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Understanding B\D* ÀNN̄ and its implications
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The CLEO Collaboration recently reported the observation of theB0→D* 2pn̄ mode at a rate of only a
factor of 4–5 lower thanB0→D* 2r1 andD* 2p1. We try to understand this with a factorization approach of
current produced nucleon pairs. The baryon weak vector current form factors are related by isospin rotation to

nucleon electromagnetic form factors. By usingGM
p,n measured frome1e2→N̄N and pp̄→e1e2 processes,

assuming factorization of theB0→D* 2 transition andpn̄ pair production, we are able to account for up to
60% of the observed rate. The remainder is argued to arise from the axial vector current. The model is then

applied toB decays to other mesons pluspn̄ modes andD* 2 plus strange baryon pairs.

DOI: 10.1103/PhysRevD.65.034003 PACS number~s!: 13.25.Hw, 13.40.Gp, 14.20.Dh
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I. INTRODUCTION

Following a suggestion by Dunietz@1# that B→DNN̄X
decays could be sizable, the CLEO Collaboration has
cently reported the first observation of such modes@2#:

BR~B0→D* 2pn̄!5~14.523.0
13.462.7!31024, ~1!

BR~B0→D* 2pp̄p1!5~6.521.2
11.361.0!31024. ~2!

Although the decay final states are three or four body, t
are only a few times below the corresponding two-body m
sonic modes@3# such as

BR~B0→D* 2r1!5~6.863.4!31023, ~3!

BR~B0→D* 2p1!5~2.7660.21!31023. ~4!

SinceD* 2 creation carries away much energy, the obser
large rate ofB0→D* 2pn̄ supports the suggestion that e
hanced baryon production is favored by reduced energy
lease on the baryon side@4#. Thus, given the large rate o
B→h81Xs decay whereph8.2 GeV @5#, the B→h8L p̄
decay may be sizable@4# compared to charmless two-bod
baryonic modes. A similar argument holds forB→gL p̄ as
implied by B→g1Xs . Since theL→pp decay automati-
cally provides spin information, the observation of su
charmless three-~or more-! body baryonic modes involving
L baryons allows for a search program for a triple-prod
type of CP and T violating effects. With this in mind, a
better understanding of theB0→D* 2pn̄ decay is not only
worthwhile in its own right; it can also serve as an importa
first step towards a more ambitious project on charml
baryonic modes.

In order to account for the proximity of rates shown
Eqs. ~1! and ~3!, B0→D* 2pn̄ was seen through a simpl
pole model@4# as occurring in two steps of an underlyin
b̄→ c̄ud̄ transition, i.e.,B→D* 2h followed by h→NN̄,
whereh stands for the off-shellp1 andr1 mesons, as illus-
trated in Fig. 1~a!. Taking this as a Feynman diagram, t
decay amplitude ofB0→D* 2pn̄ can be written as
0556-2821/2002/65~3!/034003~12!/$20.00 65 0340
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iMr5S 2 i
GF

A2
VudVcb* a1D ^D* 2uVm2AmuB0&

3 f rmri S 2gml1qmql/mr
2

q22mr
2 D iA2ū~pp!

3Fg1
rNN̄gl1

i g2
rNN̄

2mN
slj qjGv~pn̄!, ~5!

where theB0→D* 2 transition matrix element is

^D* 2uVm2AmuB0&

5F2emnabpB
apD*

b 2V~q2!

mB1mD*
2 i S gmn2

qmqn

q2 D
3~mB1mD* !A1~q2!

1 i S ~pB1pD* !m2
mB

22mD*
2

q2
qmD

3
A2~q2!

mB1mD*
qn2 i 2mD*

qmqn

q2
A0~q2!GeD*

* n , ~6!

q5pB2pD* 5pp1pn̄ is the momentum transfer~so t5q2 is
nothing but thepn̄ pair mass!, eD* is the polarization of the

D* 2 meson, andg1
rNN̄ andg2

rNN̄ are, respectively, the vecto
~Dirac! and tensor~Pauli! coupling constants of ther meson
to the nucleons.

