uvpaP1P ) )

where ¢ = p— p1 = p2. Thus the form factors A,, A3, and V are needed for ¢*> = m%. The first two terms in (4.9)
describe the contribution of the axial-vector current and the last term proportional to V (g2) is the contribution of
the vector part of j,. To obtain the structure F; in (4.1) we must multiply (4.8) and (4.9) with the result

Fi = fy,maer (M) e2(V)"” <(m +my) Ai(m3)gu, —

The contribution to F, in (4.1) is calculated analo-
gously. From ( 4.10) we read off the invariant amplitudes
a,b, and c defined in (3.3):

a = mafy, (m+m)Ar (m) ,
b= —2mym3f,, Az (m3) /(m+my) ,

c=—-2mmif,,V(m3)/(m+m),

(4.11)

24, (m) B 2tV (m3) s p?p’ (4.10)
m+my Y (m 4+ m,) #P7rt ' ’
[

For a,b, and ¢ coming from F> we must replace m; —
my and f,, — fy,. For the evaluation of a,b, and ¢ and
from them Hi; and Hj according to (3.4) and (3.5) we
need f,, and A; (m3), A; (m2), and V (m3) . These four
constants for various choices of vector mesons Vi and
V2 have been calculated by BSW [6]. They calculated
A1, A, and V at zero momentum transfer ¢ = 0 using
relativistic oscillator wave functions. The ¢? dependence
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TABLE IIIL

G. KRAMER AND W. F. PALMER

Given for the channels in the first column are branching ratios

(column 2), B°-B° mixing parameter (column 3), transverse to total decay rate
ratio (column 4), and coefficients of the indicated azimuthal terms in the angular
distribution, where ¢ is the angle between the V; and V; decay planes (columns 5
and 6). The input CKM parameters are those of Ref. [24] (p positive solution.) The
model for the effective Hamiltonian coefficients is renormalization-group-improved
QCD with Fierz terms. These channels have no penguin diagrams.

Channel B (%) ATP EFI a a2
[cosd] | [cos2¢)
Channels without penguins: As =0, Ab= —Ac=1 (H,)
B° — w + D* 0.000531 -0.657 | 0.284 | -0.511 | 0.0402
B° — p° + D*° 0.000543 -0.659 | 0.280 | -0.509 | 0.0395
B° - p~ +D*t |1.19 -0.787 | 0.126 | -0.425 | 0.0402
B~ — p~ + D* 1.12 — 0.122 | -0.421 | 0.0398
Channels without penguins: Ab= As=—Ac=1 (H,)
B° — K*~ + D*t | 0.0631 -0.778 | 0.161 | -0.471 | 0.0519
B° — K*° + D*° | 0.0000657 -0.665 | 0.304 | -0.537 | 0.0549
B~ — K*~ + D* | 0.0592 —_ 0.157 | -0.468 | 0.0514
Channels without penguins: Ab= Ac= As =1 (Hj)

B° — K*° + D*° | 0.0000152 0.428 | 0.304 | -0.537 | 0.0549
B~ — K*~ + D*° | 0.0000152 _— 0.304 | -0.537 | 0.0549
Channels without penguins: As =0, Ab= Ac=1 (H,)

B° — p* + D*~ 0.000461 -0.432 | 0.281 | -0.509 | 0.0396
B° — p° + D* | 0.000000326 | -0.432 | 0.280 | -0.509 | 0.0395
B° — w + D* 0.000000318 | -0.431 | 0.284 | -0.511 | 0.0402
B~ — p~ + D* | 0.000000651 | — 0.280 | -0.509 | 0.0395
B~ — p° + D*~ 0.000461 — 0.281 | -0.509 | 0.0396

is approximated with a single-pole ansatz according to

2

m
R

bl

(4.12)

2y _ m}

V@) = VO gt

We take the same pole masses mp as BSW [6]. They
tabulated A, (0), A2 (0), V (0) for B — D*, K*,p,w and
fu, for p=, K*% w, ¢,4, D*° and D?* which we use in our
calculations. We shall neglect strong final-state interac-
tion and annihilation terms as already remarked earlier.
Concerning final-state interactions we shall add some re-
marks when we compare our results to experimental data
in the next section.

V. RESULTS

In this section we present results for the following
quantities of interest for existing and future experiments:
(i) the branching fractions of all decay channels, (ii) the
quantity AT /T which characterizes CP violation via mix-
ing of B and B9, (iii) the ratio I'r/T" which determines
the polar angular distribution, and (iv) the coefficients
of the azimuthal angular distribution.

A. Models for QCD coefficients

Actually we present results for three distinct models,
not all of which turn out to be realistic if we confront
them with existing data for branching fractions. These
three models involve different assumptions concerning
the short-distance coefficients c4,c;, ¢, c3,c4,c5, and cg
as defined in Sec. II. The first model has the coefficients
C+,C1,...,¢6 given by first-order QCD [O(a,)]. In this
case ¢y = c_ = 1l,¢; = 0,co =2and e3 :¢cq : 5 :
—2:6:3:0 with ¢5 given by

Ce =

_as(w?) In mi
127 u?

We choose 4 = m, = 1.5GeV, m; = 150GeV with A =
0.3GeV and a, given by the lowest-order formula. It is
unclear what is the best choice for u. We have taken
the mass of the ¢ quark as scale in o, and note that the
coefficients do not depend very much on the scale which
enters only logarithmically. With these numbers we get
(Ny = 4) o = 047, ¢5 = —0.114, c3 = 0.076, and
cq = —0.228.

The second model incorporates the QCD coefficients as
given by Ponce [3] which contain all higher-order QCD
corrections in leading-logarithm approximation. It is well
known that this model has problems accounting for the

Cs =
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decays with branching ratios which are proportional to
a2 [see the definition of a_ in (4.3)] [18,19]. a_ has
a rather small value |a_| = 0.04 for the QCD-corrected
short-distance coefficients. This strongly suppresses such
decays as B — wD*°, B0 — p°D*®, B® — K*0D*, and
similar decays induced by HE® and HET. We see from
Table III that B(B® — p°®D*°) = 5.43 x 107 in this
case, whereas with O(a,) coefficients where a_ = 1/3 we
get B(BY — p°D*%) = 3.71 x 10™* (see Table II). This
branching fraction is still too small to be measured in
existing experiments and we have no data for comparison.
Such a comparison is possible if we consider the decay
B0 — K*%) which has a measured branching ratio equal
to (0.11£0.05+0.03)% [19] and (0.11£0.05+0.02)% [18],
respectively. In the second model the branching ratio is
6.35 x 10~ which is about a factor 20 too small.

There is a well-known analogous effect in nonleptonic
D decays [6]. Therefore several authors advocated the
following modification of the short-distance QCD coeffi-
cients [6,20]: only terms which are dominant in the 1/N,
expansion are taken into account. For example, in the
coefficient ay [see (4.3)] which is ay = 2ci + jc- =
3(cy +c-)+ (1/2N.)(c4 — c-) the term proportional to
the color factor 1/N, arises from the color mismatch in
color singlets after Fierz transformation [6,20,21]. These
terms, however, appear together with color-octet contri-

butions resulting from the Fierz transformation which
do not contribute in the VSA. This procedure, which is
consistent in the vacuum-saturation approximation, may
give different results for the octet contribution in a more
complete evaluation [22]. Empirically it has been found
in connection with nonleptonic D decays that the ap-
proximation where the 1/N, terms are neglected gives a
satisfactory description of all measured branching ratios
[6,20]. Therefore we consider this leading 1/N, approx-
imation as the third possibility to evaluate nonleptonic
B decays. These three versions are labeled in the tables
as O(as) QCD coefficients with Fierz terms (Tables II
and V), QCD coefficients with Fierz terms (Tables III
and VI ) and QCD coefficients without Fierz terms (Ta-
bles IV, VII, and VIII). The QCD coefficients for these
three models and their relation to the coefficients used in
the BSW model are exhibited in Table I. The branching
ratio of B — K*9% in the QCD model without Fierz
terms comes out as 0.716% (see Table VII), now larger
than the experimental value but in much better agree-
ment than the QCD model without Fierz terms.

