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Nonresonant contributions in B\rp decay
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We consider nonresonant contributions in the Dalitz-plot analysis ofB→rp→p1p2p0 decay and their
potential impact on the extraction of the Cabibbo-Kobayashi-Maskawa parametera. In particular, we examine
the role of the heavy mesonsB* and B0, via the processB→p(B* ,B0)→p1p2p0, and their interference
with resonant contributions in ther-mass region. We discuss the inherent uncertainties and suggest that the
effects may be substantially smaller than previously indicated.
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I. INTRODUCTION

The recent observation ofCP violation in theB-meson
system, realized through the measurement of a nonz
time-dependent,CP-violating asymmetry in the proces
B0(B̄0)→J/cKS ~and related ones! @1#, heralds a new era o
discovery. The result yields a value of sin(2b) in accord with
standard model~SM! expectations@2#, whereb, defined by
exp(ib)[2Vcb* Vcd /(Vtb* Vtd), is an angle of the unitarity tri-
angle, Vi j being an element of the Cabibbo-Kobayas
Maskawa~CKM! matrix @3#. Ascertaining the presence o
physics beyond the SM thus demands the determinatio
all the angles of the unitarity triangle.

In this paper, we consider the decaysB0(B̄0)→rp
→p1p2p0, as a Dalitz-plot analysis of the possiblerp
final states, under the assumption of isospin symmetry,
mits the determination of the CKM parametera @4#, where
a5p2b2g and exp(ig)[2Vub* Vud /(Vcb* Vcd). Our inter-
est is in assessing the size of the nonresonant contribu
which could possibly obscure the analysis, and in amelio
ing their impact. Indeed, the strategy for the extraction oa
relies, in part, on the assumption that ther mesons dominate
the 3p final state. There are, however, empirical indicatio
that this assumption may not always be warranted. For
ample, combining the CLEO measurements of the branch
fractions, B(B̄0→r7p6)5(27.627.4

18.464.2)31026 and
B(B2→r0p2)5(10.423.4

13.362.1)31026 @5#, with the
BABAR result B(B0→r6p7)5(28.965.464.3)31026

@6# yields

R5
B~B̄0→r7p6!

B~B2→r0p2!
52.761.2, ~1!

where we have added the errors in quadrature and ign
correlations. These ratios are small@7# with respect to simple
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theoretical estimates, which giveR;6 @8#. An interesting
possibility for the resolution of this discrepancy has be
suggested in Refs.@9,10#, whose authors investigate the po
sible backgrounds toB→rp→3p decay which arise from
contributions mediated by other resonances. They find
the light s resonance, a broadI 5J50 enhancement inpp
scattering, as well as the heavy-meson resonancesB* (JP

512) andB0 (JP501), can modify theB→3p branching
ratios in ther-mass region and give rise to values ofR
crudely compatible with the empirical value of Eq.~1!, given
its large error. In particular, the contribution ofB2→sp2

decay significantly enhances the effectiveB2→r0p2

branching ratio and lowers the value ofR. Analogously, the
s modestly impacts theB0→r0p0 branching ratio@11#; let
us consider the issues.

The analysis ofB0(B̄0)→rp→p1p2p0 decay posits a
two-step process, that is, that the amplitude forB0

→p1p2p0 decay can be written as

A~B0→p1p2p0!5 f 1a121 f 2a211 f 0a00, ~2!

where ai j [A(B0→r ip j ) and f i is the vector form-factor
describingr i→pp @4#. An analogous construct can be ma
for B0(B̄0)→sp→p1p2p0 decay, which contains the sca
lar form-factor describings→p1p2. It is evident that the
manner in which thes populates ther phase-space will
depend on the amplitude forB0→sp0 decay, as well as on
the accompanying scalar form-factor. Thes is a state of
definite CP, so that the isospin analysis of Ref.@4# can be
enlarged to include it@11#; nevertheless, the analysis relie
on the form factors adopted for ther i→pp and s→pp
processes. The resonances of interest are broad, so that
Wigner form-factors are generally insufficient: they do n
satisfy general theoretical constraints, such as analyticity
unitarity, over thepp invariant-mass interval needed. A
discussed in detail in Ref.@11#, the differences are striking
for the scalar form-factor, and the resulting numerical imp
on B→3p decay is sizable. In contrast, the numerical diffe
ences for the vector form-factor are not large.
©2002 The American Physical Society19-1
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The purpose of this paper is to extend the work of R
@11#, which deals exclusively with ther ands contributions.
We incorporate theB* and B0 contributions suggested i
Ref. @9#, as the effects they find in theB0→r0p0 channel are
considerable. In this paper, however, we show that the
shell nature of theB* andB0 weak and strong vertices add
considerably to the uncertainty of the estimate of Ref.@9#
and may well reduce these contributions significantly. N
ertheless, we also explore kinematical cuts which would
useful in reducing the impact of these effects in ther-mass
region.

We begin in Sec. II with the weak, effective Hamiltonia
and the matrix elements pertinent to our calculations. Sub
quently, in Sec. III, we derive the amplitudes associated w
the various contributions of interest in ther-mass region of
B→3p decay. We discuss our numerical results in Sec.
and conclude in Sec. V.