In Eq. ~5!, factorization of the first vertex is justified to
some extent and is expressed through the effective co

FIG. 1. ~a! The simple pole model and~b! the factorized current

model for describingB0→D* 2pn̄.
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cient a1. For example, in ‘‘naive factorization,’’a15c1

1c2 /Nc , whereNc is the number of quark colors andc1,2

are Wilson coefficients, but in general the effective coe
cient a1 can be extracted from experimental data onB0

→D* 2r1 decay. The problem of the pole model pictu
involves a singler dominance and theq2 dependence of the

strong interactionr NN̄ vertex. That is, there is no reaso

why the ud̄ weak current only generates ar meson, which
then propagates and generates the baryon pair, as seen
the second and third lines of Eq.~5!. Quantitative results
based on this model are highly unreliable, which is furth
aggravated by our ignorance of timelike meson-nucleon c
plings. Since our knowledge of the couplingg1

rNN are based
on low Q2 ([2q2) spacelike processes, they cannot be
pected to give reliable quantitative results for timelike p
cesses at higher energies.

In this paper we turn to a different approach by propos
a generalized factorization of current-producedpn̄ pairs. The
three-body decay is seen as generated by two factor
weak currents~linked by a W boson!, where one curren
convertsB0 into D* 2 and the other creates thepn̄ pair, as
shown in Fig. 1~b!. In this way, having factorized theB0

→D* 2 transition, we concentrate on the weak current p
duction of baryon pairs.

It is well known that the vector portion of the weak cu
rent and the isovector component of the electromagn
~EM! current form an isotriplet. Thus, information on th
nucleon EM form factors, for which many data exist in bo
the spacelike region@6# ~e.g., ep→ep), and, of particular
interest to us, the timelike region@7–10# ~e.g.,e1e2→NN̄

and pp̄→e1e2), can be transferred to the nucleon we
form factors by a simple isospin rotation. The total dec
amplitude that comes from the vector portion of the we
current can be written down unambiguously and the port
of the branching fraction that comes solely from the we
vector current can be readily obtained once the form fac
are given. We find that the vector current can account
50%–60% of the observed rate of Eq.~1!. Since this analysis
involves just the factorization hypothesis but is otherw
based on data, it is rather robust.

Although the axial vector and vector current contributio
interfere in the decay amplitude, the interference vanis
when one sums over spin and integrates over phase sp
The total rate is therefore a simple sum of the contributio
from the vector and axial vector portions of the we
nucleon form factor. Like the vector case, we could in pr
ciple obtain the axial vector contribution if the nucleon for
factors of the axial current were known. Unfortunately, t
timelike data are still lacking, hence the contribution fro
this part remains undetermined. In spite of this, a rough
timate can still be given, which seems to be the right amo
We point out, however, that information on the timelik
nucleonaxial form factor could in fact be obtained in th
future via theB0→D* 2pn̄ decay data. One just has to sep
rate the axial vector contribution from the vector part.

This paper is organized as follows. In the next section
lay out the factorization assumption that allows us to rel
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the vector current contribution to the nucleon EM form fa
tors, where one enjoys abundance of experimental data.
are then able to compute the vector current contribution
B0→D* 2pn̄. The axial vector contribution is also est
mated. In Sec. III, to illustrate the power of our data-bas
approach, we briefly introduce an improved pole model
proach and stress the need for improved measuremen
neutron EM form factors. Finally, we apply our analysis
B1→D̄ (* )0pn̄ and B0→D2pn̄ and other baryonic mode
containing strangeness, and conclude in the last section

II. FACTORIZATION APPROACH AND NUCLEON FORM
FACTOR DATA

As illustrated in Fig. 1~b!, we generalize factorization
from two-body to three-body decay processes,

^D* 2pn̄uHeffuB0&5
GF

A2
VudVcb* a1^D* 2uVm2AmuB0&

3^pn̄uVm2Amu 0&. ~7!

The first matrix element is as before, but for the second,
nucleon pair is viewed as directly created by the current. T
vector part can be expressed as

^pn̄uVmu0&5ū~pp!H F1
W~ t !gm1 i

F2
W~ t !

2mN
smnqnJ v~pn̄!,

~8!

wheremN is the nucleon mass,t[(pp1pn̄)25q2, andF1,2
W

are the weak nucleon form factors. Likewise, the weak ax
vector currentAm[Am

1 1 iAm
2 matrix element is

^pn̄uAmu0&5ū~pp!H gA~ t !gm1
hA~ t !

2 mN
qmJ g5v~pn̄!, ~9!

wheregA(t) is the axial form factor, andhA(t) is referred to
as the induced pseudoscalar form factor. Expressions for
spacelike processes are similar. The weak nucleon form
tor F1

W(t) and the axial form factorgA(t) are normalized at
t50 @3#

F1
W~0!51, gA~0![gA51.267060.0035. ~10!