Before we discuss the results we must specify fur-
ther input. The CKM elements are calculated with the
Wolfenstein representation [23] using the form in which
the imaginary part of the unitarity relation is satisfied to
order A® and the real part to order A3. (In order to sat-

TABLE IV. Given for the channels in the first column are branching ratios (col-

umn 2), B°-B° mixing parameter (column

3), transverse to total decay rate ratio

(column 4), and coefficients of the indicated azimuthal terms in the angular distri-
bution, where ¢ is the angle between the Vi and V. decay planes (columns 5 and

6). The input CKM parameters are those

of Ref. [24] (p positive solution.) The

model for the effective Hamiltonian coefficients is renormalization-group-improved
QCD without Fierz terms. These channels have no penguin diagrams.

Channel B (%) &b

r
T |

[cosd] | [cos2¢)

Channels without penguins: As =0, Ab=—Ac=1 (Hy)

B~ — p~ + D* 0.788 —

§° — w + D* 0.0653 -0.657 | 0.284 | -0.511 | 0.0402
Q" — p° + D*° 0.0669 -0.659 | 0.280 | -0.509 | 0.0395
B° — p~ + D** 1.54 -0.787 | 0.126 | -0.425 | 0.0402

0.0818 | -0.372 | 0.0344

Channels without penguins: Ab= As=—Ac=1 (H,)

B~ — K*~ + D*° | 0.0395 —_

B° — K*~ + D** | 0.0820 -0.778 | 0.161 | -0.471 | 0.0519
B° — K*° + D*° | 0.00808 -0.665 | 0.304 | -0.537 | 0.0549

0.112 | -0.425 | 0.0455

Channels without penguins:

Ab=Ac= As =1 (Hj)

B~ — K*~ + D* | 0.00187 —

B°® — K*° 4+ D*° | 0.00188 0.428 | 0.304 | -0.537 | 0.0549

0.304 | -0.537 | 0.0549

Channels without penguins: As =0, Ab= Ac =1 (Hs)

B~ — p~ + D* | 0.0000801 | —
B~ — p°+ D*~ | 0.0000273 | —

_§° —pt + P‘- 0.000598 | -0.432 | 0.281 | -0.509 | 0.0396
B® — p° + Dre 0.0000401 | -0.432 | 0.280 | -0.509 | 0.0395
B® — w + D*° 0.0000392 | -0.431 | 0.284 | -0.511 | 0.0402

0.280 | -0.509 | 0.0395
0.281 | -0.509 | 0.0396
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isfy the unitarity relationship in the real part to order A4
we augmented V;, with an additional real term propor-
tional to A%.) In this representation V4, Vys, Ved, Vis, and
Vs are real. The CKM matrix elements are calculated
from the following input: (i) p > 0 with A = 0.220,4 =
0.971, p = 0.350, and = 0.357 and in a second run with
(ii) p < 0 with A = 0.220,4 = 0.971,p = —0.460, and
7 = 0.196. These values are taken from a recent analysis
of Lusignoli et al. [24]. For choices (i) and (ii) V., = 0.047
and Vi = 0.0051 which can be compared to the values
obtained from semileptonic B decays [25,26]. The cur-
rent matrix elements are calculated from the BSW model
[6] as a starting point of phenomenology. These consist
of matrix elements of currents between the vacuum and
one of the vector mesons and of matrix elements of the
weak currents between the initial B meson and the other
vector meson. We consider the BSW input as a useful
first approximation to get an overview of the strength of
the various decays.

In the following we shall comment on the results for
the three models. We start with the decays with no pen-
guin contributions which are induced by H§fT, H§T HET,
and HET. The results are presented in Table II [O(a;)
with Fierz terms], Table III (QCD coefficients with Fierz
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terms) and Table IV (QCD coefficients without Fierz
terms). These transitions also have no annihilation terms
and their matrix elements are very simple in the VSA.
Let us look first at the decays induced by H{® which are
the most promising ones in the no-penguin group.

In Secs. VB-V F we discuss the results for case (i) with
positive p. In Sec. VG we discuss the changes that result
when the negative p solution is used.

B. Sector As =0, Ab= —Ac=1(Hy)

The branching ratios differ model to model, in par-
ticular for B — wD*® and B° — p%D*0 since they
are proportional to |a_|? which is much smaller in the
model of QCD coeflicients with Fierz terms. The branch-
ing ratios of the other two decays B® — p~D** and
B~ — p~D*® are in reasonable agreement with each
other and with experimental data: B(B® — p~D**) =
(0.7£0.3+£0.3)% [18], (1.9+£09+1.3)% [19], B(B~ —
p~D*°) = (1.0 £ 0.6 & 0.4)% [18]. These two branch-
ing ratios depend mostly on |a;|? and therefore are less
dependent on the choice of the QCD coefficients. We
remark that the decay rate for B~ — p~D** depends

TABLE V. Given for the channels in the first column are branching ratios (column 2), B°-B° mixing
parameter (column 3), transverse to total decay rate ratio (column 4), and coefficients of the indicated azimuthal
terms in the angular distribution, where ¢ is the angle between the V1 and V2 decay planes (columns 5, 6, 7,
and 8). The input CKM parameters are those of Ref. [24] (p positive solution.) The model for the effective
Hamiltonian coefficients is O(as) QCD with Fierz terms. These channels can have penguin diagrams.

Channel B (%) -AF—F EFI ay as B1 (107%) | B2 (107%)
[cosd] | [cos2¢] | [sing] [sin29)]

Channels with penguins: Ac =0, Ab= As =1 (H,)

B° — K* 4w 0.00339 -0.717 | 0.109 | -0.336 | 0.00900 | -18.8 1.79

B° - K* 4 p° 0.00212 -0.823 | 0.106 | -0.333 | 0.00911 | 23.0 -2.01

B° - K*~ +p* 0.00271 -0.506 | 0.106 | -0.333 | 0.00892 | — —

B° —» K* 4+ 0.423 -0.674 | 0.429 | -0.621 | 0.123 —_ —

B° - D** + D3~ | 1.38 -0.732 | 0.477 | -0.665 | 0.184 | — —

B - K" +tw 0.00120 — 0.108 | -0.335 | 0.00895 | -36.3 3.49

B~ — K*~ +p° 0.00152 — 0.105 | -0.332 | 0.00903 | 31.2 -2.74

B- — K*~ +7% 0.424 — 0.428 -0.621 | 0.123 —_ —

B~ — D*+ D;~ | 1.39 — 0.477 | -0.664 | 0.183 — —
Channels with penguins: As = Ac=0, Ab=1 (Ha)

B° - w+ p° 0.0000244 | -0.0427 | 0.0874 | -0.304 | 0.00706 | -64.0 0.462

B w4+ 0.00918 -0.663 0.394 -0.599 | 0.0987 | — —

B° — p° +p° 0.000224 | -0.522 | 0.0837 | -0.298 | 0.00674 | — —

B° - p° + v 0.00943 -0.664 | 0.388 | -0.597 | 0.0969 | — —

B s w+w 0.000328 -0.902 | 0.0867 | -0.303 | 0.00707 | — —

B° -5 pt 4+ p~ 0.00449 -0.714 | 0.0837 | -0.298 | 0.00674 | — —

B° — D*t + D*~ | 0.0744 -0.769 0.456 -0.660 | 0.172 — —

B™ b w+p~ 0.0326 — 0.0857 | -0.302 | 0.00695 | 3.61 -0.0268

B~ — p°+ p~ 0.00387 — 0.0838 | -0.299 | 0.00676 | -0.0317 0.00142

B~ — p” + 9 0.0188 — 0.389 | -0.597 | 0.0970 | — —

B~ — D*° + D*~ | 0.0745 — 0.456 | -0.660 | 0.172 — —
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on a; and a_ and allows a determination of the ratio
a_/ay. If we average the CLEO and ARGUS results we
get a_/ay =[—0.2+ 1.3(—0.5)]. Using the experimental
information on the ratio of the branching ratios for the
decays B® — K*% and B° — p~ D** we find

0.097 < |as/a;| < 0.275.

