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Charmless hadronicB decays and the recent CLEO data
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In the light of recent experimental data from the CLEO Collaboration we study the decays ofB mesons to
a pair of pseudoscalar~P! mesons, and a vector~V! meson and a pseudoscalar meson, in the framework of
factorization. In order to obtain the best fit for the recent CLEO data, we critically examine the values of
several input parameters to which the predictions are sensitive. These input parameters are the form factors, the
strange quark mass,j[1/Nc(Nc is the effective number of color!, the CKM matrix elements and in particular,
the weak phaseg. It is possible to give a satisfactory account of the recent experimental results inB→PP and
VP decays, with constrained values of asinglej. We identify the decay modes in whichCP asymmetries are
expected to be large.
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I. INTRODUCTION

The CLEO Collaboration@1–5# has recently reported new
experimental results on the branching ratios~BRs! of a num-
ber of exclusive decay modes whereB decays into a pair of
pseudoscalars (P), a vector~V! and a pseudoscalar meson,
a pair of vector mesons. Several decay modes have b
observed for the first time, such asB→p1p2, K0p0, vp6,
r0p6, r6p7, K* 6p7, and K* h. Improved new bounds
have been put on the branching ratios for various mod
such asB→K6p7, K0p6, K6p0, vK, vh6, andKh8. A
search forCP asymmetries inB→K6p7, K6p0, KS

0p6,
Kh8, andvp6 has also been performed.

Recently, two works have been done to explain the rec
CLEO results forB decays: one of them is based on t
flavor SU(3) symmetry@6#, and the other one involves th
framework of factorization@7#. In the latter work, the exis-
tence oftwo differenteffective numbers of color,Nc

eff(LL)
and Nc

eff(LR), is essential, and their favored values a
Nc

eff(LL)52 and Nc
eff(LR)56 to explain the experimenta

data, except forB̄0→K* 2p1 and K̄0p0.
In the light of the recent CLEO data, in this work, we w

analyzeboth B→PP andB→VP with a singleparameterj
in the framework of generalized factorization, in order
find satisfactory explanation compatible with all the rece
experimental results. Our approach will be different fro
that of Ref.@7#. Similar to the case ofB→D ~i.e., heavy→
heavy! decays, we will assume only oneuniversalj[1/Nc
(Nc is the effective number of color! in the analysis of both
B→PP andB→VP(P andV are light mesons!. It has been
shown that inB→D decays a singlej can satisfactorily ex-
plain experimental data for bothB→PP ~such asDp) and
B→VP ~such asDr) @8#. In order to achieve this goal, th
values of all the input parameters, e.g., the form factors,
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strange quark mass,Nc , the Cabibbo-Kobayashi-Maskaw
~CKM! matrix elements etc., will be carefully examined a
constraints on these parameters will be investigated.
shall see that it is indeed possible to account satisfactorily
all the recent experimental data within our framework.
addition, we will discussCP asymmetries in theB decays
and identify the decay modes where theCP asymmetries are
possibly large. In our previous works@9,10#, we have shown
that the predictions forB→PP andVP modes are sensitive
to several input parameters, such as the form factors,
QCD scale, the parameterj[1/Nc , the CKM matrix ele-
ments, and the light quark masses, in particular the stra
quark mass. With the improved recent data, the results~e.g.,
j;0! obtained in the previous works are unlikely to be co
patible with the experimental results. Our main empha
was to explain the large branching ratio forB→Kh8 within
factorization. In order to explain the large branching ratio
B→Kh8, different assumptions have been proposed, e
large form factors@11#, the QCD anomaly effect@12,13#,
high charm content inh8 @14–16#, a new mechanism in the
standard model@17#, or new physics like supersymmetr
without R-parity @18#. In this work we will assume that a
certain~unknown! mechanism is~at least in part! responsible
for the large branching ratio forB→Kh8 and hence will not
consider the decay modes havingh8 in the final states.

We organize this work as follows. In Sec. II we discu
the effective Hamiltonian and obtain the effective Wilso
coefficients at the scalemb for both b→s andb→d transi-
tions. In Sec. III we describe the parametrization of the m
trix elements and define the decay constants and the f
factors. In Secs. IV and V the two body decaysB→PP and
B→VP are analyzed in the framework of factorization. Th
CP asymmetries in theB decay modes are also discusse
Finally, in Sec. VI our results are summarized.

II. DETERMINATION OF THE EFFECTIVE WILSON
COEFFICIENTS

The effective weak Hamiltonian for hadronicB decays
can be written as
©2001 The American Physical Society16-1
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HDB515
4GF

A2
FVubVuq* ~c1O1

u1c2O2
u!1VcbVcq* ~c1O1

c

1c2O2
c!2VtbVtq* (

i 53

12

ciOi G1H.c., ~1!

whereOi ’s are defined as

O1
f 5q̄gmL f f̄ gmLb, O2

f 5q̄agmL f b f̄ bgmLba ,

O3(5)5q̄gmLbSq̄8gmL~R!q8,

O4(6)5q̄agmLbbSq̄b8gmL~R!qa8 ,

O7(9)5
3

2
q̄gmLbSeq8q̄8gmR~L !q8,

O8(10)5
3

2
q̄agmLbbSeq8q̄b8gmR~L !qa8 ,

O115
gs

32p2 mbq̄smnRTabGa
mn ,

O125
e

32p2 mbq̄smnRbFmn, ~2!