II. EFFECTIVE HAMILTONIAN AND MATRIX
ELEMENTS

The effective,uDBu51 Hamiltonian forb→dqq̄ decay is
given by @12#

Heff5
GF

A2
Flu~C1O1

u1C2O2
u!1lc~C1O1

c1C2O2
c!

2l t(
i 53

10

CiOi G , ~3!

where GF is the Fermi coupling constant,lq[VqbVqd* are
CKM factors, Ci are Wilson coefficients, andOi are four-
quark operators. The expressions forCi andOi are detailed
in Ref. @12#, though we interchangeC1O1

q↔C2O2
q , so that

C1;1 andC1.C2. We neglect the electroweak-penguin o
erators O7, . . . ,10 because their coefficientsC7, . . . ,10 are
smaller than the others. In the decay amplitudes that we
rive, the Ci enter through the combinationsai5Ci
1Ci 11 /Nc if i is odd andai5Ci1Ci 21 /Nc if i is even,
whereNc53 is the number of colors.

The diagrams contributing to theB→3p amplitudes con-
sidered here, as shown in Fig. 1, each have a strong ve
and a weak vertex, where the latter describes the trans
Mb→M1M2, in which Mb is a heavy meson containing ab
quark andM1,2 are light mesons. The amplitude correspon
ing to the weak vertex is given by

A~Mb→M1M2!5^M1M2uHeffuMb&. ~4!

FIG. 1. Diagrams contributing toB→3p, decay with each
square denoting a weak vertex.
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To evaluate this, we adopt the naive factorization approxim
tion, following earlier calculations@9–11# to which we com-
pare.

The relevant matrix elements are

^p2~p!ud̄gmLuu0&5A2^p0~p!uūgmLuu0&5 i f ppm,
~5!

^r2~p,«!ud̄gmuu0&5A2^r0~p,«!uūgmuu0&5 f r«* m,

qm^r1~p,«!uūgmLbuB̄0~k!&522i A0
B→r~q2!M r«* •q,

^p1~p!uūgmLbuB̄0~k!&5~k1p!mF1
B→p~q2!

1
MB

22Mp
2

q2 qm@F0
B→p~q2!2F1

B→p~q2!#,

~6!
qm^s~p!ud̄gmLbuB̄0~k!&52 i~MB

22Ms
2 !F0

B→s~q2!,

qm^p1~p!uūgmLbuB̄* 0~k,«B* !&

52iA2A0
B* →p~q2!MB* «B* •q,

~7!
qm^p1~p!uūgmLbuB̄0

0~k!&

52 i~MB0

2 2Mp
2 !F0

B0→p
~q2!,

wheref p and f r are the usual decay constants,q[k2p, and
L[12g5. The variousA0(q2) and F0,1(q

2) are form fac-
tors. Other meson-to-meson matrix elements can be de
mined using isospin symmetry. In our phase convention,
meson flavor wave functions are given byp15ud̄, A2p0

5uū2dd̄, p25dū, B̄05bd̄, B25bū, and similarly for the
r, B* , and B0. This implies that we have, for example

^p1uūgmbuB̄0&52A2^p0ud̄gmbuB̄0&51A2^p0uūgmbuB2&
5^p2ud̄gmbuB2&. We now employ these matrix elements
realize amplitudes forB→3p decays.

III. AMPLITUDES

Practical considerations drive our interest in thep1p2p0

and p7p7p6 decay modes; we shall not consider t
p0p0p6 ones. We write the amplitude for B̄0

→p1(p1)p2(p2)p0(p0) decay as a coherent sum of th
r, s, B* , andB0 amplitudes, namely,

A1205Ar
1201As

1201AB*
120

1AB0

120 . ~8!

For B2→p2(p1)p2(p2)p1(p1), the amplitudeA221 can
be constructed in an analogous manner.

We consider first theB→rp→3p contributions, repre-
sented by the diagram denoted by ‘‘r ’’ in Fig. 1~a!. For each
r i diagram and 3p state, the amplitude is written as a pro
uct of an amplitude for theB→r ip j weak transition and a
vertex functionGrpp describing ther i→pp form factor.
Were ther a narrow resonance, the Breit-Wigner~BW! form
9-2
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Grpp
BW ~s!5

gr

s2M r
21 iGrM r

~9!

would suffice, whereAs is the invariant mass of the 2p
system andgr is the r→pp coupling constant. However
since ther is not narrow—its width is some 20% of it
mass—this form must be generalized to accommod
known theoretical constraints over the region ins for which
it is appreciable. For example, unitarity and time-rever
invariance compel the phase ofGrpp(s) to be that ofL
51, I 51 pp scattering fors&(Mp1Mv)2, for which the
scattering is elastic. Moreover, the imaginary part
Grpp(s) must vanish below physical threshold,s54Mp

2 .
For a detailed discussion with references to earlier work,
Refs.@11,13#. Following Ref.@13#, we have

