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The smallness of the up-, down-, and strange-quark masses compared with the QCD scale makes
SU(3) flavor an approx1mate symmetry of the strong interactions. The B, B°, and B? mesons form
a 3 representation of SU(3). Using the SU(3) transformation properties of the effective Hamiltonian
for weak nonleptonic B-meson decays, relations are derived between B-meson decay amplitudes.
Some of these relations may provide information on the importance of various competing effects

that can occur in nonleptonic B-meson decays.

I. INTRODUCTION

In the future it is likely that measurements of the
branching ratios for many exclusive B-meson decays will
be made. The B mesons come in three types B ~, BY and
BSO with flavor quantum numbers b#, bd, and b5, respec-
tively. In this paper we shall examine in detail the pre-
dictions of SU(3)-flavor symmetry for nonleptonic B-
meson decays to two and three mesons.

In the standard six-quark model the couplings of the
quarks to the charged W bosons are of the form

17,?,7)7’”( 1 _7/5)V S

W,;“ +H.c. (1)

Here g, is the SU(2) gauge coupling and ¥V is a 3X3 uni-
tary matrix that is related to the transformations which
diagonalize the quark mass matrices. It is possible to
choose phases for the quark fields so that the Kobayashi-
Maskawa matrix V is written as'

€1 —S1C3 5153

cicy83+s,c5e |, (2)
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515, €15,¢3+cy55e® 15,8,
where ¢; =cosf; and s; =sinf;. The angles 6, 0,, and 6,
are chosen to lie in the first quadrant where their sines
and cosines are positive. With this convention the qua-
drant of § has physical significance and must be fixed by
experiment.

Experimental information on nuclear 3 decay, semilep-
tonic hyperon decays, and kaon decays gives that?

Sy ~0.22 . (3a)

The angles 0, and 05 are also small. Experimental infor-
mation on the B-meson lifetime and semileptonic B-
meson decays implies (to leading order in small angles)
that?

(s3+53425,55¢5) 2~ 5X 1072 (3b)
and

53 55%X1072 ., (3c)

" flavor SU(3).

It is the interaction Lagrangian density in Eq. (1) that
determines the transformation properties of the effective
Hamiltonian for nonleptonic B-meson decays under
Noting that the charm quark, bottom
quark, and top quark are SU(3) singlets, it is easy to see
that the Ab =—1, Ac=1 part of the effective Hamiltoni-
an transforms as an 8, the Ab =—1, Ac=0 part trans-
forms as 3@ 6@ 15, and the Ab=—1, Ac = —1 part trans-
forms as 3@6.

In low-energy physics SU(3) symmetry typically works
at about the 30% level in decay amplitudes. For exam-
ple, fx /f, which is unity in the limit of SU(3) symmetry,
has the experimental value 1.28. In nonleptonic D-meson
decay, the predictions of SU(3) symmetry® do not work
well. A striking example is the SU(3) prediction

(D’ KK ™)
| N0 R )

=1 (4a)

for Cabibbo- suppressed nonleptonic D-meson decay. Ex-
perimentally, 2

(D’ >K*K™)
LD —rtr)
{45

Using, for example, the large-N, limit,*" it is possible to
include some SU(3)-breaking effects into estimates for
nonleptonic D-decay amplitudes.® In the large-N, limit,
amplitudes factorize and hence there is an enhancement
of the K"K~ rate over the 717~ rate by roughly the
factor (fx /f,)* This is not quite enough to explain the
experimental value in Eq. (4b).

Despite the failure of SU(3) predictions for nonleptonic
D-meson decay rates, we feel that the absence of rigorous
methods for predicting exclusive nonleptonic B-meson
decay rates makes a tabulation of SU(3) predictions for
B-meson decays worthwhile. In the next section we con-
sider two-body nonleptonic B decays to mesons and in
Sec. III we examine some three-body decays. In Sec. IV
concluding remarks, which contain a discussion of possi-
ble improvements and extensions of our work, are given.

=3.5%t1.2. (4b)

II. TWO-BODY DECAYS

We begin by discussing decays with Ab=—1 and
Ac=1. These arise from weak Hamiltonians with flavor
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quantum numbers (b€ )(ud ) for the Cabibbo-allowed de-
cays and (bc)(us) for the Cabibbo-suppressed decays.
These two Hamiltonians are different components of the
same 8 representation. Therefore, there will be SU(3) re-
lations between the Cabibbo-allowed and Cabibbo-
suppressed decays which have Ac=1. Denoting the 8
representation of the Hamiltonian by a 3X3 matrix with
components H j’ (the upper index labels rows and the
lower columns) then for the Cabibbo-allowed decays

0 0O
H=|c;, 00 (5a)
0 0O
and for the Cabibbo-suppressed decays
0 00
H= 0 0 0]. (5b)
—s;c3 00

In Eq. (5b) the relative factor of —s,c3/c; arises because
of the different weak mixing angles which occur in the
two cases. We shall work to leading order in small weak
mixing angles setting ¢, =c, =c;=1.

We first consider Ab =—1, Ac=1 decays of the type
B — DM, where D denotes one of the D mesons D°, D +,
and DS+ with flavor quantum numbers ci, cd, and c3, re-
spectively. M is one of the eight lowest-lying 0~ mesons
m,K,K,n. Using the same notation as for the Hamiltoni-
an, the B mesons and D mesons which transform as anti-
triplets under SU(3) are introduced as row vectors with
components B; and D,, respectively. Explicitly,

B=(B,B%B?) (6)
and
D=(D°D",D). @

Finally the mesons M are in the octet representation
which as a 3X 3 matrix has elements

77'0 + !l +

o =+
V3 T Ve ” K
_ - _m 0
M T s + Ve K . (8)
K~ K° —\/—2—/—377

We are interested in the transition amplitudes
A(B—DM)={DM|H|B). As far as the group theory
is concerned we can imagine these amplitudes arising
from the effective Hamiltonian

H.=a(BD'\M/H])+b(B,M.H!D /)
+c(B,H{M/D/) 9

with H} given by Eq. (5a) for the Cabibbo-allowed decays
and Eq. (5b) for the Cabibbo-suppressed modes. Expand-
ing out these three terms gives the results for the
Cabibbo-allowed decays shown in Table I and for the
Cabibbo-suppressed decays shown in Table II.