whereL(R)5(17g5)/2, f can beu or c quark,q can bed or
s quark, andq8 is summed overu, d, s, andc quarks.a and
b are the color indices.Ta is theSU(3) generator with the
normalization Tr(TqTb)5dab/2. Ga

mn andFmn are the gluon
and photon field strength.ci ’s are the Wilson coefficients
~WC’s!. O1 , O2 are the tree level and QCD corrected ope
tors. O326 are the gluon induced strong penguin operato
O7210 are the electroweak penguin operators due tog andZ
exchange, and the box diagrams at loop level. In this w
we shall take into account the chromomagnetic opera
O11, but neglect the extremely small contribution fromO12.
The dipole contribution is in general quite small, and is
the order of 10% for penguin dominated modes. For all
other modes it can be neglected. The initial values of
WC’s are derived from the matching condition at themW
scale. However we need to renormalize them@19,20# when
we use these coefficients at themb scale. We will use the
effective values of WC’s at the scalem5mb . It has been
shown that inB→PP case there is very littlem dependence
in the final states@9#.

We obtain theci(m)’s by solving the following renormal-
ization group equation:

S 2
]

]t
1b~as!

]

]as
DC~mW

2 /m2,g2!5
ĝT~g2!

2
C„t,as~m!,ae…,

~3!

where t[ ln(MW
2 /m2) and C is the column vector that con

sists of (ci)’s. The beta and the gamma are given by
05401
-
.

k
r

f
e
e

b~as!52S 112
2

3
nf D as

2

16p2 2S 1022
38

3
nf D

3
as

4

~16p2!2 1 . . . ,

ĝ~as!5S gs
(0)1gse

(1) aem

4p D as

4p
1ge

(0) aem

4p

1gs
(1)

as
2

~4p!2 1 . . . , ~4!

where aem is the electromagnetic coupling andnf is the
number of active quark flavors.

The anomalous-dimension matricesgs
(0) and ge

(0) deter-
mine the leading log corrections and they are renormal
tion scheme independent. The next to leading order cor
tions which are determined bygse

(1) and gs
(1) are

renormalization scheme dependent. Theg ’s have been deter
mined in Refs.@19,20#.

We can expressC(m) ~where m lies betweenMW and
mb) in terms of the initial conditions for the evolution equ
tions

C~m!5U~m,MW!C~MW!. ~5!

C(MW)’s are obtained from matching the full theory to th
effective theory at theMW scale@20,21#. The WC’s so far
obtained are renormalization scheme dependent. In orde
make them scheme independent we need to use a sui
matrix T @20#. The WC’s at the scalem5mb are given by

C̄~m!5TU~mb ,MW!C~MW!. ~6!

The matrixT is given by

T511 r̂ s
T as

4p
1 r̂ e

T ae

4p
, ~7!

where r̂ depends on the number of up-type quarks and
down type quarks, respectively. Ther ’s are given in Ref.
@20#. In order to determine the coefficients at the scalem
,mb , we need to use the matching of the evolutions b
tween the scales larger and smaller than the threshold. In
case, in the expression forT, we need to used r̂ instead ofr̂ ,
whered r̂ 5r u,d2r u,d21 ~whereu andd are the number of up
type quarks and the number of down type quarks, resp
tively!. The matrix elements (Oi8s) are also needed to hav
one loop correction. The procedure is to write the one lo
matrix element in terms of the tree level matrix element a
to generate the effective Wilson coefficients@22#:

^ciOi&5(
i j

ci~m!Fd i j 1
as

4p
mi j

s 1
aem

4p
mi j

e G^Oj&
tree, ~8!
6-2
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1
c1

e f f

c2
e f f

c3
e f f

c4
e f f

c5
e f f

c6
e f f

c7
e f f

c8
e f f

c9
e f f

c10
e f f

2 51
c̄1

c̄2

c̄32Ps/3

c̄41Ps

c̄52Ps/3

c̄61Ps

c̄71Pe

c̄8

c̄91Pe

c̄10

2 , ~9!

where

Ps5
as

8p
c̄2FVcbVcq*

VtbVtq*
S 10

9
1G~mc ,m,q2! D

1
VubVuq*

VtbVtq*
S 10

9
1G~mc ,m,q2! D G , ~10!

Pe5
aem

9p
~3c̄11 c̄2!FVcbVcq*

VtbVtq*
S 10

9
1G~mc ,m,q2! D

1
VubVuq*

VtbVtq*
S 10

9
1G~mc ,m,q2! D G .

Here Vi j are the elements of the CKM matrix.mc is the
charm quark mass andmu is the up quark mass. The functio
G(m,m,q2) is given by

G~m,m,q2!54E
0

1

dxx~12x!ln
m22x~12x!q2

m2 , ~11!

where q is the gluon momenta in the penguin diagra
@15,22,26#. In the numerical calculation, we will useq2

5mb
2/2 which represents the average value and the full

pressions forPs,e . In Table I we show the values of th

TABLE I. Effective Wilson coefficients for theb→s transition
at the scalesm5mb andmb/2.

