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We investigate the contributions coming from the penguin operators in the nonresonantB2
˜MM̄p2 (M

5p2,K2,K0) decays. The effective Wilson coefficients of the strong penguin operatorsO4 andO6 are found
to be relatively larger than those for other penguin operators. We calculate the contributions arising from the

O4 and O6 operators in the nonresonant decaysB2
˜MM̄p2 (M5p2,K2,K̄0) using a model combining

heavy quark symmetry and the chiral symmetry, developed previously. We find that the CKM-forbidden

nonresonantB2
˜K0K̄0p2 decay occurs through the strong penguin operators. These penguin contributions

affect the branching ratios forB2
˜MM̄p2 (M5p2,K2) by only a few percent. The branching ratio for

B2
˜K0K̄0p2 is estimated to be of the order 1026. @S0556-2821~99!07613-4#

PACS number~s!: 13.25.Hw, 12.39.Fe, 12.39.Hg
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There is considerable interest in understanding the de
mechanism of the nonleptonic charmless three-body de
of B mesons@1–4#. The importance of penguin operators
three-body decays of chargedB mesons has recently bee
questioned@1#. In the analysis of the Dalitz plot forB2

˜p1p2p2 the authors of@1# have assumed that the no
resonant decay amplitude is flat, having no dependence
the Dalitz variables. They also assumed that the contr
tions of the penguin operators can amount to as much
20% of the dominant decay amplitude. Others have m
predictions for the branching ratios of decays@2–4# moti-
vated in part by the CLEO limits on some of the nonreson
decays of the typeB1

˜h1h1h2 @6#. CLEO found the up-
per limits on the branching ratios BR(B1

˜p1p2p1)
<4.131025 and BR(B1

˜K1K2p1)<7.531025. In addi-
tion there is hope that theCP-violating phaseg can be mea-
sured from the asymmetry in chargedB meson charmless
three-body decays@2,4,5#.

Motivated by the need to understand whether the nonre
nant decay amplitudes forB2

˜MM̄p2 (M5p1,K1) in-
volve significant effects due to the penguin operators
have investigated the contributions coming from the peng
operators@7–13# in these nonresonant decay amplitudes. T
decayB2

˜K0K̄0p2 is forbidden@14,15# at the tree level,
but can occur through penguin operators. A measuremen
this rate would allow one to estimate the strength of
penguin interactions which are needed in the analysis ofCP
violation effects inB˜pp andB˜Kp decays.

In our analysis we will use the factorization approxim
tion in which the main contribution to the nonresonantB2

˜MM̄p2, (M5p1,K1) amplitudes comes from the prod
uct ^MM̄ u(ūb)V2AuB2& ^p2u(d̄u)V2Au0&, where (q̄1q2)V2A
0556-2821/99/60~5!/054029~6!/$15.00 60 0540
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denotesq̄1gm(12g5)q2. For the calculation of the matrix

element̂ MM̄ u(ūb)V2AuB2& we extend the results obtaine
in @16#, where the nonresonantD1

˜K2p1ln decay was
analyzed. The experimental result for the branching ratio
the nonresonantD1

˜K2p1ln decay was successfully re
produced within a hybrid framework@16# which combines
the heavy quark effective theory~HQET! and the chiral La-
grangian~CHPT! approach. The combination of heavy qua
symmetry and chiral symmetry has also been quite succ
ful in other analyses ofD meson semileptonic decays@17–
23#.

Heavy quark symmetry is expected to be even better
the heavierB mesons@20,21#. However, CHPT might be les
reliable inB decays due to the large energies of light meso
in the final state. It is really only known that the combinatio
of HQET and CHPT is valid at small recoil momentum. T
take into account the larger recoil energies of the light m
sons in our previous work@16,22#, we modified the hybrid
model of @17–21# to describe the semileptonic decays ofD
mesons into one light vector or pseudoscalar meson.
modification is quite straightforward: we retain the usu
HQET Feynman rules for theverticesnear and outside the
zero-recoil region,but we include the complete propagato
instead of using the usual HQET propagator. This quite rea-
sonable modification of the hybrid HQET and CHPT mod
enabled us to use it successfully over the entire kinem
region of theD meson weak decays@16,22,23#.