There is one SU(3) relation among the decay ampli-
tudes 4 (B — DM) for the Cabibbo-allowed decays:
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TABLE 1. Rates for Cabibbo-allowed decays B— DM in
terms of the three reduced matrix elements a, b, and c.

Process Rate
B D g™ la +c|?
B°—DOr® b —cf?
B°— D Lo +cf?
B°D}K™ lc]?
B~ D%~ la +b]|?
BO—DK® b2
B)—>D/ 7~ |al?

| A (B°—>D%%)|2+3| 4 (B°—~D"%)|?
=|4(B°-K "D)|*+|4(B°—D°k%|?. (10)

There are several simple relations between the
Cabibbo-allowed and the Cabibbo-suppressed decay
rates. For example, SU(3) symmetry implies that

A(B~—D% )
=—1/s; . 11
A(B-—>D°K ) 51 (v

The large value of the B-meson mass (compared with
the QCD scale) suggests that relative complex phases be-
tween the reduced matrix elements a, b, and ¢, which can
be generated by final-state strong interactions, are small.
If this is the case then, up to sign ambiguities, measuring
three of the Cabibbo-allowed decays determines a, b, and
c. At the present time there are measurements of the
branching ratios for two of the decays in Table I. Experi-
mentally, 8

B(B~—D% " )=(3.0£1.4)X1073,
B(B° DV 77 )=(3.6£1.4)X1073 .

(12a)
(12b)

Although we have focused on decays of the type
B — DM our results can be trivially taken over for the de-
cays of the form B—D*M. Also, for decays not involv-
ing the 77 we can use the results in Tables I and II for the
corresponding decays B—DV and B—D*V, where V is
one of the 1~ p or K* vector mesons. [Since in the vector
meson case there is a large mixing between SU(3)-octet
and -singlet states, one cannot straightforwardly general-
ize the results involving the 7, which neglect the small
SU(3)-violating n-n’ mixing.] So, for example, generaliza-
tions of Eq. (11) of the type

TABLE II. Rates for Cabibbo-suppressed decays B—DM in
terms of the three reduced matrix elements a, b, and c.

Process Rate
B° >DYK™ s3lal?
B°>D°K° s3|b|?
B~ DK~ sila +b]?
BO—D°7° s3Lcp?

B%— D% siile —2b)?
B’ DK™ s?la +c|?
B’ >D*7™ s?|c|?




3348

AB~—>D*r") _ A(B~ —D%")
AB~—»D*K~) A(B~—D°kK*")
AB~—>D*% ) _

TTAB Dok
(13)
hold. Experimentally,” !

B(B°>D*(2010)*77)=(3.3713)x107%,  (l4a)
B(B°—-D*(2010)*p7)=(8%])x107 2%, (14b)
B(B~—D*(2010)%7)=(3+4)X 1073, (14¢)
B(B~—D% )=(2.1£1.2)X107 %, (14d)
B(B°>D*p7)=(2.2£1.5)X107% . (14e)

Two-body decays of the type B — DD arise from weak
Hamiltonians with flavor quantum numbers (b¢)(cs) for
the Cabibbo-allowed decays and (bc)(cd) for the
Cabibbo-suppressed decays. These Hamiltonians are
different components of the same antitriplet representa-
tion. So, as far as group theory is concerned, the decays
B—DD can be thought of as arising from an effective
Hamiltonian

Heg=a(BiHi)(Dj5j)+/J’(B,~5i)(Hij) ’ (15)
where for the Cabibbo-allowed decays
0
H=|0 (16a)
1
and for the Cabibbo-suppressed decays
0
H=|s, (16b)
0

Table III presents results for decays B —DD which fol-

low from Eq. (15). Some of the relations that follow from

Table III are just consequences of SU(2)-isospin symme-

try. They are, for the Cabibbo-allowed decays!?
(B~ —D°D, )=T(B°->D*D;),

B°—D°D%)=T(B’->D*D™).

(17a)
(17b)

TABLE III. Rates for B-meson decays of the type B— DD in
terms of the two reduced matrix elements a and 3.
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For the Cabibbo-suppressed decays there are no isospin
relations. Table III indicates that there are several SU(3)
relations between the Cabibbo-allowed and the Cabibbo-
suppressesd B-—DD decays [e.g., I'(B~—D°D™)
=s{I(B~ —D°D;)]. The Cabibbo-suppressed B —»DD
decays also get contributions from terms in the effective
weak Hamiltonian that have no charm quarks. For ex-
ample, the operator (b# )(ud) which transforms under
SU(3) as 3@ 6@ 15 contributes to the Cabibbo-suppressed
B —DD decays and if 55 is near its experimental limit,
this could alter the results in Table III.

The same Hamiltonians which give rise to the decays
B —DD also cause the decays B—J /1 M. Since there is
only one way to combine the product of a triplet, anti-
triplet, and octet representations (J /¢ transforms as a
singlet) into a singlet, these decays are characterized by a
single reduced matrix element. SU(3) predictions for
these decays are presented in Table IV. The contribu-
tions of operators without charm quarks [e.g., (b7 )(ud )]
to the Cabibbo-suppressed decays B —J /¢ M are negligi-
ble because they violate the Okubo-Zweig-lizuka (OZI)

"rule. For the Cabibbo-allowed decays the relation

NB°»J/YyK°)=T(B~ —J /YK ™) (18)

is a consequence of isospin invariance. It has previously
been noted that a comparison of branching ratios for
these modes would determine the ratio of B® and B ~ life-
times.!> At the present time it is known that?
0.4 <7p0/7,- <2.1. One of the relevant branching ratios

has been measured:® %13
B(B™ —J/YK )=(8.0£2.8)X107*. (19)
For the Cabibbo-suppressed decays the relation
[(B°—J/y7°)=LB~ —J/Y7) (20)

is also a consequence of isospin invariance.