WC’s m5mb m5mb/2

c1
eff 1.149 1.135

c2
eff 20.3209 20.282

c3
eff 0.0217520.00414i 0.022871810.004689i

c4
eff 20.0490620.01242i 20.05114420.004689i

c5
eff 0.0156010.00414i 20.05114420.004689i

c6
eff 20.0606320.01242i 20.065354920.0140673i

c7
eff 20.00085910.000073i 0.0012277310.00005724i

c8
eff 0.001433 20.0000953211

c9
eff 20.01148710.000073i 20.012015510.0000572433i

c10
eff 0.003174 0.00218628
05401
-

effective Wilson coefficients at the scalemb andmb/2 for the
processb→sqq̄. Values forb→dqq̄ can be similarly ob-
tained. These coefficients are scheme independent and g
invariant.

Since the color octet contribution is neglected in fact
ization approximation, we keepj[1/Nc as a variable. As
an example, let us consider theu quark contribution of the
operatorO5 to the processB2→p0K2. There are two con-
figurations: ~part 1)5^K2us̄gm(12g5)buB2&^p0uūgm(1
1g5)uu0&. For ~part 2!, we need to Fierz-transform the op
erator O5 to 22$(1/Nc)@ ū(12g5)b#@ s̄(11g5)u)#1(1/
2)@ ū(12g5)lcb#@ s̄(11g5)lcu#%, where lc is the color
matrix. Only the~part 1! contributes in the factorization ap
proximation. In order to account for this color octet ter
~part 2!, one needs to makej a free parameter.

III. HADRONIC MATRIX ELEMENTS IN
FACTORIZATION APPROXIMATION

The generalized factorization approximation has be
quite successfully used in two bodyD decays as well asB
→D decays@8#. The method includes color octet nonfacto
izable contribution by treatingj[1/Nc as an adjustable pa
rameter@7,9,10,13,15,16,23#. In this work one of our goals is
to establish the range of value of asinglej for the best fit in
both B→PP and VP decays, whereP and V are all light
mesons such asp, K (* ), r, v, andf.

Let us describe the parametrizations of the matrix e
ments and the form factors in the case ofB→PP and VP
decays:

^P~p8!uVmuB~p!&

5F ~p81p!m2
mB

22mP
2

q2 qmGF1~q2!1
mB

22mP
2

q2 qmF0~q2!,

~12!

^V~e,p8!u~Vm2Am!uB~p!&

5
2

mB1mV
i emnaben* pap8bV~q2!2~mB1mV!

3Fem2
~e* •q!

q2 qmGA1~q2!1
~e* •q!

mB1mV

3F ~p1p8!m2
mB

22mV
2

q2
qmGA2~q2!

2~e* •q!
2mV

q2
qmA0~q2!,

and the decay constants,f P and f V , are given by

^0uAmuP~p!&5 i f Ppm , ^0uVmuV~e,p!&5 i f VmVem ,
~13!

where P, V, Vm , and Am denote a pseudoscalar meson,
vector meson, a vector current, and an axial-vector curr
6-3
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B. DUTTA AND SECHUL OH PHYSICAL REVIEW D63 054016
respectively.p(p8) and mP(mV) are the momentum ofB
meson (P or V) and the mass ofP(V), respectively.q is
given by q5p2p8 and em is the polarization vector ofV.
Note that F1(0)5F0(0) and we setF(q25mP

2 )5F(q2

50), since these form factors are assumed to be pole do
nated by mesons at scalemB

2 . Among all the form factors in
the ^V(e,p8)u(Vm2Am)uB(p)& matrix element, onlyA0 sur-
vives when we calculate the fullB→VP decay amplitude.
The A0 is related toA1 andA2:

A0~0!5
mB1mV

2mV
A1~0!2

mB2mV

2mV
A2~0!. ~14!

For our numerical calculations we use the following v
ues of the decay constants~in MeV! @8,10,26#:

f p5132, f K5162, f r5215, f v5215,

f K* 5225, f f5237. ~15!

For the values of the form factors, two different sets, ba
on the Bauer-Stech-Wirbel~BSW! model@24# and light-cone
QCD sum rule analysis@25#, have been often used in litera
ture @26#. In our analysis, to achieve the best fit, we treat
form factors as parameters in a certain range of values w
are reasonably consistent with the frequently used val
We first start with the following values of form factors
F0

B→p50.33,F0
B→K50.38 obtained in the BSW model, an

A0
B→r5A0

B→v50.4. Then, to find thesingle j consistently
explaining the experimental data, we vary the values of
form factors in a certain range as well as other paramet
such as the CKM weak phaseg and the strange quark mas
ms .

IV. B DECAYS INTO TWO PSEUDOSCALARS

Here we consider the decaysB→pp andKp. The CLEO
collaboration has made first observations of the decay mo
B→p1p2 andK0p0, and has presented improved measu
ment of BRs for B→K6p7 and B6→K0p6 and B6

→K6p0 as follows@2#:

B~B0→p1p2!5~4.321.4
11.660.5!31026, ~16!