In the following we systematically use this model to ca
culate the contributions of the penguin operators to the n
resonantB2

˜MM̄p2 (M5p2,K2,K0) decay amplitudes.
We first analyze the contributions coming from theO4,6 pen-
guin operators@8,13#, since their effective Wilson coeffi-
©1999 The American Physical Society29-1
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cients are the largest. We then determine the dependenc
the Dalitz plot variables. The operatorO4, as defined in
@8,13#, has the same dependence on the Dalitz plot varia
as the tree-level operatorO1, while O6 exhibits different
energy dependence. Finally, we discuss the influence
these operators on the branching ratios forB2

˜MM̄p2 (M5p1,K1) and estimate the branching rate f
B2

˜K0K̄0p2.
The effective weak Hamiltonian for the nonlepton

Cabibbo-suppressedB meson decays is given by@8–11,13#

He f f5
GF

A2
@Vud* Vub~c1O1u1c2O2u!

1Vcd* Vcb~c1O1c1c2O2c!#

2(
i 53

10

~@VubVud* ci
u1VcbVcd* ci

c1VtbVtd* ci
t!Oi #1H.c.

~1!

where the superscriptsu, c, t denote the internal quark. Th
operatorsOi are defined in@8,9,11,13#. We rewriteO32O6,
using the Fierz transformations, as follows:

O35 (
q5u,d,s,c,b

d̄gm~12g5!bq̄gm~12g5!q, ~2!

O45 (
q5u,d,s,c,b

d̄gm~12g5!qq̄gm~12g5!b,

~3!

O55 (
q5u,d,s,c,b

d̄gm~12g5!bq̄gm~11g5!q,

~4!

O6522 (
q5u,d,s,c,b

d̄~12g5!qq̄~11g5!b. ~5!

The Wilson coefficients have the following values form
5mb , with mb55 GeV in the leading-log approximatio
@9,11#:

c151.11, c2520.26,

c350.012, c4520.026, ~6!

c550.008, c6520.033.

This is sufficient for our purpose, as our main purpose her
to show the importance of theO4 andO6 penguin operators
relative to theO1 andO2 tree-level operators.

The factorization approximation is obtained by neglect
in the Lagrangian terms which are the product of two col
octet operators after Fierz reordering of the quark fields. T
effective Lagrangian for non-leptonic decays are then gi
by Eq. ~1! with ci replaced byai . For Nc53, we have

a151.02, a250.07,
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a350.003, a4520.022, ~7!

a5520.003, a6520.03.

Thus the effective coefficientsa3 and a5 are one order of
magnitude smaller thana4 and a6 and therefore we can
safely neglect the contributions fromO3 andO5 operators.

The quark currents required in the weak Hamiltonian~1!
can be expressed in terms of the meson fields, as previo
described explicitly in@4,16,22#. The operatorO6 can be
rewritten as the product of the density operators. For
d̄(12g5)q scalar and pseudoscalar quark density opera
we use the CHPT result@24#. The explicit chiral symmetry
breaking, to lowest order in the chiral expansion, is obtain
by adding the quark mass term@24#

Ls5
f p

2

4
$trB~MU†1UM†!%, ~8!

whereM5diag(mu ,md ,ms) andB is a real constant that ca
be expressed in terms of quark and meson masses; e.g
lowest ordermK0

2
5B(ms1md) andU5exp(i2P/f) whereP

is a pseudoscalar meson matrix. Using Eq.~8! one can easily
bosonize the density operators:

q̄i~12g5!qj52
f p

2

2
BU ji . ~9!

For the calculation of the density operatorq̄(11g5)b we use
the relations@10#

q̄g5b5
2 i

mb
]a~ q̄gag5b!, ~10!

and

q̄b5
i

mb
]a~ q̄gab!, ~11!