The results of Table IV generalize trivially to other ¢C
resonances and also to decays B—J /¢ V, where V is a
17 p or K* meson. There is also some experimental in-
formation on these decays:®1*

B(B~™ —(28)K ~)=(2.2+1.7)X 1073,
B(B°>J /¢ K *(892)°)=(3.7+1.3)X 1073 .

(21a)
(21b)

We consider next the SU(3) relations between the decay
amplitudes which can arise from the b —uW ™~ weak cou-

Process Rate TABLE IV. SU(3) predictions for rates for B—J /¥ M nor-
B D*D- FE malized to the decay rate for B~ —J /¢ K.

- S
B°-D°D° s?|al? Process Rate
B°>D*D" stla+pBl? 0 e
B°-D D" s?|al? B°>J/yK?° 1
B~ DD~ B2 B°—J /¢n° 5372
B-—D°D- 2|82 B°J/yn st/6
BO_,D°D° |2 B —J/YK~ 1
B5~+D+D_ |2 B ™ —J/Yym~ s?
B’ DD, la+BI? BO—J /i 3
B2 —»D D~ s2|BI? B2 —J/YK° s?
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pling. For final states without charm, the effective Ham-
iltonian has the flavor quantum numbers of the operator
(b (ud) which transforms as 156 6@®3. Explicitly, the
decomposition of (b )(ud ) into operators that are in irre-
ducible SU(3) representations is

(b7 )(ud)=10 35, + 10— 105, +30g, , (22)
where
O i3, =3(bit (ud ) +3(bd )(uit)—2(bd )(dd)
—(b5)(sd)—(bd )(s¥) , (23a)
O ) =(but)(ud)—(bd )(uit)— (b5)(sd )+ (bd )(s5) , (23b)
O 35,=(bd)(ui)+(bd )(dd )+ (bd )(s5) , (23c)
O3, = (bt )(ud)+(bd )(dd )+ (b5)(sd ) (23d)

(3)

In Egs. (22) and (23) the subscripts on the operators
denote the irreducible representation of SU(3) to which
they belong. As far as group-theory factors are con-
cerned we can take, as the effective Hamiltonian for B-
meson decays B — MM,

Heq= A 5,B;H (3)(M[M;)+C 5B M{M[H (3)
+ A 53,8, H(15)/MM}'+C 5 B,M!H (15){M]

+ A)B;H (6)] MM} . (24)

In Eq. (24) H(3) is a vector with nonzero component
H(3)=1.

H (15) is a traceless three-index tensor that is symmetric
on its upper indices and has nonzero components

H(15)2=3, H(157'=3, H(15)3=—
H(15)3*=—1, H(15)¥=—1

Finally, in Eq. (24), H(6) is a traceless three-index tensor
that is antisymmetric on its upper indices and has
nonzero components

H(6){>=1, H(6)?=
H(6)3=1.

_1’ H(6)32_

The parameters A(S)’ C(g), A(B)’ C(E)’ and A4 g, are the
reduced matrix elements in terms of which the B —MM
decay amplitudes are expressed. Note that since

BH(6)]M!M}+B,M/H (6)[M}=0, (25)

there is only one reduced matrix element, A,
parametrizing the contribution of the part of the Hamil-
tonian that transforms as a 6.

Table V summarizes the SU(3) predictions that follow
from expanding the effective Hamiltonian in Eq. (24).

There is only one simple relation
A(BY—K°7°)
_..,.__..so 0 =‘\/ . (26)
A(B)—K"%)

There are no simple isospin relations between the
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TABLE V. SU(3) predictions for decays B— MM that do not
change strangeness.

Process Rate
B—ntm” 1245,+Cp5,+ 415, +3C 55— A2
B —m'm’ 71245+ Ciy+ 455, =5C 15, — A |*
B°—mn 31245+ 3C5 = 455+ Ci5 + Ao I?
B°—7y 31 =C3+545+C,— 4
B°-K°K° [245,+C35—343,+ A, 2
B*>K*K~ 245,424,512
B a7~ 32|C g, 17
B —ym L12C5,+6 4,55, +6C, 5, +2 A5 2
B~ —K°K~ |C(§)+3A<15> Cisy+ 4l
B —>K*tr~ |C i3y — Az, +3C 55, — A |2
BY— K7 L =Cp,+ A5, +5C 55, + A2
BY— K% L= Ci+ A5, +5C 15, + A 12

B — MM decay rates in Table V. The effective Hamil-
tonian has both I =1 and I =2 pieces. The I =3 piece
arises solely from the operator Oy In the decays
B — 7 the two-pion final state is a linear combination of
I=0 and I=2 states. The I=2 state can only be reached
through the I =3 part of the effective Hamiltonian while
the =0 state gets contributions from both the I =1 and
I =3 parts. Since the #%m~ state is charged it is pure
I=2, consequently the rate for B~ —#’r~ originates
only from the matrix element of O .

There are contributions to the decays B — MM listed
in Table V, which survive in the limit s;—0 (where the
b—uW ™~ coupling is absent). They come from penguin-
type Feynman diagrams with a charm or top quark in the
loop (see Fig. 1). Writing

A es,5, 4! (27a)

—sy5343,— 3 »

3=

C= =

& (27b)

s1s3@(§)—-e’5s1s26 3)
itis 4 (3, and ¢ (3, that characterize these contributions,
since the penguin-type diagrams only give rise to terms
that transform as a 3 in the effective Hamiltonian of Eq.
(24). The contribution of penguin-type Feynman dia-
grams is probably suppressed by [a,(m,)/7], so unless
(s3/s,) is very small (a prospect that is unlikely if the
standard six-quark model is to describe the CP violation
observed in kaon decays)!® 4’ ) and ol (3) are unimpor-

b d
c,t c,t
g9
FIG. 1. Penguin-type Feynman diagram contributing to
B — MM decays.
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tant for the B— MM decays in Table V. However, if we
examine B — MM decays that change strangeness by one
unit, the situation is quite different. Here the penguin-
type diagrams are again suppressed by a (m,)/7 but
they are enhanced [over operators such as (bit )(u5)] by
the ratio of weak mixing angles

(3453 +25,5;¢5)!7?