Grpp~s!5
2Fr~s!

f rg
, ~10!

whereFr(s) is the vector form-factor of the pion andf rg is
the r-g coupling constant. The parameters inFr(s) are de-
termined by fitting toe1e2→p1p2 data; what is importan
is that the parametrization itself is consistent with theoret
constraints. The value off rg is determined from ther
→e1e2 width, which, in turn, is extracted from thee1e2

→p1p2 cross section ats5M r
2 @13,14#. The overall sign is

chosen so that Eq.~10! is equivalent to the BW form, Eq.~9!,
as s→M r

2 . At s5M r
2 the BW form is compatible with the

various theoretical constraints. In our numerical analysis,
adopt the ‘‘solutionB’’ fit of Ref. @13# for Fr , for which
f rg50.12260.001 GeV2 @14#. Alternatively, a BW form
with a running widthGr(s), chosen to be compatible wit
the form of thepp phase shift~in the crossed channel! as
s→4Mp

2 , is given in Ref.@15#. However, the numerical dif-
ferences between this form and the one we have chosen
small @11#.

For the decay amplitudes, after summing over ther po-
larizations, we find

Ar
1205h2~s122s10!Grpp~s20!

1h1~s202s12!Grpp~s10!

2h0~s202s10!Grpp~s12!,
~11!

Ar
22152h̄0@~s122s11!Grpp~s21!

1~s122s21!Grpp~s11!#,

whereskl[(pk1pl)
2, with
03401
te

l

f

e

l

e

are

h25
GF

A2
~lua12l ta4! f rF1

Bp ,

h15
GF

A2
@lua12l t~a42a6Rq!# f pM rA0

Br ,

~12!

h05
2GF

2A2
$@lua21l t~a42a6Rq!# f pM rA0

Br

1~lua21l ta4! f rF1
Bp%,

h̄05
GF

2
$@lua12l t~a42a6Rq!# f pM rA0

Br

1~lua21l ta4! f rF1
Bp%.

Here A0
Br[A0

B→r(Mp
2 ) and F1

Bp[F1
B→p(M r

2), whereasRq

[Mp
2 /@(mb1m̂)m̂#—note that we work in the isospin

symmetric limit, for whichm̂5mu5md . The relative signs
between the different terms in Eq.~11! follow from therpp
couplings1

^p0~p0!p6~p6!ur6&56gr«r•~p62p0!,
~13!

^p1~p1!p2~p2!ur0&5gr«r•~p22p1!,

which follow, in turn, from the phase conventions we ha
chosen for the flavor wave functions:up6&57uI 51,I 35
61& and up0&5uI 51,I 350&, and similarly for ther states.
Our Ar amplitudes agree with those of earlier calculatio
@9,11,16#.

We turn next to thes ‘‘meson’’ contributions, represented
by the diagram denoted by ‘‘s ’’ in Fig. 1~a!. We use thes to
denote a two-pion state with total isospinI 50 and total
angular-momentumJ50; it need not be a ‘‘pre-existing’’
resonance, but, rather, can be generated dynamically by
strong pionic final-state interactions in this channel@17#. The
peak of the broad enhancement associated with thes is close
to ther in mass, so that the decayB→sp→3p can popu-
late theB→rp phase space@10#. As in ther case, the am-
plitudes forB→sp→3p decays are written as a product
an amplitude for theB→sp weak transition and a verte
function Gspp describing thes→pp form factor. We write
@11#

Gspp~s!5xG1
n* ~s!, ~14!

whereG1
n is defined as

^0ud̄dup1~p1!p2~p2!&5A2

3
G1

n~s12!B0 . ~15!

We note thatB0[Mp
2 /(2m̂) is the vacuum quark condensa

and x is a normalization constant, to be discussed shor

1We use the notation̂M2M3uM1&[^M2M3uHstronguM1&.
9-3
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For our numerical work in the next section, we adopt t
G1

n(s) as derived in Ref.@18#, after Refs.@17,19,20#. The
calculated form factor is realized in a chiral, unitarize
coupled-channel approach; at low energies, the form facto
matched to the one-loop-order expression in chiral pertu
tion theory @18,21#. The resulting form factor is consisten
with low-energy constraints and is comparable to the sc
form-factor which emerges from the dispersion analysis
Ref. @22#; however, it is notably different from the Breit
Wigner form adopted in Refs.@10,23# to study the role of the
s in B andD decays into the 3p final state. That is,

Gspp
BW ~s!5

gspp

s2Ms
21 iGs~s!Ms

,

~16!

Gs~s!5
MsGs

As
A s24Mp

2

Ms
224Mp

2 ,

where the couplinggspp[^p1p2us& is determined from
the s→pp decay rate. ForB→3p decay, the numerica
ha

-
e
ta
es
te

nc
p

es

03401
e

,
is
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f

changes arising from the use ofGspp(s) in place of the BW
expression are significant@11#, as we will see here as wel
We determine the normalizationx by requiring that@11#

xuG1
n~Ms

2 !u5
gspp

Gs~Ms
2 !Ms

, ~17!

which equatesuGspp(s)u to its BW counterpart ats5Ms
2 .