wheremq has been dropped sincemq!mb .
The evaluation of the matrix elementŝM uq̄(1

1g5)buB& and^MM uq̄(11g5)buB& can then be reduced t
the evaluation of the matrix elements of the weak curre

^MM uq̄gmg5buB& and ^M uq̄gmbuB&. Assuming factoriza-
tion, we evaluate the matrix elements of the operatorO6:

^MMM uO6uB&522 (
u,d,s,c,b

$^M ud̄~12g5!qu0&

3^MM uq̄~11g5!buB&

1^MM ud̄~12g5!qu0&^M uq̄~11g5!buB&

1^MMM ud̄~12g5!qu0&

3^0uq̄~11g5!buB&%. ~12!

The matrix elements ^M ud̄(12g5)qu0&, ^MM ud̄(1
2g5)qu0&, and^MMM ud̄(12g5)qu0& are easily calculated
9-2



ts
-
-

t

of

in
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using Eq. ~9!. For the calculation of the matrix elemen

^M uq̄gmbuB& and ^MM uq̄gmg5buB& we generalize the re
sults obtained in the analysis ofD meson semileptonic de
cays described in detail in@16# and@22#. The matrix element

^M uq̄gm(12g5)buB& is given by@22,23#

^M ~p8!uq̄gm~12g5!buB~pB!&

5F ~pB1p8!m2
mH

2 2mM
2

q2
qmGF1~q2!

1
mH

2 2mM
2

q2
qmF0~q2!, ~13!

whereq5pB2p8 and F1(0)5F0(0). Theform factors are
found to be@22,23#

F1~q2!52
f B

2
1g fB8*

mB8*
3/2 mB

1/2

q22mB8*
2 , ~14!

and

F0~q2!52
f B

2
2g fB8*A mB

mB8*
1

q2

mB
22mM

2

3F2
f B

2
1g fB8*AmB8*

mB
G , ~15!

whereB8* denotes the relevant vector meson pole andg is
the B* BM coupling constant.
05402
To evaluate the matrix elemen
^M1(p1)M2(p2)u(q̄ib)V2AuB2(pB)& we will also use and
generalize the results obtained previously in the analysis
the nonresonantD1

˜p1K2ln l decay width@16#. We write
the matrix element̂ M1(p1)M2(p2)u(ūb)V2AuB2(pB)& in
the general form

^M1~p1!M2~p2!uūgm~12g5!buB2~pB!&

5 ir ~pB2p22p1!m1 iw1~p21p1!m1 iw2~p22p1!m

22hemabgpB
ap2

bp1
g . ~16!

The form factorsw6
nr for the nonresonant decay are given

@4,16#:

w1
nr~p1 ,p2!52

g

f 1f 2

f B* mB*
3/2mB

1/2

~pB2p1!22mB*
2 F12

p1•~pB2p1!

2mB*
2 G

1
f B

2 f 1f 2
2

AmBa2

2 f 1f 2

1

mB
2

pB•~p22p1!, ~17!

w2
nr~p1 ,p2!5

g

f 1f 2

f B* mB*
3/2mB

1/2

~pB2p1!22mB*
2 F11

p1•~pB2p1!

2mB*
2 G

1
AmBa1

f 1f 2
. ~18!

The parametersa1,2 are defined in@22#. Note that both the
a1 anda2 terms are important in Eqs.~17! and ~18!, which
was previously overlooked@2#. Within this same framework
@16,22# we evaluater nr:
pling

-

r nr~p1 ,p2!52
11b̃

f 1f 2
pB•~p22p1!AmB8

mB

f B8

~pB2p12p2!22mB8
2

2AmB

mB

4g2f B9mB8
* mB8

f 1f 2

1

~pB2p12p2!22mB9
2

F p1•p22
1

mB* 8
2 p2•~pB2p1!p1•~pB2p1!G
~pB2p1!22mB8*

2

1
2g

f 1f 2

f B8* mB8*

~pB2p1!22mB8*
2

p1•~pB2p1!

mB* 8
2 1

f B

2 f 1f 2
1

a2AmB

2mB
2

pB•~p22p1!. ~19!