S%Ss

(28)

These decays may be dominated by the penguin-type dia-
grams with a charm or top quark in the loop. Assuming
this is the case we can use, as far as group-theory factors
are concerned, the following effective Hamiltonian to de-
scribe the As = —1 B — MM decays:

Hg=—(s,e®+s3)[ 4 ;5,(B,H (3N M}IM])
+C5BM{MH(3Y],  (29)
where now the nonzero component of H (3) is
H(33)=1. (30)

Table VI gives the SU(3) predictions that follow from
Egs. (29) and (30). Note that since A4 (3, only effects the
B? decays, the ratios of the various As =—1 B°—>MM
and B~ — MM decay rates are determined by SU(3).

Our assumption that penguin-type diagrams dominate
the As =—1 B— MM decays implies that the effective
Hamiltonian is 7=0. Since there is only one way to com-
bine two I =%- states into an /=1 state, all the relations
between B — K decays in Table VI are consequences of
isospin. Similar isospin relations hold for decays of the
type B—Kp, B—K *m, and B—K *p. The relations

NB°-»K%)=T(B " —K™1q), (31a)
B —-K*K " )=T(B’—K°K?"), (31b)
(B —n’7r°)=10(Bl—nt7m™) (31c)

TABLE VI. SU(3) predictions for B—MM decays that
change strangeness. Here it is assumed that penguin-type dia-
grams with a charm quark or top quark in the loop dominate.
Entries in the second column should be multiplied by
|s,e®+s55|? if compared with Table V using Eq. (27).

are also consequences of isospin symmetry. The (b )(u5)
operator has both /=0 and I=1 pieces. Verifying some
of the above isospin relations would provide strong evi-
dence that penguin-type diagrams dominate the As = —1
B — MM decays.

The b —>uW ™ coupling also causes Ab =—1, Ac =—1
decays B—DM. To leading order in weak mixing angles
the effective Hamiltonian for such decays has the flavor
quantum numbers of (b#)(¢5). Under SU(3) this opera-
tor transforms as 3®6. Explicitly, the decomposition in
terms of operators in irreducible representations is

(b6)(cs)=003)+ O, » (32)
where

Oy =1[(bu)(c5)— (b5 )(c@)] , . (33a)

05 =1[(bu )(c5)+(b5)(ci)] . (33b)

As far as group-theory factors are concerned we can take
as the effective Hamiltonian for the Ab =—1, Ac =—1,
decays B—DM:

H =0z D;H(6)/B,M\+B;BH(6)'D,M}
+a(3D;H (3)YB M} + BB, H(3)'D, M} . (34)

Here H (6) is a two-index symmetric tensor with nonzero

components,
H(6)P=1, H(6)'=1 35)

and H(3) is a two-index antisymmetric tensor with
nonzero components:

H3)B=1, HB3)?®'=—1. (36)

Table VII shows the results which follow from the
effective Hamiltonian in Eq. (34). There are two simple
relations

NBY—D #*)=2r(B%—D °#°) ,
NB°-D, n*)=2I'(B~—D, #°)

(37a)
(37b)

and they are a consequence of isospin invariance.
There is a small dynamical enhancement of the Wilson
coefficient of O3, over that of O g, coming from pertur-

TABLE VII. SU(3) predictions for decays B— DM.

Process Rate (divided by [s,e®+s5,|?)
BOntK - léf§)|2 Process Rate
B 7K S lelANL B~ D%~ lag, +as+Bg+Bu)?
B° K% —é—|6 ('3)]2 B~ —D 7 tlag —any—2B5— 281
B K #° %]6('5)]2 B~—>DK° Bz, +B?
B~ —>K™q %lé"g,lz B~ —D; 7" ‘;‘la(g)_a(s)v
B~ K~ 1@;§)|2 B°->D°K° lag, +aml?
B >K*K~ 24 5,+C )2 B° D 7wt lerg,—as)l?
B?—K°K° 24 5,+C 52 B?—D °7° LBe—Bw?
B —7°7° 214 2 B’>—>»D K™ lag,—aa)y+Bg—Bs)?
B)—uq 214 l? B)>—>D 1 —2a— 203t Bg—Bisl®
Bl —gtg™ 414 ;2 B—»D nt 1Bg,— B
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bative QCD corrections. In the effective Hamiltonian for
Ab = —1, Ac = —1 decays the ratio of Wilson coefficients
for O3 and O, is'” [a,(m,) /a,(my) P =1.5. If ei-
ther the matrix elements of O, or O, dominate the
B—DM decays, then Table VII indicates that there
would be some SU(3) relations. For example, either 3 or
6 dominances implies that

|A(B°>D°K%|=|4(B°->D, 7" . (38)

Of course, generalizations of the results of Table VII to
decays B—D *M, B—DV, and B—D *V hold.

III. THREE-BODY DECAYS

The three-body decays, B—J /¥ MM, can have the rel-
ative orbital angular momentum L of the two M mesons
be either even or odd. For the case L even we can take,
as far as group-theory factors are concerned,

H=[F(B,H)MM])+G(BMMIH"J /¥), (39)

as the effective Hamiltonian [Lorentz indices are

suppressed in Eq. (39)]. In Eq. (39),

0
H=|s, |. (40)

1

Table VIII presents the results that follow from the
effective Hamiltonian in Eq. (39). For the case L odd, the
effective Hamiltonian must change sign under inter-

TABLE VIIL. SU(@3) predictions for decays B—J/y MM,
when the relative angular momentum of the two pseudoscalar
mesons is even.
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change of the SU(3) quantum numbers of the two M
mesons. Only the second term in Eq. (39) can be
antisymmetrized and so the rates for B—J/
Y(MM); _, 5 are determined in terms of a single re-
duced matrix element. Table IX presents the relative
B —J /Y MM decay rates for odd L. With L odd the am-
plitudes for B~ —J /¢ 7~ 1 and B°—J /¢ 7% vanish by
SU(3) symmetry and therefore these processes do not ap-
pear in Table IX.