B~B0→K6p7!5~17.222.4
12.561.2!31026,

B~B6→K6p0!5~11.622.721.3
13.011.4!31026,

B~B6→K0p6!5~18.224.0
14.661.6!31026,

B~B0→K0p0!5~14.625.123.3
15.912.4!31026.

In Figs. 1–5, we plot the BRs averaged over partic
antiparticle decays for the modesp1p2, K0p6, K6p7,
K6p0, andK0p0 in final states as a function ofj51/Nc for
m5mb . In these figures, we use five different kinds of lin
corresponding to different values of parameters, in addit
to thick solid lines representing the experimental upper
lower bounds. The solid line corresponds to the case
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choosing the form factorsF0
B→p(0)50.33 andF0

B→K(0)
50.38 based on the BSW model,g[Arg(Vub* )5600,
ms(mb)5106 MeV, Vcb50.040, uVub /Vcbu50.087, and
uVtdu50.004. The short dashed line then corresponds to
case of choosingg51100 and the other parameters are t
same as in the solid line case. Similarly, the dot-dash-dot
corresponds to the case of choosingms(mb)585 MeV, while
the values of other parameters are the same as in the
line case. For the dot-dashed and long dashed lines,
choosems(mb)5106 MeV and 85 MeV, respectively, with
smaller values of form factorsF0

B→p(0)50.26 and
F0

B→K(0)50.29, andg51100. Thus, by comparing each lin
with the solid line, one can easily see how the decay rate
any mode changes as a particular parameter, such asg or
ms , changes. Note that in Fig. 1 forB0→p1p2 decay, the
dot-dash-dot and long dashed lines are identical to the s
and dot-dashed lines, respectively, since the amplitude

FIG. 1. Branching ratio forB0→p1p2 as a function ofj
([1/Nc). The solid line: F0

B→p(0)50.33, F0
B→K(0)50.38, g

5600, and ms(mb)5106 MeV. The short dashed line:F0
B→p(0)

50.33, F0
B→K(0)50.38, g51100, and ms(mb)5106 MeV. The

dot-dashed line:F0
B→p(0)50.26, F0

B→K(0)50.29, g51100, and
ms(mb)5106 MeV.

FIG. 2. Branching ratio forB6→K0p6 as a function ofj
([1/Nc). The long dashed line:F0

B→p(0)50.26, F0
B→K(0)

50.29, g51100, and ms(mb)585 MeV. The dot-dash-dot line
F0

B→p(0)50.33, F0
B→K(0)50.38, g5600, andms(mb)585 MeV.

The definitions for other lines are the same as those in Fig. 1.
6-4
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CHARMLESS HADRONICB DECAYS AND THE RECENT . . . PHYSICAL REVIEW D 63 054016
this decay mode does not depend onms . Similarly, in Fig. 2
for B6→K0p6 decay, the short dashed line is identical
the solid line since the amplitude for this mode receives c
tribution from the penguin diagram only and is independ
of g.

The decay rate forB0→p1p2 is proportional touF0
B→pu2

and is sensitive to the value of the form factor. In Fig. 1, o
can see that the BR decreases, as the value ofF0

B→p de-
creases and/or the value ofg increases. In order to fit the
experimental upper limit on the BR for this mode, a smal
F0

B→p and a largerg ~dot-dashed line, identical to the lon
dashed line! are favored. ForF0

B→p(0)50.26 andg51100,
the values ofj*0.44 are allowed. The rate forB6→K0p6

is also proportional touF0
B→pu2 and is sensitive toms as well.

Figure 2 shows that the BR increases, as the value ofF0
B→p

increases and/or the value ofms decreases. In order to find
solution consistent withB0→p1p2, F0

B→p should not be
too small and smallerms is favored~long dashed line!. For
F0

B→p(0)50.26 andms(mb)585 MeV ~long dashed line!,
the allowed values ofj are j&0.45. However, for larger
ms(mb)5106 MeV ~dot-dashed line!, the allowed values of
j are smallerj&0.15 and these values ofj are not allowed
by the dot-dashed line forB0→p1p2. In Fig. 3, we plot the

FIG. 3. Branching ratio forB0→K6p7 as a function ofj
([1/Nc). The definitions for the lines are the same as those in F
1 and 2.