HereB8, B8*, B9 denote the relevantB meson poles, andf 1,2 denotes the pseudoscalar meson decay constants. The cou
b̃ has been analyzed in@23# and found to be close to zero and therefore will be neglected.

The matrix element of the operatorO4 can be evaluated straightforwardly using factorization:

^p2p1p2uO4uB2&nr5^p1p2uūgm~12g5!buB2&nr^p
2ud̄gm~12g5!uu0&, ~20!

and the corresponding expression for theB2
˜K2K1p2 matrix elements can simply be obtained by the replacementp1 and

p2 by K1 andK2 respectively. Note that the matrix element^MM uq̄1gm(12g5)q2u0& is dominated by resonant contribu
tions. Using the variabless5(pB2p3)25(p21p1)2, t5(pB2p1)25(p21p3)2 u5(pB2p2)25(p11p3)2 and the pseudo-
scalar meson decay constantsf i , we can then write the nonresonant decay matrix element ofO4 as
9-3
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^M1~p1!M2~p2!p2~p3!uO4uB2~pB!&nr5F f pmp
2 r nr~s,t !1

f p

2
~mB

22s2mp
2 !w1

nr~s,t !

1
f p

2
~2t1s2mB

22m1
22m2

22mp
2 !w2

nr~ t !G ~21!

whereM1 , M2 represent eitherp1, p2 or K1, K2.
Using factorization the matrix elements ofO6 can be written as

^p1~p1!p2~p2!p2~p3!uO6uB2~pB!&nr522H ^p1~p1!p2~p2!uūgmbuB2~pB!&
p3

m

mB
^p2~p3!ud̄~12g5!uu0&

1^p1~p1!p2~p2!p2~p3!ud̄~12g5!uu0&^0uūgmbuB2~pB!&
pB

m

mB

1^p1~p1!p2~p2!uū~12g5!uu0&^p2~p3!ud̄gmbuB2~pB!&
pB

m2p3
m

mB
1~p1↔p3!J ,

~22!

where we have assumedmb.mB . The corresponding result forB2
˜p2K1K2 can be straightforwardly obtained simply b

replacingp1p2 by K1K2. Using the expressions for the matrix elements of the current and the density operators w

^M1~p1!M2~p2!p2~p3!uO6uB~pB!&nr52 f 3

B
mB

H 1

2
@m3

2 r nr1~mB
22m3

22s!w1
nr1~2t1s2mB

22m1
22m2

22m3
2!w2

nr#

1@~mB
22m3

2!F0~s!#2
4

3

f 3f B

f 1f 2
mBJ . ~23!

For theB2
˜p2p1p2 decay there is an additional term with the replacements↔t, since there are two identical pions in th

final state in this case.
The nonresonant amplitudes for theB2

˜MM̄p2 (M5p2,K2) decays can be written in terms of the following matr
elements:

Mnr~B2
˜MM̄p2!52

GF

A2
$VubVud* a1^MM̄p2uO1uB2&2VtbVtd* ~a4^MM̄p2uO4uB2&1a6^MM̄p2uO6uB2&!%. ~24!

The matrix element̂MM̄p2uO1uB2& (M5p2,K2) was given in@4#.
Contrary to the Cabibbo-Kobayashi-Maskawa-~CKM-!allowed cases in which the main contribution comes from

operatorO1, we notice that the CKM-forbidden decayB2
˜K0K̄0p2 occurs through the penguin operatorsO4 andO6. The

nonresonant matrix elements are

^K0~p1!p2~p1!K̄0~p2!p2~p3!uO4uB2~pB!&nr5
f K

2
@mK

2 r nr~s,t !1~mB
22t2mK

2 !w1
nr~s,t !