The values ofMs andGs are extracted from fits ofGspp
BW (s)

to D→3p decays@23#. The normalization condition is mo
tivated by noting that the modulus ofG1

n(s) is peaked near
s5Ms

2 , whereas the normalization ofG1
n(s) is sensitive to

the values of certain, poorly known low-energy consta
@11#. We emphasize thatMs and Gs appear merely in the
normalization ofGspp .

The resulting decay amplitudes are then

As
1205hs

0Gspp~s12!,
~18!

As
2215h̄s

0@Gspp~s11!1Gspp~s21!#,

where
hs
05

GF

2 H @lua21l t~a42a6Rq!#~MB
22Ms

2 ! f pF0
Bs2l ta6

2^sud̄du0&

mb2m̂
~MB

22Mp
2 !F0

BpJ ,

~19!

h̄s
05

GF

A2
H @lua12l t~a42a6Rq!#~MB

22Ms
2 ! f pF0

Bs1l ta6

2^sud̄du0&

mb2m̂
~MB

22Mp
2 !F0

BpJ ,
k
g

with F0
Bp[F0

B→p(Ms
2) and F0

Bs[F0
B→s(Mp

2 ). From Eqs.
~14! and ~15!, it follows that ^sud̄du0&5Mp

2 /(A6xm̂). We
agree with the weak amplitudes of Ref.@11#, but disagree
with those of Ref.@10# in that ourhs

0 and h̄s
0 , neglecting

penguin terms, are smaller and larger, respectively, t
theirs by a factor ofA2.

We now evaluate theB* and B0 contributions, whose
diagrams are shown in Fig. 1~b!; we suppose that other ex
cited B-meson states could also contribute, but we exp
that their larger masses ought to make them less impor
@9#. Presently, no reliable data exist on the widths of th
heavy mesons, so that their values have to be calcula
Recent estimates@24,25# suggest that theB* is a very nar-
row resonance, whereas theB0 is less so, its width
being some 6% of its mass. Nevertheless, the resona
are sufficiently narrow that it is reasonable to ado
a Breit-Wigner representation for the propagators of th
n

ct
nt
e
d.

es
t
e

mesons, as in Ref.@9#. In the combined heavy-quar
and chiral limit @26#, the strong couplings connectin
the (B* ,B0), B, andp mesons are@9,24,27#2

^B2~p8!p1~p!uB̄* 0~k,«!&52
2gAMBMB*

f p
«•p, ~20!

^B2~p8!p1~p!uB̄0
0~k!&5

hAMBMB0

f p

k22MB
2

MB0

. ~21!

Using isospin symmetry, we derive

2We note that ^B* 2(k,«)p1uB̄0&52^B2p1uB̄* 0(k,«)& and

^B0
2(k)p1uB̄0&52^B2p1uB̄0

0(k)&.
9-4
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^B2p1uB̄* 0&52A2^B̄0p0uB̄* 0&5^B̄0p2uB* 2& ~22!

and analogous relations for^BpuB0&. We then obtain

AB*
120

5

1

A2
KP~s20 ,s12!1K1P~s20 ,s10!

s202MB*
2

1 iGB* MB*

2

1

A2
KP~s12 ,s20!

s122MB*
2

1 iGB* MB*
,

~23!

AB*
221

5
KP~s11 ,s12!

s112MB*
2

1 iGB* MB*

1
KP~s21 ,s12!

s212MB*
2

1 iGB* MB*
,

AB0

1205S K̃01K̃cc

s202MB0

2 1 iGB0
MB0

2
K̃0

s122MB0

2 1 iGB0
MB0

D ~MB0

2 2Mp
2 !

A2
,

~24!

AB0

2215S K̃0

s112MB0

2 1 iGB0
MB0

1
K̃0

s212MB0

2 1 iGB0
MB0

D ~MB0

2 2Mp
2 !,

where

K524GF@lua12l t~a42a6Rq!#

3gMB*AMBMB* A0
B* p , ~25!

K1522A2GF@lua21l t~a42a6Rq!#

3gMB*AMBMB* A0
B* p ,

K̃05
GF

A2
@lua12l t~a42a6Rq!#

3
MB0

2 2MB
2

MB0

hAMBMB0
F0

B0p ,

~26!

K̃cc5
GF

A2
@lua21l t~a42a6Rq!#

3
MB0

2 2MB
2

MB0

AMBMB0
F0

B0p ,
03401
and the sum overB* polarizations yields

P~u,v !5
~MB

22Mp
2 2u!u

4MB*
2 1Mp

2 2
v
2

. ~27!

Note thatA0
B* p[A0

B* →p(Mp
2 ) andF0

B0p
[F0

B0→p(Mp
2 ). Our

expressions forA120 in Eqs. ~23! and ~24! disagree with
those in Ref.@9# in that the factors of 1/A2 are missing in
their formulas, and that the minus sign in the middle of t
big brackets in Eq.~24! is opposite to theirs. However, ou
expressions forA221 in Eqs. ~23! and ~24! agree with
theirs.