A. Isospin relation and nucleon form factors

It is well known that the photon fieldAm containsWm
3 ,

which forms a weak isotriplet withWm
1,2. Therefore the cur-

rents they couple to also form an isotriplet, and are related
an isospin transformation. For the nucleon system, the str
isospin symmetry coincides with the weak isospin symme
of the weak and EM currents. The weak vector form fact
are therefore related to isovector EM form factors.

The matrix element̂N(p8)N̄(p)uJ m
EMu0& for the EM cur-

rent can be expressed as
3-2
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^N~p8!N̄~p!uJ m
EMu0&

5ū~p8!H F1~ t !gm1 i
F2~ t !

2mN
smnqnJ v~p!. ~11!

Similar expressions can be obtained for spacelike proces
The quantitiesF1(t) and F2(t), are respectively, the Dira
and Pauli form factors, normalized att50 as

F1
p~0!51, F1

n~0!50, F2
p~0!5kp , F2

n~0!5kn ,
~12!

with kp (n) the proton~neutron! anomalous magnetic momen
in nuclear magneton units. The experimental data are usu
given in terms of the Sachs form factors, which are relate
F1 andF2 through

GE
p,n~ t !5F1

p,n~ t !1
t

4mN
2

F2
p,n~ t !,

~13!

GM
p,n~ t !5F1

p,n~ t !1F2
p,n~ t !.

One clearly hasGM5GE at thresholdt54mN
2 , while at t

50 we have

GE
p~0!51, GE

n~0!50, GM
p ~0!511kp , GM

n ~0!5kn .
~14!

The isospin decomposition of the EM current is given
the following definitions:

Fi
s,v5

1

2
~Fi

p6Fi
n!, i 51,2 ~15!

whereFi
s andFi

v are the isoscalar and isovector decompo
tions of the form factors, respectively. The fact that the
ovector component of the EM current, together with the v
tor portion of the charged weak currents, form an isotriple
manifested by

2 Fi
v~ t !5Fi

W~ t !, i 51,2 ~16!

the factor of 2 coming from the definition ofF1,2
(s,v)(t) in Eq.

~15!. For example, from Eqs.~10!, ~12!, and ~15! we have
2F1

v(0)5F1
W(0).

With Eq. ~16! and the Gordon decomposition, we can p
the three-bodyB0→D* 2pn̄ decay amplitude of Eq.~8! into
the following form:
03400
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iMV52 i
GF

A2
VudVcb* a1 eD*

* n F2emnabpB
apD*

b 2V~q2!

mB1mD*

2 igmn~mB1mD* !A1~q2!

1 i ~pB1pD* !mqn

A2~q2!

mB1mD*
G

3ū~pp!F2~F1
v1F2

v!gm1
F2

v

mN
~pn̄2pp!mGv~pn̄!,

~17!

whereV indicates that the nucleon pair is generated by
vector current. The terms proportional toqm in Eq. ~6! vanish
in the limit of equal proton and neutron mass. For comple
ness, the amplitude for nucleons generated by the axial
tor vector current is given by

iMA52 i
GF

A2
VudVcb* a1^D* 2uVm2AmuB0&

3ū~pp!FgA~ t !gmg51
hA~ t !

2 mN
qmg5Gv~pn̄!, ~18!

where^D* 2uVm2AmuB0& is given in Eq.~6!.
The two amplitudesMA andMV interfere, since

( 2 Re~MAMV* !532GF
2 uVudu2uVcbu2a1

2

3gA~ t !V~ t !A1~ t !@GM
p ~ t !2GM

n ~ t !#

3@~pB•pp!~pD* •pn̄!

2~pD* •pp!~pB•pn̄!# ~19!

is in general nonvanishing. The summation is perform
over the nucleon spins andD* 2 polarization. The three-body
phase space is described by the two independent varia
mpn̄

2
[t5(pp1pn̄)2 and mD* n̄

2
[(pD* 1pn̄)2. The interfer-

ence term is antisymmetric with respect to exchange ofpp
andpn̄ . For a givent, as we integrate over the kinematical
allowedmD* n̄

2 , each value of(2 Re(MAMV* ) from a given
pair of pp , pn̄ would be canceled by those from the e
changed pair. The interference term thus contributes noth
to the total three-body decay rateG, and the final result is a
simple sum of the contribution fromMV andMA separately.