The Cabibbo-allowed B —J /¥ MM decays arise from
an effective Hamiltonian that is an isosinglet. There are
several isospin relations among the Cabibbo-allowed de-
cays that hold independent of L. They are '

NB°—»J/yntK " )=T(B~ —J/¢v7 K°)
=2T(B°>J /Y 7°K °)

=2INB~ —J/¥7°K~), (41a)

(B »J/¢ynK°)=T(B~ —J/YnK "), (41b)

r(Bs°—>J/¢K°1‘<‘°)=r(B;’—>J/¢K+K‘) ,  (4lc)
and

INB—J/ynte ) =T(BX—J /¢ n°n°) . (41d)

In the case BO—J /¢ 7w [Eq. (41d)] isospin invariance
forces the two pions to be in an even L state. The
effective Hamiltonian for Cabibbo-suppressed B —J/
1 MM decays is I =1. Again, there are isospin relations

which are L independent. They are
D(B°—J/ym®)=10(B " —>J/Yy777), (42a)
[(BY—J /Y K°n°)=1T(B?—-J/yK*7™). (42b)

Some isospin relations that hold only for L even are

Process Rate
B°J/ymtK~ |G|?
B’ J/¢y7°K° 162
BOJ SO RPN TABLE IX. SUQ@) predictions for decays B—J/y MM,
—J /Y FIG' when the relative orbital angular momentum of the two pseu-
B°J/pnta s}2F +G[? i Y i .
B0 7 /iy 70 o, 12F +G? doscalar mesons is odd. Rates are normalized to that for
—>J /sy 751 B°J/ymtK ™.
B°J /¢y 1stl2F + 16|
) fo_> J/ Zo,,’ % fl% |G|l22 Process Rate
—J/YK K~ s1|2F] B J/ymtK™ 1
B’ J /¢ K°K?° si|2F +G/? B°—>J/¢y7°K° 1
B ) /K LGP B J /K 3
_ _ 2
R N v/
“—J/Yym K G 0 Ko ?
B'—»J}ptlura'q 251Gl g’:‘.ll//‘f’/ffrog_ s;—l
B >J/YKK° stG)? B —J/Yy7 K° 1
B’ J /¢ 7°n° L12F? B J/YyyK~ 3
BY—J /¢y 12F + 462 B~ —J/Yn'n 25}
B —>J /Y K°K° [2F +GJ? B —J/YK°K~ 53
BO—J/YKYK~ |2F +G|? B)—~J /YK K~ 1
BT/t |2F|? B —»J/YyK°K° 1
Bl—J/YpK*m™ s2|GJ? B >J /YK 7™ s3
BO—J /$ K°r° 1s?|G|? \ B)—~J /K n 3si
B2—J /YK istlG)? BY—J /4§ K°n° 15}
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[(B°—J /¢ m°n®)=1T(B°—J /Y(mn 7 ) —0,,. ) »
(43a)

D(B°—J /(7’7 ) —p,. )=0. (43b)

There are also SU(3) relations between the Cabibbo-
allowed and Cabibbo-suppressed decay amplitudes that
are L independent. For example, two such relations are

s2|A(B~—=J/ym KO)|*=|4 (B~ —J/yK K|,
(44a)

s AB° T /Yp7ntK7)|?>=|A(B’—J /Kt )%
(44b)

All the L-odd B—J /Yy MM decays are related by
SU(3)-flavor symmetry. However, there is an important
source of SU(3) violation for resonant MM pairs. There
is significant mixing between the lowest-lying SU(3)-
singlet and -octet 1~ mesons resulting in the ¢ and w
mass eigenstates with flavor quantum numbers s§ and
(1/V'2)(u@t +dd), respectively. This occurs not because
of an anomalously large SU(3)-violating mass mixing ele-
ment, but rather because of the near degeneracy of the
SU(3)-singlet and -octet states. Nonetheless, because the
decay of the w to KK is kinematically forbidden, this
mass mixing can result in large violations of our SU(3)
predictions for decays B —J /Y(MM), _, when the MM
pair is resonant.

Next we consider the implications of SU(3) symmetry
for decays B—>DMM. As was noted in Sec. II, the
effective Hamiltonian for these decays transforms as an
octet under flavor SU(3). Again, we shall separately treat
the cases where the relative orbital angular momentum L
of the MM pair is even and odd. As far as group-theory
factors are concerned, when L is even we can take, as our
effective Hamiltonian,

H.g=aB,M!M}H]D '+bB,M!M]H/D'
+cB,H!M{M}D '+d (B,M!D /) M}H])
+e(B,HD/)\M{M})+f(B,D NMIM}H]) .

(45)

In Eq. 45) H ]’ are elements of the 3 X3 matrix (upper in-
dex labeling rows and lower index labeling columns)

0O 0O
H=|1 00]. (46)
S8 00

Table X presents the results that follow from this
effective Hamiltonian for the Cabibbo-allowed decays.
Under isospin the effective Hamiltonian for the Cabibbo-
allowed decays is I=1. When two pions possessing a net
charge are in an even partial wave they form an I=2
state. This implies the isospin relation

ANB~ DY r w )=T(B~ —-D%r 7%, -0, )
=F(BO—>D+(7T_7TO)L=0,2,. L)

47)

MARTIN J. SAVAGE AND MARK B. WISE 39

The first process that appears in Eq. (47) has been ob-
served. Experimentally,8

BB~ —DYr m)=(2.5735x1073 . (48)

Since the amplitudes with L odd do not interfere with
those with L even, we conclude that
4B~ —D°77)>T(B~ DY r n7), (492)
4aNB° D r 7)) >T(B DY r 7). (49b)
Of course, the results in Table X generalize to decays
involving a D* instead of a D. Experimentally,°
B(B~—D*(2010) 7w 77 )=(2.5%13)x1073,

B(B°-»>D*(2010) "7~ #%)=(1.5+1.1)X 1072,

(50a)
(50b)

which is consistent with the generalization of Eq. (49b)
and indicates that the B®—D* " 7 70 rate is dominated
by L odd.