The angular correlations are rather insensitive to the
choice of the QCD coefficients. In all these models I'r /T,
the cos ¢ and the cos 2¢ coefficients, a3 and a3, are very
similar. We have I'r/T" < 0.3 which means that the longi-
tudinal transition matrix element Hy dominates. There-
fore the cos¢ coefficient (ay) is much larger than the
cos 2¢ correlation term («3). The a; coefficient is nega-
tive and large. The dominance of the longitudinal tran-
sition matrix elements originates from the BSW current
matrix elements and is independent of the short-distance
coefficients. AT/T is also large negative. The helicity
matrix elements Hy, H,;, and H_; are dominantly real,
so that AT is essentially given by the imaginary part
of ¢/p = V,3/|Via|®. For p and n as obtained in solu-
tion (i) (p positive) we have ImV;2/|V;4|? = —0.844. We
see that AT/T is somewhat reduced compared to this

TABLE VI
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value. This has its origin in the fact that in these tran-
sitions Hyqy # H_,, in fact Hyy/H_y ~ 0.1 [29]. For
H,; = H_, the CP asymmetry would be maximal. We
see, however, that the dilution through terms propor-
tional to (H4+; — H_1) [16] is moderate [see Eq. (3.20)].

Since the amplitudes for B® — wD*® and B° —
p°D*® involve only one CKM combination, namely,
VuaV3, AT/T is independent of final-state strong-
interaction phases. This is also true for the transition
B® — p°D*0 which has different isospin amplitudes (I =
1/2 and I = 3/2). The CP-conjugated mode has the
same final-state phase, but has the complex-conjugate
factor V,,4V}, which in Wolfenstein’s choice of phases is
real. Therefore in AT the strong-interaction phase drops
out [27] and the direct Ab = 1 weak phase is real so that
AT/T is determined by the phase of V,3/|V;q4|%.

There is an additional contribution to the C'P eigen-
state of p° + D*® and w + D*° coming from transitions
by HET. These transitions B® — wD*0 and B® — p0 D*0
may have different strong-interaction phases. They in-
terfere with the transitions induced by H${T and would
invalidate the statement about AT /T being independent
of final-state phases. However, the transitions induced
by HET are highly suppressed by the CKM combination

Given for the channels in the first column are branching ratios (column 2), B°-B° mixing

parameter (column 3), transverse to total decay rate ratio (column 4), and coefficients of the indicated azimuthal
terms in the angular distribution, where ¢ is the angle between the Vi and V> decay planes (columns 5, 6, 7,
and 8). The input CKM parameters are those of Ref. [24] (p positive solution.) The model for the effective
Hamiltonian coefficients is renormalization-group-improved QCD with Fierz terms. These channels can have

penguin diagrams.

Channel B (%) 4 Iz o as B1 (107%) | B3 (1074)

[cosd] | cos2¢] | [sing] [sin2¢)
Channels with penguins: Ac =0, Ab=—-As =1 (H;)

B° - K* +w 0.00527 -0.786 | 0.0854 | -0.314 | 0.0113 0.518 -0.0492

B° — K*° 4 p° 0.0120 -0.782 | 0.0902 | -0.318 | 0.0104 | -0.174 0.0152

B° - K*~ + p* 0.000145 0.911 0.106 -0.333 | 0.00892 | — —

B° o K* 44 0.00635 0.674 | 0.429 |-0.621 |0.123 | — —

B° - D*t + D3~ | 1.85 -0.733 | 0.477 | -0.665 | 0.184 — —_

B > K* " +w 0.00847 —_ 0.0899 | -0.319 | 0.0108 -33.1 3.18

B~ — K*~ 4 p° 0.00946 —_ 0.0881 | -0.315 | 0.0104 32.5 -2.86

B~ — K* +4% 0.00636 — 0.428 | -0.621 | 0.123 — —

B~ — D**+ D | 1.85 — 0.477 | -0.664 | 0.183 — —

Channels with penguins: As = Ac=0, Ab=1 (H,)

B° — w + p° 0.00000274 | 0.0155 | 0.0749 | -0.284 | 0.00619 | 25.0 -0.181

B° w4+ 0.000137 -0.659 | 0.394 | -0.599 | 0.0987 | — —

B° — p° 4 p° 0.000214 -0.219 | 0.0837 | -0.298 | 0.00674 | — —

B° = p° 4+ 0.000140 | -0.660 | 0.388 | -0.597 | 0.0969 | — —

B° s w+tw 0.000145 -0.262 | 0.0867 | -0.303 | 0.00707 | — —

B° — pt 4+ p~ 0.00473 -0.570 | 0.0837 | -0.298 | 0.00674 | — —

B° — D*+ + D*~ | 0.0938 -0.745 | 0.456 | -0.660 | 0.172 — —

B s w+p” 0.0155 — 0.0855 | -0.301 | 0.00693 | 5.42 -0.0402

B~ — p° 4 p~ 0.00196 — 0.0837 | -0.298 | 0.00676 | -0.406 0.0183

B~ = p + 0.000280 | — 0.389 | -0.597 | 0.0970 | — —

B~ — D* + D*~ | 0.0939 — 0.456 -0.660 | 0.172 — —
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V.2 Vus, which leads to a reduction of the branching ra-
tios by the factor 5 x 10~%, so that their contribution is
negligible compared to the unsuppressed modes induced
by H$f. The discussion of the results for the second and
third groups, induced by H$ and HER, respectively, is
very similar.

C. Sector Ab= As=—Ac=1(H,)

The transitions B® — K*~D** etc. are CKM sup-
pressed as compared to the transitions B® — p~ D**
etc. by the factor V,,/V,q4 ~ A which explains the reduc-
tion of the branching ratios. The rate for B — K*0D*°
is reduced further since the matrix element is propor-
tional to a_ [see (B23)], whereas the other two decay
channels in this group depend on a;. In the more re-
alistic model with no Fierz terms the decay rate for
B~ — K*~D*0 is reduced compared to the rate of
B% — K*~ D** since the former involves destructive in-
terference of terms proportional to a4 and a_ [see (B24)].

Except for B® — K*9D*° the decays of this group should
be observable in the near future.

TABLE VII.

Concerning angular correlations the decays induced by
H$T show the same pattern as the decays induced by
H$f: Tr /T is small, i.e., Hy dominates over Hy;. There-
fore the coefficient, a; also negative, is large compared
to ay. Since the longitudinal transition matrix element
dominates over the transverse ones the C'P asymmetry
AT /T is reduced very little as compared to the maximally
possible value given by the imaginary part of V,3/|Vi4|?,
similar to the transitions induced by H{T. Finally we
remark that in all four groups the asymmetries propor-
tional to sin¢ [3;] and sin2¢ [B;] vanish. This is ob-
vious since all three helicity amplitudes have the same
phase so that no imaginary parts are generated in our
models. This could be different in models with explicit
strong-interaction phases, as for example, generated by
rescattering into different channels.

D. Sectors Ab = Ac = As =1 (Hs)
and As = 0, Ab = Ac = 1(He)

The transitions induced by HET are reduced further
since their matrix elements are proportional to VJ,Ve,.

Given for the channels in the first column are branching ratios (column 2), B°-B° mixing

parameter (column 3), transverse to total decay rate ratio (column 4), and coefficients of the indicated azimuthal
terms in the angular distribution, where ¢ is the angle between the Vi and V, decay planes (columns 5, 6, 7,
and 8). The input CKM parameters are those of Ref. [24] (p positive solution.) The model for the effective
Hamiltonian coefficients is renormalization-group-improved QCD without Fierz terms. These channels can have

penguin diagrams.