FIG. 4. Branching ratio forB6→K6p0 as a function ofj
([1/Nc). The definitions for the lines are the same as those in F
1 and 2.
05401
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r

BR for B0→K6p7 averaged over particle-antiparticle d
cays as a function ofj for m5mb . This decay mode is
sensitive toF0

B→p , g, andms . In the case of the long dashe
line, the allowed values ofj arej&0.6, which are consisten
with those in B0→p1p2 and B1→K0p1. Similarly, in
Figs. 4 and 5, we plot the BRs forK6p0 and K0p0 in the
final states as a function ofj for m5mb . These modes de
pend onF0

B→p , F0
B→K , ms , andg. In the long dashed line

case,j&0.88 andj&0.47 are allowed forB→K6p0 and
K0p0, respectively, and are consistent with those in
above decays~Figs. 1–3!. Therefore, we conclude that th
long dashed lines~the dot-dashed line in the case ofB
→p1p2) in Figs. 1–5 represent the possible solution co
patible with all the experimental limits on the BRs for dec
modesp1p2, K0p6, K6p7, K6p0, andK0p0 in the final
states. The values ofj allowed by the data are those nearj
'0.45. ~In fact, we shall see that the long dashed line c
also consistently explain all the experimental data forB
→VP considered in next section.! Note that the modesB
→p1p2, K0p6, and K0p0 provide strong constraints o
the values ofj to satisfy the data. In particular, the data o
the modesB→p1p2 andK0p6 put very tight limits on the
allowed values ofj. Hence, an improved measurement
these modes will be important in testing the framework
factorization.

The experimental bounds on the BRs for decaysB→PP
provide constraints on the parameters. The favored value
the parameters are

F0
B→p~0!50.26, F0

B→K~0!50.29, ~17!

g'1100, ms~mb!585 MeV,

Vcb50.040, uVub /Vcbu50.087, uVtdu50.004.

Current best estimates for CKM matrix elements areVcb
50.038160.0021 anduVub /Vcbu50.08560.019 @27#. The
CLEO has recently made the first determination of the va

of g51132230
01250

by any method other than the unitarity tr
angle construction@2,28,29#. The favored values for the
CKM matrix elements in our analysis above are chosen

FIG. 5. Branching ratio forB0→K0p0 as a function ofj
([1/Nc). The definitions for the lines are the same as those in F
1 and 2.

s.

s.
6-5
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B. DUTTA AND SECHUL OH PHYSICAL REVIEW D63 054016
get the best fit for the experimental limits on the BRs for t
decay processesB→PP andVP. We find that, ifuVubu in-
creases, the rates forp1p2 and vh(h5p,K) increase,
while the rate forK6p0 decreases. Also ifuVtdu increases,
then the rates forp6p7 andK6p0 increase and the rate fo
vh decreases.

In Table II, we present the BRs and theCP asymmetries
for B→PP decays at a representative value ofj50.45.~We
shall see that the values ofj nearj'0.45 are favored to fit
all the data.! Available experimental values are also pr
sented. The BRs for all the modes are compatible with
present experimental data. TheCP asymmetry,ACP , is de-
fined by

ACP5
B~b→ f !2B~ b̄→ f̄ !

B~b→ f !1B~ b̄→ f̄ !
, ~18!

whereb and f denoteb quark and a generic final state, r
spectively. The recent CLEO search forCP asymmetries in
B→Kp decays has found:20.70<ACP(B6→K6p0)
<0.16, 20.35<ACP(B0→K6p7)<0.27 at 90% confi-
dence limit ~C.L.!. The expectedCP asymmetries inB
→PP decays are generally small and range from211% to
0.

The BRs in this analysis have been evaluated at the s
mb . However, if we had chosen the QCD scalem5mb/2, the
result would not change much@9#. We also see that the fa
vored values of parameters involve a lighter strange qu
mass. This, however, is in accordance with the latest tren
lattice results@30#. The ratios of the quark masses are mu
better known than the individual masses. For example@31#,

mu

md
50.55360.043;

ms

md
518.960.8. ~19!

The strange quark massms is in considerable doubt: i.e.
QCD sum rules givems(1 GeV)5(175625) MeV and lat-
tice gauge theory givesms(2 GeV)5(100620610) MeV in
the quenched lattice calculation@31#. In this analysis we
have variedms from 150 to 116 MeV at 1 GeV scale. We se
that thems of 116 MeV gives rise to the best fit. We hav

TABLE II. The branching ratios (B) and theCP asymmetries
(ACP) for B decay modes into two pseudoscalar mesons at a
resentative value ofj50.45. Charged conjugate modes are implie
The experimentalACP’s represent 90% confidence level interval

Decay
modes B (1026)

Experimental
B (1026) ACP

Experimental
ACP

B1→p1p0 4.38 ,12.7 0
B0→p1p2 6.00 4.321.4

11.660.5 20.11
B0→K0K1 0.11 ,5.7 0

B1→K1p0 10.14 11.622.721.3
13.011.4 20.061 @20.70,0.16#

B1→K0p1 13.34 18.224.0
14.661.6 0

B0→K1p2 15.90 17.222.4
12.561.2 20.066 @20.35,0.27#

B0→K0p0 8.70 14.625.123.3
15.912.4 20.01
05401
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used the quark masses at themb scale. The magnitude ofms
reduces from 150 to 106 MeV and from 116 to 85 MeV
the mb scale through 3 loop QCD and 1 loop QED RGE
The magnitudes of the other quark masses (mu andmd) also
depend on the strange quark mass. Satisfying the constr
from Eq. ~19!, the values ofmd we have used are 5.9 MeV
~corresponding toms5150 MeV! and 4.7 MeV~correspond-
ing to ms5116 MeV! at themb scale. Similarly, the values
of mu we have used are 3.4 MeV~corresponding toms
5150 MeV! and 2.8 MeV~corresponding toms5116 MeV!
at themb scale.