1~2t1s2mB
222mK

2 2mp
2 !w2

nr~s,t !# ~25!

and

^K0~p1!K̄0~p2!p2~p3!uO6uB2~pB!&nr52B f K

mB
H r nr~s,t !mK

2 1w1
nr~s,t !~mB

22t2mK
2 !1w2

nr~s,t !~2t1s2mB
222mK

2 2mp
2 !

1@~mB
22mp

2 !F0~s!#2
4

3

f p f B

f K
2

mBJ . ~26!
054029-4



PENGUIN OPERATORS IN NONRESONANTB2
˜MM̄p2 . . . PHYSICAL REVIEW D 60 054029
TABLE I. The branching ratios forB2
˜MM̄p2, (M5p2,K2) and BR(B2

˜K0K̄0p2) for two cases
of r andh parameters, taken from Ref.@13#. The second number in Table I, for (M5p2,K2), gives the
increase or decrease due to the penguin contributions.

r h g BR(p2p1p2) BR(K1K2p2) BR(K0K̄0p2)

20.15 0.23 0.2 (1.9610.13)31025 (3.4210.06)31025 2.5731026

20.15 0.23 0.23 (2.2310.12)31025 (3.5810.10)31025 3.0631026

20.15 0.33 0.2 (3.4110.17)31025 (5.0910.06)31025 2.6831026

20.15 0.33 0.23 (3.8810.20)31025 (6.3010.05)31025 3.1831026

0.15 0.23 0.2 (1.9610.19)31025 (3.4220.04)31025 1.4531026

0.15 0.23 0.23 (2.2310.21)31025 (3.6120.03)31025 1.5531026

0.15 0.33 0.2 (3.4210.22)31025 (5.9520.04)31025 1.7231026

0.15 0.23 0.23 (3.8810.25)31025 (6.3020.05)31025 1.8531026
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The nonresonant amplitude for the B2(pB)
˜K0(p1)K̄0(p2)p2 decay can be written in terms of thes
matrix elements~25!, ~26!:

Mnr~B2
˜K0K̄0p2!5

GF

A2
VtbVtd* $a4^K

0K̄0p2uO4uB2&

1a6^K
0K̄0p2uO6uB2&%. ~27!

The partial width for the nonresonant decayB2

˜MM̄p2 (M5p2,K2,K0) is given by

Gnr~B2
˜MM̄p2!5

1

~2p!3

1

32mB
3E uM nru2 ds dt.

~28!

In the numerical calculation of the branching ratios w
follow the discussion of the input parameters given in@4#.
From heavy quark symmetry we have usedf B / f D

5AmD /mB with the reasonable choicef D.200 MeV
@23,25–27#. TheB decay constant is thenf B.128 MeV. In
@4# we found that the parametersa1

Br520.13 GeV1/2 and
a2

Br520.36 GeV1/2 lead to the branching ratio BR(B2

˜p2p1p1) being smaller than the experimental upp
limit @6# and we used this possibility. Here we also use
values ofa1,2 as in@4#. And, as discussed in@4#, here we also
consider the range 0.2<g<0.23.

For the CKM parameters, we shall use a typical valu
given by Browderet al. @13# in their analyses ofCP asym-
metry in quasi-inclusive charmlessB decays. Thus we con
sider two cases:~I! r520.15, h50.23,0.33 and~II ! r
50.15,h50.23,0.33, wherer andh are the two parameter
in the Wolfenstein parametrization@28# of the CKM matrix.
We have Vub5Al3(r2 ih), Vud512l2/2, Vtd5Al3(1
2r2 ih), Vtb51, with A50.81 andl50.22.