Channel B (%) % -I;.l oy az ﬂl (10_4) ﬂz (10_4)

[cosg] | [cos2¢] | [sing)] [sin2¢)]
Channels with penguins: Ac =0, Ab= As =1 (H;)

B° o K*+w 0.00783 -0.746 | 0.0855 | -0.315 [ 0.0113 | 4.53 -0.431

B° — K*° 4+ p° 0.0141 -0.753 | 0.0905 | -0.318 | 0.0104 | -1.93 0.168

Be — K*~ 4+ pt | 0.00279 -0.439 | 0.106 | -0.333 | 0.00892 | — —

B° » K*+49 0.716 -0.673 | 0.429 | -0.621|0.123 | — —

B° — D** + D3~ | 2.40 -0.733 | 0.477 | -0.665 | 0.184 | — —

B~ — K*~ +w | 0.00608 — 0.0832 | -0.312 | 0.0115 | -55.5 5.33

B~ — K*~ +p° | 0.0190 — 0.0924 | -0.320 | 0.0101 | 16.9 -1.49

B~ - K* +1%¢ |0.717 — 0.428 |-0.621 | 0.123 | — —

B~ — D** 4+ D:~ | 2.40 — 0.477 | -0.665 | 0.183 | — —

Channels with penguins: As = Ac=0, Ab=1 (Hj)

B° —w+p° 0.000000326 | 0.482 [ 0.0636 | -0.240 | 0.00525 | 957 -7.09

B s w4+ 0.0165 -0.663 | 0.394 | -0.599 | 0.0987 | — —

B° — p°+p° 0.000824 -0.925 | 0.0837 | -0.298 | 0.00674 | — —

Be - p°+ 9 0.0163 -0.674 | 0.389 | -0.597 | 0.0969 | — —

B°ow+w 0.000663 -0.923 | 0.0867 | -0.303 | 0.00707 | — —

B° — pt 4+ p~ 0.00658 -0.690 | 0.0837 | -0.298 | 0.00674 | — —

B° — D*+ 4+ D*~ | 0.127 -0.733 | 0.456 | -0.660 | 0.172 | — —

B~ s w+p™ 0.00108 — 0.0831 | -0.298 | 0.00677 | -18.2 0.135

B~ — p°+p 0.00111 — 0.0837 | -0.298 | 0.00676 | -0.753 0.0339

B~ 5 p~+% 0.0326 — 0.389 | -0.597 | 0.0970 | — —

B~ — D*° 4+ D*~ | 0.122 — 0.456 | -0.660 | 0.172 | — —
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Compared to the transitions from H$ this amounts to a
reduction of the rate by the factor p? 4+ n? =~ 0.25. Both
transitions in this group are proportional to a_ which
leads to further reduction.

Concerning I'r/T', and the cos¢ and cos2¢ corre-
lation terms, the results are equal to the results for
B® — K*0D* ip the H$R group. However AT'/T is falrly
large and has a dlﬁ'erent sign than in the H{f, HST and
Hg eft groups. This comes from the fact that Ve V.;_, ~

Aa(p —7); i.e., the CKM matrix element has now an
imaginary part of comparable magnitude to the real part.
Therefore we have an interesting interference of the phase
of ¢/p = V2/|Via|? with the phase of the transition ma-
trix elements generated by the CKM angles. This phe-
nomenon is independent of the QCD coefficients since
only a_ enters in the transition matrix element.

Actually the analysis of this interference pattern is
more complicated since both transitions, the transition
induced by HST and the transition induced by HET con-
tribute to the transition going to the CP—elgenstate com-
bination contained in K*° 4+ D*° and K*0 4+ D*°. The
analysis is completely equivalent to the analysis of the
final state K% + D° K9 4 DO as discussed in detail by

TABLE VIIL
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Gronau and London [28]. We shall not repeat it here.
The decays in the sector Hg are very strongly Cabibbo
suppressed. Their influence on B°-B° mixing was dis-
cussed already in Sec. V B.
Now we come to the discussion of the results for tran-
sitions induced by HST and HSf, which are influenced by
penguin effects.

E. Sector Ac =0, Ab= As = 1(H,)

The results for the three models, again for p positive,
are found in Tables V-VII. Let us first look at the tran-
sitions in the group HST. In this group mterestmg az-
imuthal asymmetries proportional to sin ¢ and sin 2¢ are
generated. In our three models these asymmetries are
totally due to the CP-violating phase in the CKM ele-
ments. Four of the transitions, namely, those with the
final states K*¢ and D*Dj, have vanishing sin¢ and
sin 2¢ terms. This is due to our approximation of ne-
glecting OZI-forbidden and annihilation matrix elements,
so that no interfering contributions with different CKM
phases and different helicity structure are present [see

Given for the channels in the first column are branching ratios (column 2), B°-B° mixing

parameter (column 3), transverse to total decay rate ratio (column 4), and coefficients of the indicated azimuthal
terms in the angular distribution, where ¢ is the angle between the Vi and V; decay planes (columns 5, 6, 7,
and 8). The input CKM parameters are those of Ref. [24] (p negative solution.) The model for the effective
Hamiltonian coefficients is renormalization-group-improved QCD without Fierz terms. These channels can have

penguin diagrams.

Channel B (%) AL Lz o as B1 (107%) | Bz (107%)
[cos@] | [cos2¢] | [sing] [sin2¢)]
Channels with penguins: Ac =0, Ab= As =1 (H,)

B° o K* 4w 0.00864 -0.208 | 0.0859 | -0.315 | 0.0113 | 2.16 -0.206

B° —» K* +p° 0.0149 -0.216 | 0.0903 | -0.318 | 0.0104 | -0.962 0.0839

B° —» K* 4+ pt 0.00611 -0.0748 | 0.106 | -0.333 | 0.00892 | — —

B°e w K* 4+ 0.718 -0.200 | 0.429 | -0.621 | 0.123 — —

B° - D*t + D!~ | 2.40 -0.217 | 0.477 | -0.665 | 0.184 — —

B - K*" 4w 0.00394 — 0.0769 | -0.305 | 0.0119 | -45.2 4.34
-~ K* +p° 0.0256 — 0.0938 | -0.321 | 0.0100 | 6.60 -0.580

B~ — K*~ +4v¢ 0.719 — 0.428 | -0.621 | 0.123 _ —

B~ — D*° + D}~ | 2.40 _ 0.477 | -0.664 | 0.183 — —

Channels with penguins: As = Ac =0, Ab=1 (H,)

B® - w4 p° 0.00000182 | 0.0560 | 0.0759 | -0.286 | 0.00627 | 90.3 -0.669

B s w4+ 0.0165 -0.197 | 0.394 | -0.599 | 0.0987 | — —

Be = po+p° 0.000144 | -0.716 | 0.0837 | -0.298 | 0.00674 | — —

Bty 0.0155 -0.207 | 0.388 | -0.597 | 0.0969 | — —

B°ow4w 0.0000351 | -0.825 | 0.0867 | -0.303 | 0.00707 | — —

B° — p* 4 p- 0.00355 0.580 | 0.0837 | -0.298 | 0.00674 | — —

B° — D** + D*~ | 0.127 -0.218 | 0.456 | -0.660 | 0.172 | — —

B- - w+p~ 0.00240 — 0.0846 | -0.300 | 0.00687 | -4.30 0.0319

B~ — p°+p~ 0.00263 —_ 0.0838 | -0.299 | 0.00676 | -0.166 0.00749

B- —p~ +9¢ 0.0310 — 0.389 | -0.597 | 0.0970 | — —

B~ — D*° 4 D*- | 0.115 — 0.456 | -0.660 | 0.172 — —_
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(4.2), (B5), (B6), (B7), and (B8)]. Concerning improv-
ing this approximation the most promising cases are the
transitions B~ — K*~¢ and B~ — D*°D*~ where the
neglected terms have at least large QCD coefficients [see
(B6) and (B8)].

As can be seen from the tables the transitions to these
final states, K*¢ and D*D}, have the largest branch-
ing ratios in the HS group. The transitions to D*D?
are proportional to a; and have the largest branch-
ing ratio and are the same for B? and B~ decay. Be-
cause this rate is proportional to a; it is approximately
equal in all the QCD models. It is largest in the QCD
model without Fierz terms where B(B? — D*t D) =
B(B~ — D*°D?~) = 2.40% in agreement with the ex-
perimental branching ratios of the ARGUS Collabora-
tion: B(BY — D*~D:t) = (2.6 £1.3)% and B(B* —
D*0D:t) = (3.1£1.6)% [30]. However, the branching ra-
tios obtained for the other two models are also consistent
with the data.