It is interesting to note that, although the effect
(2 Re(MAMV* ) does not appear in the decay rate, we c
nevertheless construct an asymmetry ratio that is measur
based on the antisymmetric nature of this quantity, to extr
the timelike information ofgA(t) from B0→D* 2pn̄ data.
The information ofV(t), A1(t), andGM

p,n(t) in Eq. ~19! can
be found by other means, and the overall factorsa1 and
uVudu, uVcbu would cancel in the asymmetry ratio.
3-3
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B. Form factor data and perturbative QCD

Many data have been accumulated for the nucleon
form factors, which turns the vector portion of the dec
amplitudeiMV expressed in Eq.~17! into something that we
can handle. The branching fraction can be readily obtai
once the nucleon EM form factors are given, due to the i
spin relation of weak vector and EM currents. It is importa
however, to make sure that the form factors satisfy the c
straint from perturbative QCD~PQCD!.

The so-called quark counting rules@11# give the leading
power in the large-utu fall off of the form factor F1(t) by
counting the number of gluon exchanges that are neces
to distribute the large photon momentum to all constituen
Since helicity flip leads to an extra 1/t factor in F2(t), one
finds, in the limitutu→`,

Fi~ t !→~ utu!2( i 11)F lnS utu

Q0
2D G2g

, g521
4

3b
, i 51,2

~20!

where b is the b function of QCD to one loop, andQ0
.LQCD50.3 GeV. We note thatg depends weakly on the
number of flavors; for three flavorsg52.148.

The asymptotic form given in Eq.~20! has been con-
firmed by many experimental measurements ofGM5F1
1F2 over a wide range of momentum transfers in the spa
like region. The asymptotic behavior forGM

p also seems to
hold in the timelike region, as reported by the Fermilab E7
experiment@9# for 8.9 GeV2,t,13 GeV2. Another Fermi-
lab experiment, E835, has recently reportedGM

p for momen-
tum transfer up to;14.4 GeV2 and gives the empirical fi
@7#:

uGM
p u5

C

t2@ ln~ t/Q0
2!#2

, ~21!

which agrees well with the asymptotic form in Eq.~20!.
By exploiting the relation in Eq.~13!, the combination

2(F1
v1F2

v) in Eq. ~17! can be replaced byGM
p 2GM

n , which
is composed of measurable quantities. A similar replacem
can also be made forF2, which is a combination ofGM

p

2GE
p and GM

n 2GE
n . Most timelike data for the magneti

form factors, however, are extracted by assuming eit
uGEu5uGMu or uGEu50 in the region of momentum transfe
explored. SinceGM2GE5(12t/4mN

2 )F2 clearly vanishes a
threshold, the absence of clear deviation from this assu
tion in extracting data implies that the contribution ofF2 is
negligible even fort far beyond the threshold, which is con
sistent with the prediction from QCD. In fact, by assumi
uGEu5uGMu in extractingGM from data, the information on
F2 is lost. In our calculation we concentrate on the part
Eq. ~17! that containsF1

v1F2
v . The contribution fromF2

v can
be determined only whenGM andGE can be separated from
data with better angular resolution.

We takeuGMu in the following form to make aphenom-
enological fitof the experimental data@7–10#:
03400
d
-
,
n-

ary
s.

e-

0

nt

r

p-

f

uGM
p ~ t !u5S x1

t2
1

x2

t3
1

x3

t4
1

x4

t5
1

x5

t6 D F lnS t

Q0
2D G2g

,

~22!

uGM
n ~ t !u5S y1

t2
1

y2

t3 D F lnS t

Q0
2D G2g

, ~23!

where the leading power and logarithmic factor are from E
~20!, and the fewer parameters forGM

n reflects the scarce
amount of neutron data. We find the best fit values

x15420.96 GeV4, x452433916.61 GeV10,

x25210485.50 GeV6, x55613780.15 GeV12,

x35106390.97 GeV8, ~24!

and

y15236.69 GeV4, y252579.51 GeV6, ~25!

where thex2 per degree of freedom of the fits are 1.47 a
0.41 for uGM

p u and uGM
n u, respectively. We show in Figs. 2

and 3 the fitted data together with the best fit curves given
Eqs.~22! and ~23! with the parameters above.