IV. NUMERICAL RESULTS AND DISCUSSION

We begin by listing the parameters that we use; we c
form with the parameter choices of Refs.@9,11#, in order to
realize a crisp comparison with their results. In specific,
Wilson coefficients we use are

C151.100, C2520.226, C350.012,
~28!

C4520.029, C550.009, C6520.033.

For the CKM factors, we adopt the Wolfenstein parametri
tion @28#, retaining terms ofO(l3) in the real part and of
O(l5) in the imaginary part, to wit,

Vud512l2/2, Vub5Al3@r2 ih~12l2/2!#,
~29!

Vtd5Al3~12r2 ih!, Vtb51,

and using

l50.2196, r50.05, h50.36, A50.806. ~30!

For decay constants, light meson masses, and resonanc
rameters, we have

f p /A2592.4 MeV, Mp5139.57 MeV,

f r50.15 GeV2, M r5769.3 MeV,

Gr5150 MeV, gr55.8, ~31!

Ms5478 MeV, Gs5324 MeV,

gspp52.52 GeV.

The decay constantsf p and f r are associated withp6 and
r6 decay, respectively. We neglect isospin-violating effe
throughout, so thatMp65Mp05Mp , M r65M r05M r , as
well as MB̄05MB25MB . Moreover,m̂56 MeV. The B*
and B are degenerate in the heavy-quark limit, so that
neglect their mass difference as well. We also neglect
lifetime difference between theB̄0 and B2, setting t B̄0

5tB25tB . For theB and related mesons, we have
9-5
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TABLE I. Effective branching ratios forB→rp decays, as per Eq.~35!, with d50.3 GeV. Breit-Wigner form factors are use
throughout, noting Eqs.~9! and ~16! for the r ands contributions, respectively. All branching ratios are reported in units of 1026.

Decay mode r s B* B0 r1B* r1B* 1B0 r1s r1s1B* r1s1B* 1B0

B̄0→r2p1 16.0 0.0003 0.54 0.009 16.5 16.3 16.0 16.4 16.3

B̄0→r1p2 4.76 0.0003 0.13 0.020 4.98 4.98 4.78 5.00 5.00

B̄0→r0p0 0.91 0.045 0.39 0.016 1.43 1.29 0.93 1.59 1.43

B2→r0p2 4.10 5.18 2.71 0.107 7.42 8.45 8.83 7.67 7.92

R 5.1 2.9 2.5 2.3 2.8 2.7
y

a
on

h

of

ec-

g
nd

n.

-

of

r
st

ed
e

tios

sults
MB55.279 GeV, tB51.6310212s, mb54.6 GeV,

GB* 50.2 keV, MB0
55.697 GeV, GB0

50.36 GeV,
~32!

and use

g50.6, h520.7. ~33!

The heavy-to-light transition form factors are given by

A0
Br50.29, F0

Bp50.37, F1
Bp50.37, F0

Bs50.46,
~34!

A0
B* p50.16, F0

B0p
520.19.

Finally, for the vector and scalar form-factors,Grpp(s) and
Gspp(s), respectively, we follow the treatment of Ref.@11#.
The Fr(s) parametrization we adopt was fit toe1e2

→p1p2 data in the elastic region@13#, 2Mp<As<Mp

1Mv , only, so that for larger values ofs we use a Breit-
Wigner form, matched to the value ofGrpp(s) at As5Mp

1Mv . That is, for As*923 MeV we employGrpp(s)
5@cr(M r

22s)1 iciGrM r#gr /@(M r
22s)21Gr

2M r
2#, with cr

.0.929 andci.1.29. For the scalar form-factor, we emplo
the G1

n(s) derived in Ref. @18#, which is valid for As
&1.2 GeV. The normalization of Eq.~17! implies thatx
520.0 GeV21. For As.1.2 GeV, we match to the
asymptotic form ofGspp(s) @22#, as detailed in Ref.@11#.

To obtain branching ratios forB→3p decay in the
r-mass region, we integrate over the region of phase sp
satisfying the requirement that two of the three pions rec
struct ther mass within an interval of 2d, as was done in
Refs. @9,11#. This amounts in each case to calculating t
effective width
03401
ce
-

e

Geff„B→r~p11p2!p~p3!…

5G„B→p~p1!p~p2!p~p3!…u(Mr2d)2<s12<(Mr1d)2.

~35!