The transitions to the final state K* are proportional
to a_. As it was already mentioned this QCD coefficient
is very small in the QCD model with Fierz terms. There-
fore in this model the branching fraction for B — K*% is
too small at least by a factor of 10. In the other two mod-
els it is approximately consistent with the experimental
data as was already mentioned above. In the more de-
tailed results not presented here we observe that one of
the transverse helicity matrix elements, namely, H4, is
small, whereas the other one is comparable to the lon-
gitudinal matrix element. Therefore in both transitions
B — D*D? and B — K*t¢ we obtain I'r/T ~ 0.5. The
cos ¢ term is larger than the cos 2¢ term only by a factor
of 3 for B — D*D7} and a factor of 5 for B — K*¢ ,
so that the cos 2¢ term has some effect on the azimuthal
distribution. These results are independent of the QCD
model. AT/T for B® — K*%¢ is large, comparable to
the numbers we encountered in the nonpenguin group.
Therefore the dilution factor, approximately 0.8, is again
unimportant for detecting CP violation via B°-B° mix-
ing, so that the decay channel B — K*% is as useful for
CP studies as the decay B — K. Actually this dilution
factor may be even larger than 0.8 as we shall see below.

Preliminary data from ARGUS [31] on the exclusive
decay B — K* + 1 indicate that the best fit to angular
distributions is I'r /T = 0 with high confidence that this
ratio is less than 0.2, wheras our models predict a ratio of
0.43. Our prediction depends heavily on the BSW wave
current matrix elements and not on the QCD coefficients.
If this experimental result persists it will show that the
BSW wave functions are not valid here and different ma-
trix elements are needed, perhaps similar to those found
by Anjos et al. [32] for < D|j#|K* > matrix elements.

The decays B — K*w and B — K*p are most in-
teresting from the point of view of detecting direct CP
violation through azimuthal asymmetries. We see from
Table VII that the sin ¢ term may be as large as 5.5x 1073
(for B~ — K*~w). The branching ratios come out also
reasonably large, of the order of 107%. Unfortunately
the asymmetry is largest when the branching ratio is the
smallest. The reduction of branching ratios of the four
decays B9, B~ — K*p, K*w as compared to the other

decays in the HST group has its origin, as was remarked
already in Appendix B [after (B2)], in a cancellation of
two contributions with different QCD factors. Let us
take, for example, the transition B® — K*%w where the
matrix element is written down in (B1). When penguin
and box-diagram effects are neglected we have a_ = as,
as for example, in the BSW model [6], so that in (B1)
the dominant term is proportional to a_ (A, + A:) =
—a_ Ay = —a_V},Vup ~ A* due to the unitarity of the
CKM matrix. The penguin and box-diagram contribu-
tions have the effect that a_ and as differ. In the QCD
model without Fierz terms (N, = oo) we have accord-
ing to Table I, a_ — as = —0.23. This way the V] Vg,
suppression is partly lifted. In addition there are other
small terms proportional to (a3 + ¢¢) A; which bring in
unsuppressed CKM matrix elements.

In the three other cases the situation is completely
analogous. The amount of suppression can easily be seen
by comparing the branching ratios of the four decays in
Table V [O(a,) QCD] with those in Table VII (QCD
without Fierz terms). The difference is up to one order of
magnitude. Therefore these four decays are ideal cases to
study the interference of penguin effects with the usually
stronger direct decay contributions. In all four decays
the longitudinal matrix element is dominant. Therefore
I'r /T and the cos 2¢ terms are small. The cos ¢ terms are
appreciable and independent of the QCD models. AT'/T
is also large and the dilution factor is approximately 1,
so that these decays are also well suited to study CP
violation with B® — B mixing.

There exist interesting experimental limits for the
branching ratios: B(B® — K*%p%) < 4.6 x 10~ [33],
6.7 x 10~* [34] compared to our value 1.4 x 10~* in
Table VII. This value is higher than that obtained by
other authors [12]. The reason is that we have a_ # a,
as discussed above. There is also an upper limit for
B(Bt — K*tw) < 1.3 x 107* [33] to be compared with
B(B~ — K*~w) = 6.1 x 1075 in Table VIL.

F. Sector As = Ac =0, Ab=1(Hs)

As the last point we discuss the results for the transi-
tions induced by H3eﬁ. These transitions are also influ-
enced by penguin effects. As one can see in Table VII, for
instance, the branching ratios vary tremendously in this
group, by almost seven orders of magnitude. The domi-
nant decays are B — D*D*. Compared to B — D*Dj
the branching ratio is reduced by the Cabibbo suppres-
sion factor A?. Since we neglect annihilation terms this
decay depends only on one amplitude so that no sin ¢ and
sin 2¢ terms can occur. The angular correlation terms:
I'r /T, a1, ap and also AT'/T are very similar to those in
the B — D*D7 transitions. The next important group
concerning branching ratios are the transitions B — w1
and B — py. The branching ratios are up to 0.03% (see
Table VII). Because of the neglect of OZI-forbidden ma-
trix elements there is only one amplitude left [see (B13),
(B14), and (B17) in Appendix B], so that no sin¢ and
sin 2¢ terms can be generated. The other angular cor-
relation coefficients look similar to those for the decay
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B — D*D*.

The decays B — wp, pp, and ww have very small
branching ratios, in particular the decay B® — wp®. The
matrix elements of all these decays are proportional to
A + Ay = —Ay = =V;Viy ~ A% when penguin effects
are neglected. This leads already to strong suppression of
these decays. Now let us look at each of these six channels
separately. The rate for the decay B® — wp® is further
reduced since the dominant contribution proportional to
(a-A: + azA:) [see (B9)] cancels out for m, = m, due
to an opposite sign of the first two terms and to the fact
that in the BSW model f, and the current matrix ele-
ments are almost equal. Therefore in the limit m,, = m,
this transition is almost dominated by penguin terms.
This makes it understandable that the predictions for all
quantities of this decay, in particular the branching ratio,
depend very strongly on the QCD model (compare Tables
V-VII). The sing term also varies quite strongly with the
QCD model. In the QCD model without Fierz terms it
is almost as large as 0.1. Unfortunately the rate is ex-
tremely small in this case due to additional cancellations.
It is clear that the exact numbers cannot be trusted in
this channel since neglected annihilation terms and in-
accuracies in the VSA will have large effects on these
results. _

The decays B® — pp and B — ww have their natural
rate and are not reduced by additional cancellations. The
reduction due to the factor V,V,, is partially lifted by
the penguin contributions. That the branching ratio of
these decays in Tables V and VI for two of the three QCD
models come out almost the same is accidental. In Table
V the coefficient a_ = ay (see Table I) but a_ = 1/3.
In Table V (a- — a3) is almost equal to (a— — a3) for
Table VII, but in the QCD model with Fierz terms the
contribution of the terms proportional to a_V};Vus are
very small. ~ ~

The decays B® — p*tp~, B® — wp®, and B~ — p%~
have larger branching ratios since their matrix elements
have contributions proportional to a;. Otherwise no ad-
ditional reduction occurs except for ay = a; when the
matrix elements are proportional to ayV;;Vus. There
is no sing and sin2¢ term for the decay B® — ptp~
because we neglect annihilation terms. For the decays
B~ — wp~ and B~ — p%p~ there would be no CP-odd
terms f; and f, either, if m, = m,. For B~ — p°p~
the mass splitting is even smaller and and therefore 3,
and (5 are reduced even further. Of course for these very
rare decays further improvements of the decay model are
needed before the results can be trusted.

For some of the decays in this sector we found upper
limits measured by the ARGUS Collaboration . They are
B(B% — p°p%) < 2.8 x107* [35] to be compared with the
value 8.2 x 107° in Table VII, B(B* — p*p°) < 1.0 x
103 which is to be compared with the value 1.1 x 10~5.
The limits are still more than two orders of magnitude
above the theoretical predictions.

G. Results for negative p

We have also calculated results for the other choice of
the CKM matrix elements as reported by Lusignoli et al.