It was pointed out in Ref.@8# that the data support
uGE

n u50 as well. We therefore perform the fit for the neutro
magnetic form factor to the data that is extracted under
assumption ofuGE

n u50. Since the number of data points
small, a two-parameter fit as in Eq.~23! would still suffice.
The best fit values are

y15292.62 GeV4, y252735.73 GeV6, ~26!

giving a x2 per degree of freedom of 0.39, which is a litt
smaller than the previous fit, and the fit is plotted as
long-dashed line in Fig. 3. To the eye, the data might sligh
conform to the second fit, especially thet56 GeV2 data
point. However, it should be clear that more data are nee
to distinguish between these two cases.

We note that there is a sign difference betweenGM
p and

GM
n in the spacelike region, since from Eq.~14! GM

p (0)51

FIG. 2. Timelike proton magnetic form factor data, fitted~solid
curve! by Eq.~22! with the parameters given in Eq.~24!. The other
~dashed! curve is discussed in Sec. III.
3-4
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UNDERSTANDING B→D* 2NN̄ AND ITS IMPLICATIONS PHYSICAL REVIEW D 65 034003
1kp.0 andGM
n (0)5kn,0. Analyticity implies continuity

at infinity between spacelike and timeliket @12# regions.
Hence timelike magnetic form factors are expected to beh
like spacelike magnetic form factors, i.e., real and posit
for the proton, but negative for the neutron.

For larget, QCD predicts the magnetic form factors to b
real @11#, with the neutron form factor weaker than the pr
ton case@13#. According to QCD sum rules@14#, asymptoti-
cally one expectsGM

n /GM
p ;Qd /Qu520.5. We can readily

check our fits against these: forGM fitted to data extracted
by assuminguGEu5uGMu for both neutron and proton mag
netic form factors, we have GM

n /GM
p 52y1 /x1

52236.69/420.96520.56;20.5. ForGM fitted to the pro-
ton data extracted with the assumptionuGEu5uGMu but the
neutron data extracted assuminguGEu50, we haveGM

n /GM
p

52y1 /x152292.62/420.96520.70, slightly larger than
20.5. Nucleon form factors have also been analyzed fr
negative to positivet with dispersion relations. The phase
the proton magnetic form factor turns out to be;2p; hence
the proton magnetic form factor is real and positive as
pected asymptotically, but already fromt>4 GeV2 @15,16#
onwards.

C. Results for B0\D* Àpn̄

Before using data and the nucleon form factor relations
compute the decay rate, we need to specify the value ofa1 to
be used. Since Eq.~17! depends on the product ofa1 and
B→D* form factors@17#, we take a phenomenological ap
proach and use the value ofa1 extracted from the two-body
mode B→D* 2r1, i.e., a1

BSW50.8660.2160.07 anda1
LF

50.7460.1860.06 for Bauer-Stech-Wirbel~BSW! @18,19#
and light-front~LF! form factor models@20#. The Cabibbo-
Kobayashi-Maskawa~CKM! matrix elementsVud and Vcb
are taken to be 0.9757 and 0.039 respectively.

For both proton and neutron data extracted by assum
uGEu5uGMu, the predicted branching ratios are

BRV
LF5~7.1420.65

10.69!31024S a1

0.74D
2

~27!

FIG. 3. Timelike neutron magnetic form factor, where the so
~long-dash! line is fitted by Eq.~23! with parameters given in Eq
~25! @Eq. ~26!#, for data extracted with theuGEu5uGMu
@ uGEu50# assumption. The third@dashed# curve is discussed in Sec
III.
03400
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for the light-front ~LF! model and

BRV
BSW5~8.7220.79

10.85!31024S a1

0.86D
2

~28!

for the BSW model. The subscriptV serves as a reminde
that this is the result from the vector portion of the we
current alone. The upper and lower errors correspond,
spectively, to the maximum and minimum of the branchi
fraction evaluated by scanning through bothx2<xmin

2 11 of
uGM

p u and uGM
n u fits.

For proton data extracted by assuminguGE
pu5uGM

p u but
neutron data assuminguGE

n u50, we have

BRV
LF5~8.9620.94

11.02!31024S a1

0.74D
2

, ~29!

BRV
BSW5~10.9421.15

11.25!31024S a1

0.86D
2

. ~30!

The larger values for this second set of branching fracti
can be understood qualitatively from Fig. 3, where the cu
fitted to data assuminguGEu50 is higher than the one fitted
assuminguGEu5uGMu. Since the neutron magnetic form fac
tor is negative in the timelike region, the quantityGM

p

2GM
n is larger if GM

n gets more negative, and the branchi
fraction becomes larger.