There are also some SU(3) relations between the
Cabibbo-allowed amplitudes with L even. They are

|4(B°>DF (K~ 7% g, I
=3[(B°—>D (K m)p =)*, (5la)

IA(B_—>DS+(7T_K_)L =0,2,.. )|2

|A(B~ =DV 7 7 7)2, (51b)

1
2

TABLE X. Implications of SU(3) symmetry for Cabibbo-
allowed decays B— DMM, where the relative angular momen-
tum of the M mesons is even.

Process Rate

B%— D700 %IZe +c+b—al?
B°—>D°7777 %IZe +§c+%b+%al2
B°—D%r° Lle—b?

B° D7t~ [2¢ +d +c +b|?
B°DK°K?° [2e +b|?

B°>D°KVK~ [2e +c|?

B° Dy~ %|2f+d +2¢ +al?
B’ DY 7m0 %!d +al?

B° DK K° |f +c|?

B° 5 D}K °n~ ld +c|?

B° DK 70 1le—al?
B°—>DS+K717 %|c—a’2
B~ D%z~ 1ld +al?

B~ —D%r~ L2f +d +2b +al?

B~ —>D°KK° |f +b]?

B D r 7~ 112d +2al?

B D nm K~ |d +al?

B’ DKt~ |d +b|?
BO—D°K°" Lb—al?
BY%— D% % L1 —al?

B —»D K%~ |d +al?
B)—D ym $f—dl?

B’ »>DK K° |f +al?
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| 4(B)—>D " (K7, =o,2,..‘)|2
|[A(B~—>D s 7 7)%, (51c)

1
7
| A(B;)~—>DO(K07’])L =0,2, . )‘2

=1 A(B?—D%K ), —o,. J*. (51d)

For the case L odd, the effective Hamiltonian must be
antisymmetric under interchange of the flavor quantum
numbers of the M mesons. For example, an antisym-
metric version the term proportional to a in Eq. (45) is

(8“B,)[(8,M)M}—Mi(3,M/)1D 'HJ . (52)

Only the term proportional to the reduced matrix ele-
ment e has no antisymmetric analog. So the B—DMM
decay amplitudes with L odd are parametrized by five re-
duced matrix elements which we denote by a’, b’, ¢’, d’,
and f’. Table XI presents the implications of the SU(3)-
flavor symmetry of the strong interactions for the
Cabibbo-allowed decays B—D (MM); _, ; . There are
several SU(3) relations. For example,

|A(B™—D%nm )=y, )N
|A(B~ D r K )p_ys. 2. (53)

1
3

Tables XII and XIII present the predictions of SU(3)-
flavor symmetry for the Cabibbo-suppressed B —DMM
decays with L even and L odd, respectively. Since the
Hamiltonian for the Cabibbo-suppressed decays is part of
the same octet as the Hamiltonian for the Cabibbo-

TABLE XI. Implications of SU(3) symmetry for Cabibbo-
allowed decays B-—>DMM, where the relative orbital angular
momentum of the M mesons is odd. Rates are expressed in
terms of five reduced matrix elements a’, b’, ¢’, d’, and f'.

TABLE XII. Implications of SU(3) symmetry for Cabibbo-
suppressed B— DMM decays when the relative angular momen-

tum of the M mesons is even.

Process Rate (divided by s?)
B DOk~ L f—adl
B°D* 7 K° |f +al?
B°>D*nK~ Y—f+dP
B° D7 tK~ |d +b]?
B°>DYKC°K~ |d +al?
B° DK ° L —b +al?
B°>D%K?° +l=b+al?
B~ >D%°K ™ Lf+d+b+al
B~ D7 K° |f+b?
B~ DK~ L—f+d—b+al?
B D r K~ |d +al?
B DYK K~ 2|d +al?
BY—D7°K ™ Hf+el?
B D} 7K ° |f +cl?
B%—DnK~ L f+2d +c+2af
B2— DO7%#° 1]2e +cf?
B%—> D L2e +¢c/3+4b/3—2a /3]
B D7t 7™ [2e +cl|?
B°— DK °k° [2e +b]?
B DK K- |2e +d +c +b|?
B >DYK°K - |d +c|?
B2 D)7 t—a+cl?
B> >D" qr™ %‘C —al?

TABLE XIII. Implications of SU(3) symmetry for Cabibbo-
suppressed decays B—DMM, where the relative orbital angular
momentum of the M mesons is odd. Rates are expressed in
terms of the same five reduced matrix elements (a’, b’, ¢’, d’,
and f') as the Cabibbo-allowed case.

Process Rate Process Rate (divided by s?)

B—Dpr Ha'l2 B°~D K~ Hf—drp
B° DOt~ |d’"—c"+b'|? B°»>D 7 K° If'—a'l?
B°—>DOKK°® |b'|2 B°>DVqyK~ 13 +a?
B°—D°K*K~ e’ B° DOt K~ ld’+b'|?

B°—D ™ Ha'+a'? B° >DFK°K~ ld"+a'|?

B »DYr #° %|—-2f’+d'—-2c"-}-a'|2 B°—D%°K° %|b’+a'|2
B° DK K° I +c'? B DqK° 113p'—a’|?
B°>D;'K °n” ld'—c'|? B~ DK ~ Lf+d+b—al?
B°—D K" n gl=c'+a’l? B~ D7 K° Lf+ b2
B°>DfK ™y L3¢'+a'? B~ DK~ L3 4d +3b'—a'|?
B~ D% %7~ H2f +d' +2b"—a'|? B —>D'r K~ ld'—a’|?

B~ —D%%m~ Lld'—a'|? B)—>D K~ $f e
B-—D°K-K° Lf'+b' 2 B >D r K° lf +c'?
B-—D'nr K- @ —a? BY—D, mK " L3f'—2d"+ 3"~ 24’
B >D°K *r~ ld'+b'|? B D% 7~ le']?

B?—D°Kr° —=b'+a'|? B?—D°K°k° HE

B°—~D°K°y +3b'+a'|? B)—>D°K*K~ ld'—c'+b'|?
BSO-—>D+K07T_ |d’+a']2 B?—>D+K0K~ Id'—c'lz

BY—D, 2a'[? Sk e
B’—>D; K K° |f'—a’l? B)—D " 7'n™ 2|c'|?