[24] and given earlier in this section (p negative.) In most
cases the results change only with respect to AT'/T', with
all other quantities remaining unchanged. The change in
AT/T is caused by the change in

9_ =1 -p)

p (1-pP2+n?

which equals —0.264 as compared to —0.844 for the pos-
itive p solution considered above. This automatically
changes AT /T by a factor of 0.31 when there are no im-
portant phases in the helicity matrix elements. This is
not the case for B — K*°D*°. Here AT/T changes
from 0.428 (p > 0) (see Tables II-IV) to —0.701. Simi-
larly AT/T changes for the transitions in the H§T group.
There AT/T = —0.432 (p > 0) (see Tables II-IV) is
changed to 0.398 (p > 0) but otherwise the angular corre-
lations remain completely unchanged and the branching
ratios are quite similar. Thus in the transitions induced
by the HS" and the HET there are significant phases in
the helicity matrix elements which influence AT/T.

For the transitions influenced by penguins the situation
is quite similar except that now also the sing [3;] and
sin2¢ [B,] terms are present and are quite different, as
expected. We show the complete results for QCD without
Fierz terms in Table VIII (p < 0) from which the changes
can be seen by comparison with Table VII (p > 0).

Im

VI. SUMMARY AND CONCLUDING REMARKS

In this study of all two-body vector-vector decay chan-
nels of charged and neutral B mesons we have found a
remarkable span of branching ratios (from 107° to 10~2)
even though we have not calculated rates solely domi-
nated by penguins (e.g., B — K*¢). We have found
direct CP asymmetries arising from interference of pen-
guins with W emission diagrams with different weak
phases in several channels, notably in B — K*w,K*p
where branching ratios are moderate and angular distri-
bution measurements may soon be feasible. All angular
distributions are dominated by cos ¢ over cos 2¢ and sin ¢
over sin 2¢ because of the helicity structure of the BSW
form factors. For this reason also, the polarization is
dominantly longitudinal with many rates exclusively lon-
gitudinal. In comparing these results with the data on
branching ratios, limits and polarization we found that
they could for the most part be accommodated within the
models but that the model of QCD coefficients without
Fierz terms clearly was preferred to the QCD coefficients
with Fierz terms model. However, the lack of transverse
polarization found by ARGUS in B — K*t cannot be
accommodated within any of these models.

The next steps in this program are clear and fall into
two classes. First, the RGE should be run for a large
top mass. The coefficients will not grossly change from
Ponce’s calculation but there may be interesting differ-
ences. A related issue concerns the absorptive parts of
penguin diagrams. The second class of improvement is
connected with the hadronization procedure by which the
weak effective Hamiltonian is evaluated in hadron states.
We have (1) used factorization (2) discarded annihila-
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tion terms, and (3) used the BSW current form factors
and decay matrix elements. Factorization has survived
some experimental test [36] but further theoretical analy-
sis is needed to define its domain of validity and calculate
higher-order corrections. Heavy-quark theory can help in
this regard in certain channels [37],[38]. We are currently
applying these methods. Annihilation terms are some-
times accompained by large QCD coefficients and have
no further OZI suppression. Methods must be found to
estimate these amplitudes. Finally, BSW wave functions
and decay constants must be validated by other theo-
retical methods, or checked experimentally, where it is
known already that some are not correct. In this initial
study we have not put in these refinements for the sake
of simplicity. A more careful phenomenological analysis
of key rates will appear in a future publication.

ACKNOWLEDGMENTS

We would like to thank G. Kopp for assistance in the
early stages of this work. G.K. would like to acknowl-
edge the hospitality of the Ohio State University. W.F.P.
thanks the DESY Theory Group and the Aspen Cen-
ter for Physics for their kind hospitality. W.F.P. was
supported in part by the U.S. Department of Energy
under Contract No. DE-AC02-76-ER01545. The work
at the Institut fiir Theoretische Physik was supported
by Bundesministerium fiir Forschung und Technologie,
054HH92P/3, Bonn, F.R.G.

APPENDIX A: ANGULAR DISTRIBUTIONS

In this appendix we give a short derivation of the an-
gular distribution (3.11) for the decay B — K*¢ —
(K=)(e*te™). For its derivation we use the usual density-
matrix formalism [39].

We denote the momentum of the K* meson by pi,
its helicity by A; and the momentum and helicity of the
v particle by p2 and Ag, respectively. In the B rest
system p1 + p2 = 0 and since B has spin zero we have
A1 = Ay. Thus the decay matrix element for the decay
B — K*t depends only on Az and the ¢.m. momentum
Ip] = |p1l = |p2|- Let hx, ., be the density matrix
elements for the decay B — K*:

hoasa = Hx,Hyy

where H ), is the decay matrix element as introduced in
Sec. ITI. The angular distribution is called W (01, 62, ¢),
where 6, is the polar angle of the K momentum in the
rest system of the K* with respect to the helicity axis,
which is the direction of the momentum p; and 6, and
¢ are the polar and azimuthal angles of the positron mo-

(A1)

A1 (0)=A1 1 (1) = — A1—1(01)= —A_11(61)

3
A()’O (01) = g‘;r'COSQ 01 s

mentum pa in the 9 rest system with respect to the he-
licity axis of the et. Then this angular distribution is
calculated from

W (61,02,8) = D hagaarAnarys (61) Baga (62,9) -
Az,A2/
(A2)

In (A2) the matrix Ax,x,s (61) stands for the density ma-
trix for the decay K* — K,

R(az))\z)\zl
IT(pe) P

and R (02) is the angular distribution for the decay K* —
K= which is

R (02 )A,,\;/

Axyng (02) = (A3)

3 .
= E‘T(pk)PDi;O (070170)Di210(0»01’0) ’
(A4)

where D}, (@, 8,7) = e *metmMdl ., (B) are the
usual rotation matrices and T (pk ) is the reduced matrix
element for the decay K* — K= which depends only on
the c.m. momentum px = |px| = |P|- Similarly the
matrix Ay,x,s (02,¢) is the decay distribution for ¢ —
ete~ which is given by

Z R(02)¢7 ’\aaAb))\;Agl

Aa,Ap

ST (Pas Aa M) 12

Aa va

Bi,agi (02,0) = (A5)

Aa,Pa (A, Pb) denote the helicity and momentum of
et (e”) and p, = |pal = |Pb| is the c.m. momentum
of the leptons. The matrix R (02,;Aa, As),y,z,, i

3
R(627¢;'\a)'\b))\2,\2, = 4_7;T(pa§)‘a) As)

XD}% ai—x, (9,02, — ¢)
XD}\Z/,A‘,-A, (9,62, —0) .

T (pa; Aa, Ab) (/\a,/\b = :t%) is the reduced matrix ele-
ment for the decay ¥ — ete™. Only two of the four
helicity matrix elements are independent since the decay
¥ — ete™ conserves parity. We have

(A6)

T (Pa; —Aa» =) = T (Pa; Aa, Ab) - (AT)
In addition in the limit of vanishing electron mass we
have T (pa; Aa, Aa) = 0 so that Bj,x,/ (02, ¢) becomes in-
dependent of the ¥ decay matrix element.

The evaluation of the angular functions Ax, x,s (61)
and By, a,s (02, ¢) yields

= —3- sin2 01 s
8w

(A8)
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3
Al,O (01) =A0,_1 (01) = - A—I,O (01) = - AO,—I (01) = - msm& 60801 ,
By1(02,4) = B (62,4) = i(1+cos26r)
1,1 2 - -1,-1 2 - 167r 2) »
3 . 4 * 3 2 2ig
Bo,o (02,¢) = 35 Sin 02, Bi,-1(02,86) = BZ,,(62,¢) = Ton Sin 62e™? , (A9)

3 . ;
By (62,6) = B, (62,6) = —B~,(02,9) = —Bo,—1(02,9) = ——= sin 63 cos §ze*% .
8m/2

Substituting (A8) and (A9) into (A2) gives
9 1.
W (01;02, ¢) =— ( = sin? 6, (1 + cos? 92) (hl,l + h—l,—l)
g8(2m)” \ 4

+ cos? 8, sin® O2ho 0 — % sin?6; sin?6, (cos 2¢ Reh;,_y — sin 2¢Imh1,_1)

— % sin 0y cos 6, sin 8 cos 8, [cosdz Re (h1,0+ h-10) —singIm(hy o0 — h_1,0) ]) . (A10)

Renormalizing (A10) so that the integration of W (6;;602,¢) over 8;,60;, and ¢ gives back the total width T in (3.2)
brings us to the result (3.11). The derivation of (3.15) is performed analogously.