The difference inms affects the BRs for theB→pK
modes, since the amplitudes contain a factor such aX
5MK

2 /„(mb1mu)(ms1mu)…. On the other hand, changes
md or mu do not affect the BRs significantly. In the case
uDSu51 decays,mu or md can always be neglected com
pared tomb or ms in the factorX. In the case ofDS50
decays, the tree contribution is large compared to the p
guin contribution and the factor similar toX appears only in
the penguin term. Hence the effect is small. For example,
BR for B0→p1p2 changes from 6.0031026 to 6.10
31026 at j50.45, when one changes themd from 5.9 MeV
to 4.7 MeV ~changing themu mass as well!. Similar results
hold true also in theB→VP case.

V. B DECAYS INTO A VECTOR AND A PSEUDOSCALAR

We now analyze the decay processesB→VP which in-
clude B→vp(K), rp(K), fp(K), andK* p(K). The re-
cent measurement at CLEO has yielded the follow
bounds@5#:

B~B6→vp6!5~11.322.9
13.361.4!31026, ~20!

B~B6→vh6!5~14.323.2
13.662.0!31026,

B~B6→r0p6!5~10.423.4
13.362.1!31026,

B~B0→r6p7!5~27.627.4
18.464.2!31026,

B~B0→K* 6p7!5~222625
1814!31026,

and

B~B6→vK6!,7.931026, ~21!

B~B6→fK6!5~6.422.122.0
12.510.5!31026,

whereh6 denotesp6 or K6, and the BR forB0→r6p7 is
the sum of the BRs forB0→r1p2 and B0→r2p1. Note
that the above BR forB0→K* 6p7 still involves a large
error.

As in the case ofB→PP decays, in Figs. 6–11, we plo
the BRs averaged over particle-antiparticle decays for
modesB→vp6, vh6, vK6, r6p7, fK6, andK* 6p7 as
a function ofj for m5mb . Six different kinds of lines are
used, corresponding to different values of parameters.
definitions of the~five! lines are the same as those inB

p-
.

6-6
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FIG. 6. Branching ratio forB6→vp6 as a function ofj
([1/Nc). The solid line: F0

B→p(0)50.33, F0
B→K(0)50.38, g

5600, A0(0)50.4, andms(mb)5106 MeV. The short dashed line
F0

B→p(0)50.33, F0
B→K(0)50.38, g51100, A0(0)50.4, and

ms(mb)5106 MeV. The dotted line:F0
B→p(0)50.33, F0

B→K(0)
50.38, g5600, A0(0)50.36, andms(mb)5106 MeV. The dot-
dashed line:F0

B→p(0)50.26, F0
B→K(0)50.29, g51100, A0(0)

50.4, andms(mb)5106 MeV.

FIG. 7. Branching ratio forB6→vK6 as a function ofj
([1/Nc). The long dashed line:F0

B→p(0)50.26, F0
B→K(0)

50.29, g51100, A0(0)50.4, andms(mb)585 MeV. The dot-
dashed-dot line:F0

B→p(0)50.33, F0
B→K(0)50.38, g5600, A0(0)

50.4, andms(mb)585 MeV. The definitions for other lines are th
same as those in Fig. 6.
05401
→PP case, except that the form factorsA0(0)[A0
B→r(0)

5A0
B→v(0)50.4 are now added. The dotted line is new

introduced, which corresponds toA0(0)50.36 with the same
values of other parameters as those in the solid line c
Thus, a comparison of the dotted line with the solid li
shows how the BR for a particular mode changes asA0
changes.

FIG. 8. Branching ratio forB6→vh6 as a function ofj
([1/Nc). The definitions for the lines are the same as those in F
6 and 7.

FIG. 9. Branching ratio forB6→fK6 as a function ofj
([1/Nc). The definitions for the lines are the same as those in F
6 and 7.
6-7
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In Fig. 6, we present the plot of the BR forB6→vp6 as
a function ofj. This decay mode receives the dominant co
tribution from the tree diagram and is sensitive to the fo
factors A0

B→v , F1
B→p , and the weak phaseg. The long

dashed line and the dot-dash-dot line are identical to
dot-dashed line and the solid line, respectively, since the
for this mode does not depend onms . All the lines are well
within the experimental limits for values ofj in a broad
region. In the case of the long dashed line, the allowed

FIG. 10. Branching ratios forB0→r6p7 andB6→r0p6 as a
function of j([1/Nc). The definitions for the lines are the same
those in Figs. 6 and 7.

FIG. 11. Branching ratio forB0→K* 6p7 as a function ofj
([1/Nc). The definitions for the lines are the same as those in F
6 and 7.
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ues ofj are 0.3&j&0.75. The recent CLEO search forCP
asymmetry in B6→vp6 decay has found: 20.80
<ACP(B6→vp6)<0.12 at 90% C.L. We find that the ex
pectedCP asymmetry in this mode is211% for a represen-
tative value ofj50.45~we shall see below that the values
j nearj'0.45 are the favored values for the best fit!.