Comparing with the central value of the measur
BR(B0→D* 2pn̄)5(14.523.0

13.462.7)31024, our LF ~BSW!
model results contribute 50% (60%) for the first set a
62% (75%) for the second. If the naive factorization val
for a1 is used, the results are close to the experimental c
tral value, that is BRV

LF(BSW)512.51 (13.83)31024 for the
first set and 15.69 (17.36)31024 for the second set. We plo
in Fig. 4 the vector current induced differential decay ra
dGV(B0→D* 2pn̄)/dq2 for both the LF and the BSW mod
els. The lower two curves are from the approach of n

FIG. 4. The differential decay rate vst5mpn̄
2 of the vector-

current-inducedB0→D* 2pn̄ decay. The upper curves are from th
phenomenological fits to the nucleon form factor data assum
uGEu5uGMu, for the light-front ~solid curve! and BSW ~dashed
curve! B0→D* 2 form factor models. The lower curves are for th
vector meson dominance~VMD ! model discussed in the next se
tion.
3-5
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CHUN-KHIANG CHUA, WEI-SHU HOU, AND SHANG-YUU TSAI PHYSICAL REVIEW D65 034003
section. As seen also from Eqs.~27!–~30!, the LF form factor
model gives results that are smaller than the BSW mo
case. The;10% difference can be viewed as an estimate
the uncertainty fromB→D* form factor models.

From Fig. 4 we see that the differential rate peaks
;4.6 GeV2, corresponding tompn̄.2.14 GeV, which is
quite close to the threshold of 1.88 GeV. This threshold
hancement effect, consistent with what was suggested in
@4#, should be checked experimentally by measuring the
coil D* 2 momentum spectrum.

D. Estimate of axial vector current contribution

Although the timelike data for the form factors of th
axial vector current is still lacking, we can nevertheless m
a rough estimate of its contribution. In analogy with t
nucleon EM form factors that are constrained by t
asymptotic form of Eq.~20!, we expect that, for larget,
gA(t) behaves as 1/t2 and dominates overhA(t), which be-
haves like 1/t3. Taking a cue from the similarity betwee
Eqs.~17! and ~18!, we estimate the axial vector vector co
tribution by making a simple comparison and scaling fro
the vector case. Since we only have spacelike information
the gA(t) form factor, we estimategA(t th) at threshold by
assuming the same threshold enhancement factor as in
GM

p (t)2GM
n (t) case.

With this and Eqs.~17! and ~18! in mind, to estimate
the axial vector current contribution, we scale the dec
rate obtained from the vector case by the ra
gA

2(2t th)/@GM
p (2t th)2GM

n (2t th)#2 for spacelike mo-
menum. We use a dipole fitgA(t)5gA(0)/(12t/MA

2)2 with
the axial massMA51.07760.039 GeV @21#. For t5
24mN

2 , the ratio r (t)[gA(t)/@Gp(t)2GM
n (t)# gives r

(24mN
2 );0.59. Assuming this ratio holds also at the thres

old t54mN
2 , thenr 2(4mN

2 );0.35 could be taken as the rat
of the branching fraction from the weak axial vector curre
to that from the weak vector current, i.e., BRA /BRV
;r 2(4mN

2 ). For the results from fitting data assuminguGEu
5uGMu, the total rate BR5BRV1BRA would then be BRLF

;(110.35)3(7.1431024)59.6431024 and BRBSW

;11.7731024. On the other hand, for the results from fi
ting data assuminguGEu50, the total rate would be BRLF

;(110.35)3(8.9631024)512.1031024 and BRBSW

;14.7731024, quite compatible with the experimenta
value of (14.523.0

13.462.7)31024. Another value of t that
could be of interest ist50. Assuming that the ratior (0)
;0.27 holds at threshold, then fromr 2(0);0.07
;BRA /BRV , the total rate BR5BRV1BRA is dominated by
the vector current contribution.

To improve our result, we urge for more experimen
measurements ofGM

n (t), GE
p,n(t), andgA(t). In turn, if the

predictions~strength and spectrum! from our model based on
the vector part are confirmed by experiment, the meau
ments of B→D̄* pn̄ could provide useful feedback o
nucleon axial form factors.