In the derivation given above all two-particle states are defined as in the Jacob-Wick convention [39] where the
two-particle c.m. state at momentum direction p is obtained from the state where p is along the z direction by the
rotation R = (¢,0, —¢). In addition we defined the phase of the two—particle state as in Jacob and Wick [39]. This
has consequences for the definition of the polarization vector of particle 2 in (3.3).

APPENDIX B: DECAY AMPLITUDES

In this appendix we collect the formulas for the matrix elements of all the other decays of B® and B~ induced
by Hi, Hs,...,Hs which are listed in Tables I and IV and which have not been given in Sec. IV. Although we shall
neglect in this work all OZI-forbidden terms and all annihilation contributions we shall give the complete formulas so
that the reader can see in which cases there are additional contributions which can modify our predictions and which
case this does not occur. Of course the former will happen mostly for H; and Hs where penguin terms are present.

We start with the transitions induced by H$® which are B® — K*%w,K*°p% D*+D?~, and B~ — K* w,
K*~p° K*~ 1, and D*°D?~. The matrix element for B® — K*%w is

< K*%|HSf|BO >= —%[ < K*°|(3b),,|1B® >< w| (@u)* |0 > (a—Ac + a24:)

+ < K*°|(3b), |B® >< w| (#u + dd)* |0 > (a3 + c5) As
+ < w|(db), |B® >< K*0| (5d)" |0 > asAs+ < K*°w|(3b),, 10 >< 0] (db)" |B® > asA,

+ < K*%|(5d) |0 >< 0] (dysb) | B® > a5 4] (B1)

and that for B® — K*%p° which looks similar, is

* o) G * = >) -
< K*9p°|HST|BY >= ——[ < K*°|(8b),|B° >< p°| (au)* |0 > (a- A + azA;)

V2
+ < p° ()" |B® >< K*°|(5d)" |0 > asAs+ < K*°p| (ds) , |0 >< 0] (db) , |B® > as A,
+ < K*%°| (ds) |0 >< 0] (dysb) |B® > asA,]. (B2)

We remark that in both cases we have two interfering contributions even when annihilation terms are ne-
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glected. These terms, first and second terms in (B1) and (B2), can lead to helicity amplitudes with different weak
phases which can produce nonvanishing #; and B2 terms. Without higher-order QCD corrections we have a_ =
az(cy =c- =1,¢; =0,cp = 2) so that the first term in (Bl) and (B2) is proportional to A, + A; = —A, = =V, Vi,
due to the umtarlty of the CKM matrix. This means that in zeroth order of QCD these two transitions are strongly
suppressed since V5, Vyp ~ A4 (see Sec. VA) With pengmns included this suppressmn is lifted and larger branching
fractions are possible The main point is that there is no OZI suppression in the second term in (Bl) and (B2),
respectively.

For_comparison we write now the matrix elements for the corresponding B~ decays B~ — K*~w, B~ — K*~p°
and B — K*~pt

< K* w|HST|B™ >= - \/_{ < K*7[(8), |B™ >< w|(@u)* |0 > (a- A + azAy)
+ < K*7[(3),,|1B™ >< w| (au+ dd)" |0 > (a3 + c6) 4,
+ <wl|(ab), B~ >< K| (5u)" |0 > [ay Ac + (a1 + a4) A(]
+ < K™ w|(5u), 10 >< 0| (@)* [B~ > [ayAc + (a1 + ag) Ad
+ < K*~w|(5u) |0 >< 0| (#ysb) |B™ > asA:} , (B3)

< K*=p°|H§|B™ >= — f{ < K*7|(8b), |B™ >< p°| (wu)" |0 > (a- Ac + azAy)
+ < p°|(ab), |B™ >< K*7[(5u)* |0 > [ap Ac + (a1 + aq) Ay
+ < K*~ 0l(su) |0 >< 0] (@b)* |B™ > [as Ac + (a1 + aq) A4
+ < K*7p% (5u) |0 >< 0| (@ysb) |B~ > asA} , (B4)

< K"~ p*|HST|B® >= —7_{ <ptl(ab), |B® >< K*7|(5u)* |0 > [ay Ac + (a1 + as)Ad]

+ < K* 7 pt| (ds) [0 >< 0] (db)*|B° > asA,
+ < K™ p*t|(ds) [0 >< 0] (dysb) |B® > asA,} . (B5)

Next we write the matrix element for B~ — K*~4:

< K*~y9|HST|B™ >= ———{ < K*7[(8b), |B™ >< ¢|(c)* [0 > [~a- Ac + (as + c6) Ad]

7%

+ < Y|(ab), |B™ >< K*7[(5u)* [0 > [ay Ac + (a1 + aq) Ay
+ < K*79|(5u), [0 >< 0] (ab)* |B™ > [ay Ac + (a1 + aq) Ay
+ < K*79|(5u) |0 >< 0] (aysb) |B~ > asA:} . (B6)

The second term is OZI forbidden and in addition suppressed in zeroth-order QCD because of A, + A, = —A,.
The latter also applies to the third term, an annihilation contribution. The most dominant decays in this group are
B® — D*+*D*= and B~ — D*°Dx:- whlch are calculated from the formulas

< D™D HSF|B >= _%[ D**|(eb), |B® >< D}~ [ (50)* [0 > (—as Ac + asdy)

+ < D**D;7|(ds) , 0 >< 0] (bd)" |B® > asA,
+ < D**tD:"|(3d) |0 >< 0] (dysb) |B® > asA,] (B7)

< D™D}~ |H5"|B~ >= - f{ < D\ (@), |B~ >< D;7|(5¢)* [0 > [~ay Ac + asAl)

+ < D*°D;7|(5u), [0 >< 0] (@b)" |B™ > [ay Ac + (a1 + as) A
+ < D*°D;7|(5u) |0 >< 0] (@ysb) |[B™ > asA:} . (B8)

These two decays are influenced very little by penguin contributions. In (B8) the annihilation term is additionally

suppressed in zeroth-order QCD since it is proportional to A, + A; = —A,. B; and B vanish when annihilation terms

are neglected. X
Next we write the matrix element for the decays induced by HST . Instead of A, and A; the CKM elements are A,

and A, defined in (4.6). Compared to A. and A, they are Cabibbo suppressed by the factor V.q4/V.s >~ —A. We group
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together B® — wp®, p°p° ww, ptp~, wi, p°p. The matrix element for these six decays are

< wp®|HSF|BO >= — G

%{

< PRPSIHST|BO >=

< wlwlegﬁléo >= —

V2

< w|(db),|B® >< p° (@u)* |0 > (a_ A, + azA;)

x < p°|(db),|B° >< w|(au)* |0 > [a— A + (a2 + a3 + cs) A¢]

+ < p°|(db)u|B® >< w|(dd)*|0 > (as + aq + cs) Ay

+ < wp®| (@u), [0 >< 0|(db)¥|B° > (a_ A, + az A;) < wp|(dd)|0 >< 0|(dysb)|B® > asA:} ,
(B9)

G - ) . .
- [ < P31 (db), 1B >< p8] ()" 10> (a- Ac + azAy)

+ < p3| (db) , |B® >< pff (@u)" |0 > (a- A, + asAs)
+ < p3p3| (au) , |0 >< 0] (db)" |B® > (a_ A, + azA,)

Al
A

+ < p3p3] (dd) |0 >< 0| (dysd) |BO > asA,

> < Ol (d_b)“ lB_O > aaAt

> < 0] (db)" |B® > ce A,

(B10)

)

[ < wy| (Jb)# |BO >< wsl (au)* |0 > (a_ A, + azA;)