The plot of the BR forB6→vK6 as a function ofj is
shown in Fig. 7. The rate for this process depends onA0

B→v ,
F1

B→K , g, and ms . The previous experimental result from
CLEO for this decay mode@32# showed the large BR o
B(B6→vK6)5(1526

1762)31026, but in the recent CLEO
report @5# the statistical significance for this mode is on
2.1s and the upper limit for the BR at 90% C.L. has been
as in Eq.~21!, which is much lower than the previous on
Thus, as can be seen in Fig. 7, the values ofj in a broad
region are compatible with the experimental upper lim
However, in our earlier work@10#, only smaller values ofj
&0.05 or larger values ofj.0.6 were allowed to fit the
previous data. The allowed values ofj for the long dashed
line are j&0.67. At a representative value ofj50.45, the
expected BR for this mode isB(B6→vK6)51.3331026.

Figure 8 shows the plot of the BR forB6→vh6 as a
function of j, whereh is p or K. To obtain the best fit for
this mode, smaller values ofF1

B→p , F1
B→K , and g, and

larger values ofA0
B→v and ms are favored. The previous

CLEO measurement of the BR for this mode@32# was
B(B6→vh6)5(2527

1863)31026, but the recent value@5#
has been reduced toB(B6→vh6)5(14.323.2

13.662.0)31026.
Thus, the values ofj&0.1 and 0.4&j&0.64 for the long
dashed line are compatible with the recent data in this mo
while the previous allowed values ofj are j'0 and j
*0.5. The expected BR for this mode at a representa
value ofj50.45 isB(B6→vh6)511.3431026.

The case ofB6→fK6 is shown in Fig. 9. The previous
CLEO result for this mode@32# was B(B6→fK6),5
31026 at 90% C.L. but recently CLEO has announced t
new data @5#: B(B6→fK6)5(6.422.122.0

12.510.5)31026, B(B0

→fKS
0),1231026, and the combined branching rati

B(B→fK)5(6.221.821.7
12.010.7)31026. @The Belle Collaboration

has recently reported the branching ratio@5#: B(B6

→fK6)5(17.225.4
16.761.8)31026, which is very large and

inconsistent with the CLEO data. To be consistent, in t
analysis we use the recent CLEO data only. Future impro
data for this mode are called for.# This decay is a pure pen
guin process and is sensitive toF1

B→K , but independent of
A0 , g, andms . A smallerF1

B→K is favored for a better fit in
this decay. But the decaysB→Kp disfavor too small values
of F0,1

B→p and F0,1
B→K . We find that F0

B→p(0)'0.26,
F0

B→K(0)'0.29 are favored. For the dot-dashed line, iden
cal to the long dashed line in this mode, the values of
&j&0.55 are compatible with the data.

In Fig. 10, we present the cases ofB→rp decays in
which the tree contribution is dominant. In~a!, the sum of
the BRs forB0→r1p2 andB0→r2p1 as a function ofj is
shown in order to compare with the recent CLEO data in E
~20!. The decayB0→r1p2 is sensitive toF1

B→p and g,
while B0→r2p1 is sensitive toA0

B→r andg. The lines are
s.
6-8
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well within the experimental upper and lower limits for mo
values ofj. For the dot-dashed line, identical to the lon
dashed line, the allowed values ofj are j*0.08. The ex-
pected BR for this mode isB(B0→r6p7)529.4131026 at
a representative value ofj50.45. The case ofB6→r0p6 is
shown in~b!. This process is sensitive toA0

B→r , F1
B→p , and

g. For the dot-dashed line, identical to the long dashed l
the values ofj*0.34 are compatible with the experiment
data. This can be compared with the case ofB6→vp6

shown in Fig. 6. These two modes are both tree-domina
and have similar values of masses, decay constants, and
factors. So it is expected that their BRs are not very differe
the recent CLEO data forr0p6 and vp6 decays are
(10.423.4

13.362.1)31026 and (11.322.9
13.361.4)31026, respec-

tively, as in Eq.~20!. The favored values in our analysis a
B(B6→r0p6)510.0631026 and B(B6→vp6)510.01
31026 at a representative value ofj50.45, which are con-
sistent with the recent data.

Figure 11 shows the plot ofB(B0→K* 6p7) as a func-
tion of j. This mode receives the dominant contribution fro
the penguin diagram. Our theoretical expectation of the
for this decay is less than the experimental limits at 1s level
~thick lines!, but is greater than the lower limit at 2s level
~gray line!. Thus, within 2s range, our result is compatibl
with the data for this mode. Since the measurement of
decay still involves large error, an improvement in the e
periment will be crucial to test the framework of our work

In Tables III and IV, we present the BRs and theCP
asymmetries for the decaysB→VP(DS50 anduDSu51) at
a representative value ofj50.45. Available experimental re
sults are also presented. All the theoretical values are c
patible with the present experimental bounds. In particu
in some decay modes, theCP asymmetries are expected
be large. AmongDS50 decays, theCP asymmetry is ex-

TABLE III. The branching ratios (B) and theCP asymmetries
(ACP) for B decay modes (DS50) into a vector and a pseudoscal
meson at a representative value ofj50.45. Charged conjugat
modes are implied. The experimental branching ratio with† below
is the sum ofB0→r1p2 and r2p1. The experimentalACP rep-
resents a 90% confidence level interval.