We choosed50.3 GeV, following earlier work@9,11#.
For crisp comparison with Ref.@9#, we begin by comput-

ing the effective branching ratios arising from the use
Breit-Wigner forms, as in Eqs.~9! and~16! for the r ands,
respectively, throughout. The various contributions, refl
tive of the enumerated terms in Eq.~8!, are reported in Table
I. There are differences between our results for ther, r
1B* , and r1B* 1B0 contributions and the correspondin
ones in Ref.@9#. The differences are, however, not large a
arise in part from missing factors in the formulas for theB*
andB0 amplitudes, which we delineated in the last sectio
In contrast, as pointed out in Ref.@11#, the s effect on the
B2 decay is much bigger than that found in Ref.@10#, be-
cause ours amplitude is larger than theirs by a factor ofA2.
This is evident in ther1s and r1s1B* columns. Our
results agree with those in Ref.@11#, to the extent that they
are applicable; we note that Ref.@11# neglects penguin con
tributions altogether and deals exclusively with ther ands
contributions. The last column of Table I contains the sum
all the contributions,r1s1B* 1B0. Overall, it is apparent
that the effect of theB0 is smaller than that of the othe
contributions, although it is not negligible. Finally, in the la
row, we collect the ratios of branching ratiosR defined in
Eq. ~1!. These results show that the inclusion of thes and
B* , either individually or together, makes the estimat
value ofR consistent with the empirical one, given its larg
error.

We now proceed to compute the effective branching ra
with ther ands form-factors, Eqs.~10! and~14!, which we
advocate. These results are presented in Table II. The re
TABLE II. Effective branching ratios forB→rp decays, as per Eq.~35!, with d50.3 GeV. We adopt ther ands form factors, Eqs.
~10! and ~14!, respectively, which we have advocated. All branching ratios are reported in units of 1026.

Decay mode r s B* B0 r1B* r1B* 1B0 r1s r1s1B* r1s1B* 1B0

B̄0→r2p1 16.0 0.001 0.54 0.009 16.6 16.4 15.9 16.5 16.3

B̄0→r1p2 4.76 0.001 0.13 0.020 4.90 4.93 4.80 4.94 4.98

B̄0→r0p0 0.86 0.065 0.39 0.016 1.35 1.21 0.91 1.47 1.33

B2→r0p2 4.06 7.66 2.71 0.107 7.20 8.25 11.1 11.9 12.7

R 5.1 3.0 2.6 1.9 1.8 1.7
9-6
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without thes contributions change little, as the vector form
factor is not terribly different from its BW counterpart@11#.
In the presence of thes, this similarity persists for theB̄0

decays, but, in contrast, theB2 branching ratios are signifi
cantly increased compared to the corresponding one
Table I. This effect also tends to diminish the relative imp
of the B* andB0 contributions on ther0p2 mode, though
the heavy mesons persist in making a substantial impac
the effective branching ratio for ther0p0 mode.

Were the heavy-meson contributions to ther0p0 mode
seen in Table II as large as we have estimated, the impac
the Dalitz-plot analysis to extracta from B̄0(B0)
→p1p2p0 decays would be significant@9#. Since theB*
and B0 masses lie outside the phase-space region oB
→3p, their effects behave as part of the nonresonant ba
ground, but are not uniform and obviously interfere w
other contributions. The manner in which the contributio
are distributed throughout the Dalitz plot is shown forB̄0

→p1p2p0 decay in Fig. 2; the heavy-meson contributio
preferentially populate the edges of the Dalitz plot, in whi
ther contributions lie as well. InB2→p1p2p2 decay, the
distribution of the heavy-meson contributions is somew
more uniform, as illustrated in Fig. 3.

We now proceed to consider the reliability of the es
mates we have effected. Let us first note that the parame
g and h of the strong heavy-meson couplings in Eqs.~20!,
~21! assume the values given in Eq.~33!—these reflect the
upper limits of their estimated ranges@9,24#.3 Thus, the re-
sults we find with these parameters can be regarded as
tremal estimates~although variations in other numerical in
puts, such as the form factors, do introduce furth
uncertainties!. Choosing central values ofg and h in their
estimated ranges decreases the heavy-meson effects by

3We also note, however, that theg value in Eq.~33! is, by virtue
of heavy-quark symmetry, favored by the recent measuremen
the D* →Dp width @29#, which yieldsg50.5960.0160.07.

FIG. 2. The B* and B0 contributions to B̄0

→p1(p1)p2(p2)p0(p0) decay, specifically,uAB*
120

1AB0

120u2 ~in
dimensionless units! as a function of its argumentss10 and s20,
both in units of GeV2.
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some 50%@9#, as explicitly shown in Table III.
Moreover, the relative signs chosen for ther, s, and

heavy-meson contributions will impact the numerical valu
of the effective branching ratios. As noted by Ref.@9#, the
relative sign of theB* and B0 contributions is fixed in the
heavy-quark and chiral limits. The relative signs of t
heavy-meson,r, ands contributions, however, are less clea
We define ther→pp coupling as per Eq.~13!, after Refs.
@9,11#, though we note that a chiral Lagrangian analysis s
gests that the relations of Eq.~13! should possess an add
tional overall sign. With this modification, the branching r
tios for the r1B* 1B0 combination in Table II typically
become smaller by no more than 15%. However, ther1s

results inB̄0→r0p0 andB2→r0p2 become some 3% an
10% larger, respectively. The impact on ther1s1B*
1B0 results is mixed, leading to a suppression of about 1
in the r0p0 mode and an enhancement of 2% in ther0p2