+ < wo| (Jb)“ |BO >< wi| (@u)* |0 > [a— A, + (a2 + a3 + ¢5) A4
+ < wq| (Jb)u IEO >< wy (Cid)# |0 > (ag + a4 + Cs) fit
+ < wyws|(uu), [0 >< 0] (db)* |BO > (a_A, + ar A;)

foel(z),
el

+ < wywsl ((Id) |0 >< 0] (J‘ysb) IB—O > asfi:

> < 0| (db)*|B® > a3 A,

> < 0] (db)* |B® > cs A,

(B11)

b

- . G s . ; ;
< ptp~ |HST|BO >= -7 [ < pt|(ab), |B® >< p~| (du)” |0 > [ay A, + (a1 + a4) A

+ < ptp7|(u), |0 >< 0| (db)" |B® > (a_ A, + a2 A;)

(e (),
(%),

+ < ptp7|(dd) |0 >< 0] (dvysb) | B® > a5/it] . (B12)

o> < 0] (db)*|B® > a3 A,

0> < 0] (db)* |B® > cs A,
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The fogr decay matrix elements in (B9)—~(B12) have the property that in zeroth-order QCD they are proportional
to A + A, = —A, = u‘d_VUb ~ A3, Therefore all these decays have small branching ratios. Next we give the matrix

elements for the decays B9 — wip, pO4:

< wylH5TB0 >= - ( < w| (), |B® >< $](c0)* [0 > [~a_ A, + (as + cs) Ad]

V2
+ < 9| (db), 1B >< w| (au)* |0 > [a_ A, + (a2 + as + c5) Ad)
+ < 1| (Jb)# |BO >< w| (dd)" |0 > (a3 + a4 + c6) A,
+ < wi| (au), |0 >< 0] (db)* |B® > (a_ A, + a1 A;)

> (d9)n

— <wi|(@c), [0 >< 0] (db)" |B® > a_A. + <w¢
q

+<w¢ D (@)F
q9

_ G - _ . .
< p°¢|HS®|BO >= ———\/-2;{ < p° (db)u |B° >< | (ec)” |0 > [—a_ Ac + (a3 + cg) Al

0> < 0| (db)* |B° > a3A,

o> < 0] (db)* |B® > csA; < wip| (dd) |0 >< 0] (dysb) |B® > wi,) ,

(B13)

+ < 9| (db),, 1B° >< p°l (@u)* |0 > (a-A. + as Ay)

+ < p%%| (au), [0 >< 0] (db)" |B® > (a_ A, + az A;)

— < p°Y|(ec), 10 >< 0] (db)" |B® > a_ A+ < p°¢| (dd) |0 >< | (dysb) |B® > asA,} .
(B14)

In both matrix elements the second nonannihilation diagram is OZI forbidden, so that the dominant part consists of

just one amplitude. ~
Since the matrix element for B — D**D*~ was already given in (4.5) we are left with four matrix elements for

B~ decays, namely, for B~ — wp~,p%~,p~ 1, D**D*~, which are written below.
G ) ) .
<wpT|HST|BT >= ——={ <wl|(@b), B~ >< p7|(db)" |0 > [y A. + (a1 + as) Al

V2

+ < p7| (Jb)# |B~ >< w|(au)” [0 > [a_ Ac + (az + a3 + c6) A

+<p7| (d_b)u [B™ >< w|(dd)" |0 > (a3 + aq + c6) A,

+ <wp”| (Ju)” [0 >< 0f(@b)* |B™ > [ayAc + (a1 + as) A]

x < wp™ | (du) |0 >< 0] (@ysb) B~ > as A} . (B15)
< p’p |HST B~ >= —%{ < p°|(ub),,|B™ >< p7| (du)* |0 > [a4 A, + (a1 + a4) 4,

+ < p7| (Jb)u B~ >< p° (aw)* |0 > (a_ A. + a2 4,)

+ < p%p7| (Ju)u 0 >< 0] (@b)* B~ > [a4Ac + (a1 + aq) A

+ < p%7| (du) |0 >< 0| (aysd) |B™ > asA,} . (B16)

In this matrix element we have interference only through the mass difference of p® and p~, otherwise the helicity
matrix elements generated from the first and second lines in (B16) differ only by a common factor.

< p Y|HST|B™ >= —%{ < p7| (Jb)“ |B~ >< ¢|(cc)” |0 > [—a-/ic + (as + ¢cg) flt]

+ < |(ab),|B™ ><p7| (du)* 10 > [a4Ac + (a1 + aa) A
+ < p7 9| (du), [0 >< 0] (@b)* [B~ > [ay Ac + (a2 + aq) Ay]
+ < p~ 9| (du) [0 >< 0] (@ysb) | B~ > asA.} . (B17)

The second term of the right-hand side is OZI forbidden.
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< D*°D*"|H§®|B~ >= ——{ < D*°|(eb), |B~ >< D*~|(de)" [0 > (—a4 4. + asdy)

%

+ < D*°D*|(du),, |0 >< 0] (ab)* |B~ > [a4Ac + (a1 + aq)Ad]

+ < D*°D*~|(du) |0 >< 0| (aysb) |B™ > asA:} .

This matrix element is dominated by the term propor-
tional to a4+ A, so that penguin terms are unimportant
here.

In the following we present the formulas for
decays without penguin contributions induced by
HST HST HET and HET. These matrix elements have
far fewer terms. We start w1th the matrix elements for
BY — wD*®, p°D*° and for B~ — p~ D*? (see Table II
for the list of all Hff induced transitions):

<wD*|HT|B° >

\/ﬁ_ ViaVes ,< wl (db), 1B° >< D*| (@) [0 > a- ,
(B19)
J

x— % o) G * * P o) -’ — -
< K*~D*t|HT|B0 >= —\/_Ev,,,vc,,a+ < D**|(eb), [B° >< K*~|(5u)* |0 >,

< K*°D*\HT|BO >= —

f ﬂ.!

s Vesa_ < K*°|(sb), |B® >< D*°|(cu)* [0 >,

(B18)

—
< pOD-OIHfﬂ'IB‘o >

*Ves < p°|(db),,|B® >< D*°|(ac)* |0 > a_ ,

f
(B20)
< p~D**|H:®|BO >
= SvrV < D (ab), B0 >
V2 #
X < p”|(ud)* |0 > ay . (B21)

The matrix elements for the transitions B S
K*~D** K*°D*°, and B~ — K*~D*? induced by Hf
are

(B22)

(B23)

< K*~D*°|H{|B~ >= ﬁv;_,vcb[ < K*7|(8b),|B~ >< D*°|(eu)* |0 > a-

+ < D*°|(eb), |B~ >< K*~|(5u)* [0 > a4] .

The decays induced by HE, namely, B*0 —
branching ratios. The matrix elements are

< K*°D*°|HE®|BC >= G

ﬁ

< K*~D*|HS|B~ >=

The transitions originating from HET are suppressed
even further since they have additional Cabibbo sup-
pression as compared to the HET transitions. The ma-
trix elements for B — ptD*~ p°D*°wD*® and B~ —
p~D*° p°D*~ wD*~ are

< ptD*~|HET|BO >

G _ . _ -
= —=ViVaay < pt|(a), |BO >

V2

x < D*~|(de)* |0 (B27)

mVesa_ < K*0|(3b), |B® >< D*°|(@c)* [0 > ,

f s Vesa- < K*~|(3b),,|1B~ >< D*°| (c)* |0 > .

(B24)

K*°D*0 and B~ — K*~ D*° have, as pure b — u transitions, small

(B25)

(B26)

I
< p°D°|HET|B >

G .. =
= %Vchuba_ <P (db)“

< wDO|HST|BO >
- %v;,v,,ba_ < w| (d),1B° >< D*°|(ac)* 0>,
(B29)

|BO >< D*°|(@c)* 0>,
(B28)

< p~D*|HE B~ >
G .. iy _ ot
= %Vchuba_ < p7|(db), |B~ >< D*0|(ac)* [0 >,
(B30)
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< p°D*"|HT| B~ >

-G
V2

VaVusay < p°| (@b), |B~ >< D™~ | (de)” 0 >,

(B31)

<wD*"|H|B~ >

ViaVusay < w|(@b), |B~ >< D*7|(de)" 0 >

MR

(B32)
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