III. INTERRELATION WITH NUCLEON FORM FACTOR
MODELS

The nucleon form factor is one of the oldest subjects
particle physics. It has provided us with a wealth of inform
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tion and insight and remains an active field to this date.
the preceding section, we made a simple phenomenolog
fit of nucleon EM form factor data, then used an isosp
relation and a factorization hypothesis to compute theB0

→D* 2pn̄ rate, with some success. Although we made u
of PQCD counting rules, we did not utilize tools such
analyticity. On the other hand, we mentioned the possibi
that theB0→D* 2pn̄ type of modes could eventually pro
vide useful information on the nucleon form factor itself.

To exploit the utility of analyticity and to illustrate future
interrelations betweenB0→D* 2pn̄ and nucleon form fac-
tors, we adopt a specific nucleon form factor model and d
cuss where it may be improved. The discussion would a
shed some light on form factor decompositions, as well
the possible approach toB→gpL̄ andh8pL̄ modes, which
we shall briefly touch upon later.

A. Dispersion analysis and VMD hypothesis

Among the various approaches to the nucleon EM fo
factors, of particular interest is the VMD hypothesis, whi
states that a photon couples to the hadrons via intermed
vector mesons such asr, v, andf. The simple pole mode
of Fig. 1~a! is a limited form of the VMD hypothesis. In Ref
@22#, a parametrization of the nucleon EM form factors bas
on dispersion analysis was proposed, which is constraine
several physical conditions, including PQCD power cou
ing. The starting point is the dispersion relation

F~ t !5
1

pEt0

` Im F~ t8!

t82t
dt8, ~31!

whereF(t) stands for the nucleon EM form factorsF1,2
v (t).

To gain predictive power, one truncates the spectral func
by a few vector meson poles, where, to mimic the effect
the larget continuum and to enforce PQCD counting rules
fictitious pole is introduced. Thus, the form factors take t
form

Fi
v~ t !5(

v

ai
v

M v
22t

, i 51,2 ~32!

where a1,2
v are related to the vector (i 51) and tensor (i

52) coupling constants of Eq.~5! via

A2ai
v5mv f v gi

vNN , ~33!

and f v is the vector meson decay constant. This clearly
tends the simpler meson exchange picture. Together wi
our factorization ansatz, theB0→D* 2pn̄ transition can be
pictured as in Fig. 5.

Following Ref. @22# we now consider the following pa
rametrization of the form factors:

Fi
v~ t !5F F̃ i

r~ t !1(
v

ai
vL21~M v

2!

M v
22t

GL~ t !, ~34!

where
3-6
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L~ t ![F lnS L22t

Q1
2 D G2g

, ~35!

F̃ i
r~ t !5

ai
rL21~Ma

2!1bi
rL21~Mb

2!~12t/ci
r!22/i

2~12t/di
r!

, ~36!

for i 51,2, wherea1
r51.0317,a2

r55.7824,b1
r50.0875,b2

r

50.3907, c1
r50.3176, c2

r50.1422, d1
r50.5496, d2

r

50.5362, andMa
250.5 GeV2, Mb

250.4 GeV2. Since the
form factors also receive constraints from perturbative Q
for large momentum transfer, a logarithmic factor, Eq.~35!,
is given for consistency. Apart from this, Eq.~34! contains
two terms: F̃ i

r(t) represents the 2p continuum plus ther
pole, the remainder a summation over additional isovec
vector meson poles.

The VMD model of Ref.@22# focused more on fitting the
spacelike nucleon form factors. It was found sufficient to u
three additional vector meson poles, two of which are cho
to be the physical particlesr(1450) andr(1700) and de-
noted asr9 andr-. In Ref. @16#, which extends the scenari
to include timelike data, the third pole is left adjustable
compensate for the neglect of higher mass continuum

FIG. 5. The VMD picture forB0→D* 2pn̄ decay. TheW boson
couples to the nucleon pair via vector mesons, which in our case
r and three excited states, including a fictitious pole to mimic
continuum effect.
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NN̄. The pole mass was determined to beM r8
51.4035 GeV, in association with fixingL2512 GeV2

andQ1
250.35 GeV2 in Eq. ~35!. The parameters in Eq.~36!

remain unaffected in both fits. Besides the fictitiousr8, one
special feature of the model is to utilize the freedom in
sufficient knowledge ofr9 and r- widths and couplings,
which are taken as fit parameters. Thus only ther(770) is
isolated from the summation so thatF̃ i

r(t) contains no pa-
rameters that need to be determined.