mode.
Kinematical cuts can mitigate the impact of the heav

meson ands contributions. Since ther6p7 modes are little
affected by these notions, we evaluate only ther0p0 and
r0p2 modes. We try two different sets of kinematical cu
For the first one, we setd50.15 GeV5Gr and report our
results in Table IV. The relative suppression of the hea
meson ands contributions is quite modest, if it exists at a
For the second set, we impose not only ad cut but also a cut
on cosu, whereu is the helicity angle, defined as the ang
between the direction of one member of a pion pair fromr
decay and the direction of the parentB-meson evaluated in
the pair’s rest-frame. Since ther contribution has a cos2u
distribution in B→p1p2p0 decay @4#, larger values of
ucosuu enhance ther contribution. Interference effects in th
B2→p1p2p2 channel will make this cut less effective. W
set d50.3 GeV anducosuu.0.4, and collect the results in
Table V. Comparing to Table II, theu cut is seen to decreas
the relative size of thes background, as discussed in Re
@11#. The helicity-angle cut only modestly reduces thes con-
tribution in B2→r0p2 decay; however, an assumption ofr

of

FIG. 3. The B* and B0 contributions to B2

→p2(p1)p2(p2)p1(p1) decay, specifically,uAB*
221

1AB0

221u2

~in dimensionless units! as a function of its argumentss11 ands21 ,
both in units of GeV2.
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TABLE III. Effective branching ratios forB→rp decays, as in Table II, except thatg50.40 andh520.54 have been used.

Decay mode r B* B0 r1B* r1B* 1B0 r1s r1s1B* r1s1B* 1B0

B̄0→r2p1 16.0 0.24 0.005 16.3 16.1 15.9 16.2 16.1

B̄0→r1p2 4.76 0.06 0.012 4.82 4.87 4.80 4.86 4.91

B̄0→r0p0 0.86 0.17 0.009 1.10 1.03 0.91 1.20 1.13

B2→r0p2 4.06 1.20 0.064 5.55 6.12 11.1 11.0 11.4

R 5.1 3.8 3.4 1.9 1.9 1.8
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dominance is only needed when one employs an iso

analysis to extract sin(2a) from B0(B̄0)→p1p2p0 decay,
as detailed in Ref.@4#. For ther0p0 mode, the chosen cu
does significantly reduce an already small contribution. W
the s contribution to ther0p0 mode much larger than w
estimate, then a full partial-wave analysis to separate ths-
andp-wave contributions could be both practicable and n
essary.

Finally, we must discuss a tacit assumption we have m
in the estimation of theB* and B0 contributions, which is
made in Ref.@9# as well. That is, in realizing the diagrams
Fig. 1~b!, we have treated the strong (B* ,B0)Bp and weak
(B* ,B0)→pp vertices as if theB* andB0 mesons were on
their mass shell. This assumption is compatible with the
sumed use of the combined heavy-quark and chiral limits
the treatment of the strong (B* ,B0)Bp vertices. However,
neither assumption is appropriate forB→rp decay. That is,
for theB→3p decays of interest, we require that two of th
three pions have an invariant massAs comparable to that o
ther meson. This implies that in most of the relevant pha
space region the mediating heavy-mesons carrys values
much smaller than their squared masses—they are hi
off-mass-shell. Moreover, the bachelorp is never soft in this
kinematical region. Thus the combined heavy-quark and
ral limits are used beyond their range of validity. These
fects modify the vertices we have assumed in Eqs.~20!, ~21!
and Eq.~7!. Unfortunately, the needed off-shell extrapol
tions cannot be done reliably, although we would generica
expect this effect to suppress the numerical importance of
B* and B0 contributions. For example, the form factors
Eqs.~7! now depend on bothq2 andk2; the vertices are only
‘‘half’’ off-shell, so that p2 does not enter, as the final-statep
is on its mass shell. Moreover, additional form factors a
pear. To illustrate, we note that the general parametrizat
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^p1~p!uūgmLbuB̄0
0~k!&

52 iF0
B0→p

~k2,p2,q2!
~MB0

2 2Mp
2 !qm

q2

2 iF1
B0→p

~k2,p2,q2!F pm1km2~MB0

2 2Mp
2 !

qm

q2G
~36!

predicated by an assumption of Lorentz invariance yields

qm^p1~p!uūgmLbuB̄0
0~k!&

52 i~MB0

2 2Mp
2 !F0

B0→p
~q2,k2!

1 i~MB0

2 2k2!F1
B0→p

~q2,k2! ~37!

for the half-off-shell matrix element of interest. The matr
element is a linear combination of signed, uncertain con
butions, so that its sign is ultimately unclear. Similar cons
erations apply to theB* →p matrix element, as well as to
the strong vertices of Eqs.~20!, ~21!. In the treatment of Ref.
@30#, an off-shell extrapolation of Eq.~20!, in the kinematic
region of interest, is effected through the replacem
AMBMB* →AMBAs. To assess the impact of these cons
erations on the numerical results we have reported, we s
adopt a similarlyad hocprescription. Thus, we perform th
replacement

MB*
3/2→s3/4 ~38!
TABLE IV. Effective branching ratios forB→rp decays, as in Table II, except thatd50.15 GeV has
been used.