B° D707~ 21f712 B)—D*nm~ ila’|?
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allowed decays, we can express the Cabibbo-suppressed
decay rates in terms of the same reduced matrix elements
as were used for the Cabibbo-allowed decays. An inspec-
tion of Tables X—-XIII reveals that there are simple SU(3)
relations between the Cabibbo-allowed decays and the
Cabibbo-suppressed decays which hold mdependent of
the value of L. They are

|A(B°>D* 7 K %)|*=s2|4(B>—>D,; K K%|?, (54a)

|A(B°->DYK°K 7)|*=53| A(BO>—-D K% )*, (54b)

|A(B~—>DJK K )|*=s?|4(B~ D% nr 77)|?,

(54c¢)
|A(B~—>D% K% |*=s2|4(B~—>D°K"K%|?, (54d)
2|4 (B)—D; ' n°K 7)|*=s{| 4 (B°>D K "K")|?,

(54e)
| 4 (B® D% 7 )|?=s2| A(B° DK "K")|*, (54
| 4(B?—-D°K °k%)|>=52| 4 (B°—>D°K°K%)|*, (54g)
|A(BO—>D°K K 7)|*=s2| A(B°->D°t77)|*, (54h)

\

| 4(BP—>D KK 7)|?=52| 4 (B°>D,F K %7 7)|2 . (54i)

There are important sources of SU(3) violation in the
decays B—DMM which can occur when two of the
final-state particles arise from the decay of a resonance.
In addition to the consequences of the mixing of the
SU(3)-singlet and SU(3)-octet 1~ vector mesons men-
tioned earlier, large SU(3) violations can arise because the
D* can decay to D while the D is kinematically for-
bidden from decaying to D 7 or DK.

Finally, we consider the three-body decays B —DDM.
As far as group-theory factors are concerned we can take
as the effective Hamiltonian for these processes

H.=n,(B;H') D M}D")+n,B;D YD MFH"

+n3(B;M/D '\ D, H*)+n,B,M/H'XD *D, ) ,
(55a)
where
0
H=|s, (55b)
1

Tables XIV and XV present the predictions that follow
from the Hamiltonian for Cabibbo-allowed and Cabibbo-
suppressed decays, respectively. Cautionary remarks,
similar to those given in the case of B—>DMM decays,
concerning possible large SU(3) violations induced from
resonance effects also apply here.

Recall that for the Cabibbo-suppressed decays the
effective Hamiltonian in Eq. (55) neglects the contribu-

tion of operators such as (b )(ud ), which arise from the
b—uW ™ coupling and transform as 3@ 6@ 15. Since the
15 representation contains an I =3 piece, isospin rela-
tions for the Cabibbo-suppressed modes which follow
from the I =1 Hamiltonian in Eq. (55) are useful for test-
ing the dominance of the operators with charm quarks.
Table XV contains two isospin relations,

(B~ —D, Dt7~)=2IB°->D, D 7",
(B’ —»D}D %)=

(56a)

2I(B®—~D,"D ~#°) . (56b)
Figure 2 shows quark-line diagrams which illustrate how
the two operators (b )(cd) and (bZ )ud) can contribute
to the decay Bo—D,"D °r~.

For the Cabibbo-allowed decays, the effective Hamil-
tonian transforms as an isosinglet. The following rela-
tions in Table XIV follow from isospin symmetry:

I'B~—D°D"K%=T(B°->D*D°%K ™), (57a)
r'(B°-»D°D°K%)=r(B~—-D*D"K™), (57b)
2I(B~ —D, D°7°)=T(B°~D°D, 7™)
=B~ —D, D*7r™)
=2I(B°->D "D, 7°) , (57¢)
(B~ —D; DK )=T(B°->D;fD;K®%, (57d)

TABLE XIV. Implications of flavor SU(3) for Cabibbo-
allowed decays B— DDM assuming the effective Hamiltonian
transforms as a 3.

Process Rate
B~ —D°D°K~ 24l
B D™D K~ AR
B~ —>D°DK° [m,|?
B~ —D°D; g =29, +n,/?
B~ DDy #° msl?
B__')Dx+Ds_K_ I”13+774|2
B~ D D xn~ Ins/?
B°D°DYK™ |72
B°-D*DK°® |, +74]2
B°->D*D;q =2, +n;)?
B"—»D"Df‘:r+ |7]3|2
B°D*D; 7° L)
B°->D;D;7K° 73+ m4l?
BO-%DOI_)OI?O I7]4|2
BY—>D°D °n° Ll
B?—D°D °y Ll —2m,)?
B >D°D*r™ [n,]2
B> D°DFK™ |9, +m,?
Bs°—>D D%t |771[2
B>D*D 7° Liml?
B)—>D*D™q tlm—2mal?
B>-D DfK° [ +m,)2
B)—>D DK™ n+asl
Bf——»DfD*'KO Im+1]3|2

B)—D;'D;q 2+ttt ml?




39 SU@3) PREDICTIONS FOR NONLEPTONIC B-MESON DECAYS

TABLE XV. Implications of flavor SU(3) for Cabibbo-
suppressed decays B—DDM. The effective Hamiltonian is as-
sumed to transform as a 3. Entries in the second column should
be multiplied by s? when comparing with the results of Table
XIV.

Process Rate (divided by s?%)

B~ —D°D %~ ‘772+774|2
B~ DD~ #° %|——~qz+~q3}2

B D D 7~ |173+7I4|2
B~ —D°D™q %]7]24-7]3]2
B~ D°D;K° 72

B~ —>DYD K~ [5]?

B~ —DYD nw~ [m4l?
B°-D°D %7 %|771““7]4|2
B°—D°D %y Elm+mal?

B° D Dzt [+l

B°>D°DK~ |12
B°>D*D %7~ I, +7, /2
B°->D*D 7° Flm+mtns+nl
B°>D*D™q Lttt +mal?

B° D D}K° [y +251?

B° D DK™ I, 1?