The numerical value ofB can be determined fromB
5(2mK

2 2mp
2 )/2ms . Taking ms(m55 GeV)5150 MeV,

the same value used in@8# for the extraction of the effective
Wilson coefficients, we findB51.6 GeV. Inspection of the
contributions coming from theO4,6 operators shows som
cancellations occur among the combinationsa4 O4 and
a6 O6. One also can explicitly see the dependence on
Dalitz variables.
05402
r
e

s

e

In Table I we present the penguin contributions of t
operatorsO4,6 to branching ratios for theB2

˜p2p1p2

and B2
˜K2K1p2 together with the dominant tree-leve

contribution of the operatorO1. Both numerical results for
the Wolfenstein parameters@cases~I! and~II !#, as well as the
range of g, as discussed above, are presented.@We do not
give the result for the Wolfenstein parameterh50.43, used
in @13# since it leads to the branching ratio forB2

˜MM̄p2, (M5p2,K2) larger than experimental uppe
limits.# Since the penguin operators make only small con
butions to theB˜MM̄p decays, a change in the CKM ma
trix element would not greatly affect the branching ratio
For example, as shown below, for the hypothetical c
where all CKM matrix elements are taken to be real with t
following values: Vud50.975,Vub50.0033,Vtd50.007;Vtb
50.999, we find

BR~B2
˜p2p2p1!5~3.8310.23!31025, g50.2,

BR~B2
˜p2p2p1!5~4.3510.26!31025, g50.23,

and forB2
˜p2K1K2

BR~B2
˜p2K1K2!5~6.6720.52!31025, g50.2,

BR~B2
˜p2K1K2!5~7.0520.61!31025, g50.23.

The first number shows the leading contribution, while t
second gives the increase or decrease due to the pen
contribution. With the same set of the CKM parameters,
with the opposite sign for the productVtdVtb520.007
30.999 we find

BR~B2
˜p2p2p1!5~3.8320.06!31025, g50.2,

BR~B2
˜p2p2p1!5~4.3520.06!31025, g50.23

and forB2
˜p2K1K2,

BR~B2
˜p2K1K2!5~6.6710.10!31025, g50.2,

BR~B2
˜p2K1K2!5~7.0510.10!31025, g50.23.
9-5
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It is clear from these quantitative numerical results t
the uncertainties coming from the input parameters g
much larger uncertainties in the branching ratios than
contributions of the penguin operators. Interestingly the p
guin contributions, while small, are less sensitive to the in
parameters than the dominant tree-level contributions, wh
are quite sensitive to these input parameters. Since the
plitudes for theB2

˜p1p2p1 andB2
˜K1K2p1 decays

receive rather small corrections from the penguin opera
we do not expect significant changes in theCP violating
asymmetry, which we have discussed in@4#.

For the branching ratio for the CKM-suppressed nonre
nant decayB2

˜K0K̄0p2 we find the range

1.4531026<BR~B2
˜K0K̄0p2!<3.1831026, ~29!

for r, h as discussed above, and the range 0.2<g<0.23. In
Table I we present this branching ratio for different com
nations of parametersr, h andg.

Measurement of this branching ratio is important as
provides information about the strength of the penguin in
actions as given by the effective Wilson coefficientsa4 and
a6 in Eq. ~7! .

It is interesting to note that in the factorization appro
mation, as mentioned earlier, this decay is entirely indu
by the penguin interactions. Final state interactions~FSI! ef-
fects, could alter this, however we believe this is unlikely
data on color-suppressedB decays indicate that the branc
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ing ratio for B0 decay intoD0 and a neutral light hadron is
indeed suppressed. Thus we expect FSI would contribut

most a branching ratio forK0K̄0 mode of the same order a
the penguin terms. This could be checked in future meas
ments of this decay rate.

To summarize, we have quantitatively analyzed the p

guin contributions to the nonresonantB2
˜MM̄p2 decay

amplitudes (M5p2,K2,K0), including the dependence o
the Dalitz variables. We calculated the branching ratios

B2
˜MM̄p2 decays (M5p2,K2) including the penguin

contributions and found that they only changed the bran
ing ratios by less than 10%. However, while the peng
contributions are small and not very sensitive to the unc
tainties in the input parameters, the corresponding uncert
ties in the dominant tree-level contributions are considera
larger than the penguin contributions. We also found that
branching ratio for the CKM-suppressed nonresonant de

B2
˜K0K̄0p2 is entirely induced by penguin effects whic

produce a rather small branching ratio of the order 1026.
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