Decay mode r s B* r1B* r1B* 1B0 r1s r1s1B* r1s1B* 1B0

B̄0→r0p0 0.33 0.029 0.20 0.55 0.49 0.36 0.59 0.53

B2→r0p2 3.36 3.46 1.38 4.82 5.39 6.46 7.56 8.17
9-8
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TABLE V. Effective branching ratios forB→rp decays, as in Table II, but with the additional kinema
cal cut ucosuu.0.4 as explained in the text.

Decay mode r s B* r1B* r1B* 1B0 r1s r1s1B* r1s1B* 1B0

B̄0→r0p0 0.84 0.039 0.27 1.22 1.11 0.87 1.29 1.18

B2→r0p2 3.81 4.79 1.71 5.92 6.58 7.97 8.63 9.13
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in the numerator of theB* amplitudes in Eq.~23!, so that the
‘‘off-shellness’’ of both the strong and weak vertices is tak
into account. We neglect theB0 in this simple numerical
estimate, as its effect was rather small to start with. We
culate the corresponding branching ratios and collect the
sults in Table VI. Our simple prescription leads to a drama
reduction of theB* contributions, as a comparison wit
Table II makes clear. Note that the computed values ofR are
still consistent with the empirical ones, as a reduction inR is
still realized through thes contributions. Although we can
not draw firm conclusions from this simple exercise, it serv
to illustrate that neglecting the off-shell nature of the hea
meson vertices in the kinematic region of interest could e
ily lead to a considerable overestimate of their effects.

V. CONCLUSIONS

We have examined resonant and nonresonant b
grounds toB→rp→3p decays which can potentially im
pact the extraction ofa from a Dalitz plot analysis ofB
→p1p2p0 decays@4#, as well as the value of the ratio o
branching ratios we termR, as defined in Eq.~1!. In particu-
lar, we have evaluated the effects of nonresonant contr
tions mediated by the heavy mesonsB* andB0, as well as
the contributions from the lights resonance viaB→sp
→3p decay, in ther-mass region. In this, our analysis pa
allels that of Refs.@9,10#, though it differs fundamentally in
two points. Firstly, we use the vector and scalar form-fact
of Ref. @11#, which are consistent with low-energy theore
cal constraints and thus are suitable for the description
broad resonant structures such as ther and thes. The scalar
form factor, in particular, is quite different from the Brei
Wigner form adopted in other analyses@10,23# and leads to
differing results@11#. Secondly, in the kinematics of interes
the B* and B0 are highly off-mass-shell, impacting th
strong and weak vertices which mediate theB→(B* ,B0)p
03401
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e-
c

s
-
s-
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u-

s

of

→ppp decay. We find that these effects can reduce
heavy-meson contributions substantially.

Our numerical results show, were we to neglect the o
shell effects we have mentioned, that theB→r6p7 decay
modes are little affected by thes and heavy-meson back
grounds, whereas ther0p0 mode receives large contribu
tions from the latter. In contrast, theB2→p1p2p2 decay
mode contains large contributions from both thes andB* ,
though thes contributions numerically dominate. Effectin
a simple model of off-shell effects, we find that theB* ef-
fects are substantially reduced. The off-shell extrapolation
interest cannot be effected with certainty; nevertheless,
estimates indicate that the neglect of this effect may lead
substantial overestimate of theB* contributions inB→3p
decay. The role of thes in lowering the theoretical value o
R and yielding a favorable comparison with experiment p
sists despite these considerations.

Note added.Since the submission of this paper for pub
cation, a report by the BABAR Collaboration has appea
@31#, giving the experimental boundB(B6→p1p2p6)
,1531026 at 90% C.L. This can be used to constrain t
contribution of theB* - and B0-pole diagrams. Using theg
and h values as in Table II, we findB(B2→p1p2p2)
524.831026 for the combinedr1s1B* 1B0 contribu-
tion, where we have integrated over all the allowed pha
space. Were we to use the intermediate values ofg and h
given in Table III, though such ag is not favored by data
@29#, we would obtainB(B2→p1p2p2)518.731026. If
we use our off-shell extrapolation~neglecting the smallB0
contribution! and the parameters of Table II, we fin
B(B2→p1p2p2)515.431026. This comparison support
our assertion: the treatment of theB* vertices in Ref.@9#
tends to yield an overestimate of their contribution toB
→3p decay. On a related note, the failure to confront t
empirical bound onB(B2→K1K2p2) decay has been de
scribed in recent work by Cheng and Yang@32#.
of
TABLE VI. Effective branching ratios forB→rp decays, as in Table II, except that the off-shellness
the B* meson is included as explained in the text.

Decay mode r s B* r1B* r1s r1s1B*

B̄0→r2p1 16.0 0.001 0.03 16.0 15.9 16.0

B̄0→r1p2 4.76 0.001 0.01 4.85 4.80 4.88

B̄0→r0p0 0.86 0.065 0.02 0.88 0.91 0.95

B2→r0p2 4.06 7.66 0.25 4.43 11.1 10.7

R 5.1 4.7 1.9 1.9
9-9
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