Decay
modes B (1026)

Experimental
B (1026) ACP

Experimental
ACP

B1→vp1 10.01 11.322.9
13.361.4 20.11 @20.80,0.12#

B1→r0p1 10.06 10.423.4
13.362.1 0.047

B1→r1p0 10.51 ,43 20.039

B1→K̄* 0K1 0.043 ,5.3 0

B1→K* 1K̄0 0.013 0

B1→fp1 0.0028 ,4.0 0

B0→vp0 0.032 ,5.5 20.18
B0→r1p2 15.39 27.627.4

18.464.2† 20.072
B0→r2p1 14.02 20.015
B0→r0p0 0.65 ,5.5 20.27

B0→K* 0K̄0 0.13 0

B0→fp0 0.0014 ,5.4 0
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pected to be relatively large in a few decay modes:~i! in
B0→r0p0, the expectedCP asymmetry is227% with the
expected BR of 0.6531026, ~ii ! in B0→vp0, theCP asym-
metry is expected to be218% with the expected BR o
0.03231026, ~iii ! in B6→vp6, the CP asymmetry is ex-
pected to be211% with the expected BR of 10.0131026.
Among uDSu51 decays, there are several interesting mod
~i! the expectedCP asymmetry inB0→vK0 is 229% with
the expected BR of 0.1531026, ~ii ! the expectedCP asym-
metry in B6→vK6 is 219% with the expected BR o
1.3331026, ~iii ! the CP asymmetry inB0→K* 6p7 is ex-
pected to be214% with the expected BR of 6.2731026,
~iv! the CP asymmetry inB6→K* 6p0 is expected to be
15% with the expected BR of 3.5631026.

VI. CONCLUSION

Motivated by the recent CLEO data, we have analyz
charmless hadronic two body decays ofB mesonsB→PP
andB→VP. In the framework of generalized factorizatio
we have carefully examined the values of several input
rameters to which the predictions are sensitive. Those in
parameters are the form factors, the strange quark masj
[1/Nc , the CKM matrix elements, and in particular, th
weak phaseg.

We have found that the experimental bounds on the B
for the decay modesB→p1p2, K0p6, and K0p0 among
B→PP modes put strong constraints on the parameters.
constraints on parameters from the decaysB6→vh6 among
B→VP are also strong and lead to the following favor
values of the parameters for the best fit@in Figs. 1–11, the
long dashed line~or the dot-dashed line when the lon
dashed line is absent! represents the case corresponding
the best fit#:

TABLE IV. The branching ratios (B) and theCP asymmetries
(ACP) for B decay modes (uDSu51) into a vector and a pseudo
scalar meson at a representative value ofj50.45. Charged conju-
gate modes are implied. The experimental branching ratio with*
below is from Ref.@33#.

Decay modes B (1026) ExperimentalB (1026) ACP

B1→vK1 1.33 ,7.9 20.19
B1→r0K1 0.67 ,17 0.13
B1→r2K0 1.20 ,48* 0

B1→K* 0p1 4.06 ,16 0
B1→K* 1p0 3.56 ,31 0.15
B1→fK1 6.56 6.422.122.0

12.510.5 0

B0→vK0 0.15 ,21 20.29
B0→r2K1 1.28 ,32 0.10
B0→r0K0 0.082 ,27 0.17

B0→K* 0p0 0.76 ,3.6 20.13
B0→K* 1p2 6.27 222625

1814 20.14
B0→fK0 6.56 ,12 0
6-9



s

is
e

is
a-

a-
a-
by
3-

B. DUTTA AND SECHUL OH PHYSICAL REVIEW D63 054016
j'0.45 ~22!

F0
B→p~0!50.26, F0

B→K~0!50.29,

A0
B→r~0!50.4, A0

B→v~0!50.4,

g'1100, ms~mb!585 MeV,

Vcb50.040, uVub /Vcbu50.087, uVtdu50.004.

@In fact, a little smaller values ofA0(0) are also allowed.# It
has been known that there exists the discrepancy in value
g extracted from the CKM-fitting atr2h plan @34# and
from the x2 analysis of hadronic decays ofB mesons@29#.
The value of g obtained from the each case isg560°
;80° from the CKM-fitting at r2h plane, or g590°
;140° from the hadronicB decay analysis. In our analys
we find thatg'110° is favored to fit the given data. W
ol-
na
00

G
er

,
hy
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have shown that the recent CLEO data inB→PP and VP
modes can be satisfactorily explained withj'0.45, except
for the BR of the decay modeB0→K* 6p7 at 1s level @at
2s level, our prediction forB(B0→K* 6p7) is compatible
with the data#. An improved measurement of the BR for th
process will be crucial in testing the framework of factoriz
tion. We have also identified the decay modes where theCP
asymmetries are expected to be large, such asB→r0p0,
vp0, vp6 in DS50 decays, andB→vK0, vK6, K* 6p0,
r0K0 in uDSu51 decays.
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