B° D, D*K° Iy + 7,/
B°—>D.; D n° 3 1mal?
B°>D; Dy tl=2m+n,l?
B?—)D:'E T !'ﬂzlz
B’>DF D 7° Tml?
B)—D;D™q L, 27/
B%>D}D K° Ina+ 74l
B’ >D°D K+ 9312
B’ »D*D K° I3+l
BS—D°D °k° [74]?

FIG. 2. Quark-line diagrams illustrating how the two opera-
tors (bT)(cd ) and (bu )(qu (denoted by shaded squares) contrib-
ute to the decay B®—D,"D %7~
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I(B’>—D°D*7")=0(B®—D " D°™")
=2I(B2—D°D °7°)
=2I(B°—-D*D 7 , (57e)
[(B®—D, Dk *)=T(B2—-D, D*K"), (570
I(B’-»D DK°=I(B)>—-D°D}K~), (57g)
[(B’>—D*D 7n)=I(B>—-D°D %) . (57h)

Comparison of Tables XIV and XV reveals that there
are many simple SU(3) relations between the Cabibbo-
allowed and the Cabibbo-suppressed B—DDM decays.
Some of them are

|A(B~—D°D, K%|*=52|4(B~—>D°D K, (58a)

|A(B~—>D, D K 7)|*=s}|4(B~—D, D*n7)|?,
(58b)

|A(B~—D,'D, 7 )|>=5%|4(B°~>D°D°K %)|?, (58¢)

|A(B~—>D D 77 )|*>*=s2|4(B~—>D,'D, K )|*.
1 s s
(58d)

IV. CONCLUSIONS

The smallness of the up-, down-, and strange-quark
masses compared with the QCD scale implies that the
strong-interaction Lagrangian possesses an approximate
SU@3), XSU@B)g symmetry. This chiral symmetry is
spontaneously broken to a vectorlike SU(3)-flavor sym-
metry by the vacuum expectation value of quark bilin-
ears. The smallness of the pion mass, compared with the
kaon mass, indicates that the up- and down-quark masses
are much smaller than the strange-quark mass. This is
why the SU(2) isospin subgroup is a much better symme-
try than the full SU(3)-flavor group. In this paper we
have used the transformation properties of the weak
Hamiltonian for nonleptonic B-meson decays to derive
SU(3) relations among many of the possible two- and
three-body B-meson decays. Since the SU(2)-isospin sym-
metry works much better than the full SU(3) we have em-
phasized which of our predictions follow from isospin.
The isospin relations provide useful tools for discerning
the importance of various competing effects that can
occur in nonleptonic B-meson decays.

It is possible to include, in a phenomenological fashion,
some SU(3)-breaking effects and hence improve upon the
results of this paper. For example, in Sec. II it was noted
that generalizing the predictions for B—>DM to B— DV,
where V is one of the low-lying 1~ mesons is not straight-
forward because of mixing of the SU(3)-octet state
[Ve)=(1/V'6)(|uti ) +|dd ) —2|s5)) with the SU(3) sing-
let |V,)=1/V3)(|u@r)+|dd)+|s5)). The mass eigen-
states |¢)=I[ss) and |w)=(1/V2)(|uw)+|dd)) are
linear combinations of | V) and |V, ). Explicitly,
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1V8>=—1:(lw>—\/§|¢>), (59a)

lV,)= _(x/i|w>+|¢>) (59b)

As far as group theory is concerned we can take as our
effective Hamiltonian for the decays B—DV:
H.=a'(B;,D )\ V}H!)+b'(B; Vk D )

+c'(B,H{VID/)+e'(B.HD WV, , (60)

where ij are elements of the 3 X3 matrix (the upper in-
dex labels rows and the lower index columns)

0 V,
P78 + *+
vitve P K
V= = ___L *0
p ‘/6 K , (6D
K*— K*o —‘/2—/3V8

and H/} given by Eq. (5a) for the Cabibbo-allowed decays
and Eq. (5b) for the Cabibbo-suppressed decays. The am-
plitude 4 (B°—D%) is expected to be very small since
the decay B°—D%% is forbidden by the Okubo-Zweig-
Iizuka (OZI) rule. Setting this amplitude to zero implies
the relation

o' = b'+c’

V73
between reduced matrix elements. So the B— DV decay
amplitudes are expressible in terms of the three reduced

matrix elements: a’, b’, and ¢’'. Using these expressions
we find that the generalization of Eq. (10) is

| 4(B°—D%%|*+| 4 (B°—D%)|?
=|4(B°-D}K*7)|>+|A(B

(62)

O-—*DOK*O)P
(63)

In the large-N, limit matrix elements for nonleptonic B
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decays factorize. This provides a pattern of SU(3) break-
ing that might be used to improve some of our results.
For example, factorization suggests that

Sx
A

would be an improvement over Eq. (11).

In this paper we have focused on SU(3) predictions for
nonleptonic B-meson decays to final states with mesons.
It is also possible to consider SU(3) predictions for B-
meson decays to final states involving baryons. For ex-
ample, there may be SU(3) relations between the
Cabibbo-allowed and the Cabibbo-suppressed decays
B —DNN, where N denotes a member of the lowest-lying
baryon octet (consisting of the nucleons and hyperons).
It is also possible to consider the consequences of SU(3)-
flavor symmetry for semileptonic B-meson decays. For
example, since the effective Hamiltonian for Ac=1
B — Dev, decays is an SU(3) singlet, it follows that

I(B2—>Dev,) .

(65)
The first equality in Eq. (65) follows from isospin. For
semileptonic decays B-—->Mev, that do not change
charm, the effective Hamiltonian transforms as an anti-
triplet. Since there is only one way to combine the prod-
uct of a triplet, an antitriplet, and an octet into a singlet,
these decays are also related by SU(3)-flavor symmetry.
In this case,

(B’ >rtev,)=

AB~>DK™) _
A(B_f»Don'_)

51, (64)

I(B°->D"ew,)=T(B~ —D%%,)=

2B~ —7l%w,)=T(B?—K *ew,)
=6I'(B~ —nev,) .
(66)
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