With ai
v taken as parameters, Eq.~20!, i.e., PQCD power

counting, can be achieved bychoosingthe residuesai
v of the

vector meson poles such that the leading coefficients in
1/t expansion cancel. This is what the use of a singler pole
can never achieve, since further excited states are neede
such cancellation. This also means that one only has an
fective model since the dynamical parameters forr(1450)
and r(1700) would likely not correspond to physical one
We summarize in Table I the relevant meson poles and
corresponding residues of the higher excited states given
Table 1 of Ref.@16# ~only the so-called ‘‘Fit 2’’ is needed!.

The parametrization agrees with experiment quite well
to t;6 GeV2, beyond which it overruns data because of t
choice of lowL in the logarithmic factorL(t). This is in
contrast with the empirical fit of Eq.~21!. It arises in part
because the VMD model focuses more on the spacelike
gion where one has more data, but is of less concern to u
order to conform to experiment for larger timelike mome
tum transfer, however, a modification of theL(t) factor is
needed. The empirical fit of Eq.~21! suggests a convenien
modification

re
e

TABLE I. The relevant poles (M v in GeV! and the correspond
ing residues that enter the summation in Eq.~34!.

M r851.4035 M r951.45 M r-51.69

a1
r8 a2

r8 a1
r9 a2

r9 a1
r- a2

r-

29.913 24.731 13.01 0.263 23.497 2.947
L~ t !55
F lnS L22t

Q1
2 D G2g

for t<
L2

2
2D,

2
1

2D
L8S L2

2
2D D S t2

L2

2 D 2

1H~D! for Ut2 L2

2 U,D,

F lnS t

Q1
2D G2g

for t>
L2

2
1D.
tic

e-
where we match a parabola between the intervalL2/22D
,t,L2/21D by tuning the constantH(D). Note that
2L8(L2/22D)5L8(L2/21D) and L(L2/22D)5L(L2/2
1D), or L(t) is symmetric with respect tot5L2/2. To
smooth out the artificial rise that occurs beyondt
;6 GeV25L2/2 for the original fit, we chooseD
50.5 GeV2 andH(D);0.10279.

Figure 6 shows the resulting VMD-based proton magne
form factor for both spacelike and timeliket, with the modi-
fied logarithmic factor in the time-like region, where the r
3-7
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sult is plotted in more detail in Fig. 2. We see that the tre
of the proton data can be described by this model. In c
trast, from Fig. 3, where the extension of the VMD result
the neutron case is given, there is a significant deviation fr
GM

n data, signaling the incapability of the three-plus-one p
fit to describe the neutron data consistently. This fact w
admitted in Ref.@16#.

One useful aspect of a dispersion approach is that an
ticity can help determine the signs of the timelike form fa
tors from the spacelike region. Unlike Eqs.~22! and ~23!
where the signs are put in by hand, it is more natural in
dispersion analysis since all the timelike information can
principle, be obtained via the dispersion relation in Eq.~31!,
where the spectral function ImF(t) is analytically continued
from the spacelike region. One can readily check this
finding out the value of the magnetic form factors from t
VMD analysis at threshold:GM

p (4mN
2 )>10.39 while

GM
n (4mN

2 )>20.22. From both Figs. 2 and 3, since neith
GM

p nor GM
n seem to cross thet axis, GM

p remains positive
while GM

n remains negative throughout the timelike regio
VMD analysis thus givesGM

p andGM
n with a relative sign.

B. B0\D* Àpn̄ in the VMD approach

We calculate the branching fraction ofB0→D* 2pn̄
through the vector portion of the charged weak current in
VMD model, again taking a1 as extracted fromB0

→D* 2r1. The results forB0→D* 2pn̄ are

BRV
LF5~1.6931024!S a1

0.74D
2

, ~37!

BRV
BSW5~2.0631024!S a1

0.86D
2

, ~38!

which are, respectively, about 12% and 14% of the exp
mental value of (14.523.0

13.462.7)31024. Varying pole masses
slightly does not drastically modify the result. The differe
tial decay rate is plotted in Fig. 4, where one sees tha
peaks not far above thepn̄ threshold oft;3.53 GeV2. The

FIG. 6. The VMD-based proton magnetic form factor with t
modified logarithmic factor. The unphysical region is marked
two vertical lines. The dashed line in the timelike region represe
a fit with C553 in Eq.~21!.
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contribution from the region of 3.53,t,6 GeV2 is more
than 80% of the total rate for both LF and BSW models. H
we used Eq.~35!, because of the artificial rise in this origina
logarithmic factor, the contribution fromt.6 GeV2 (mpn̄
.2.45 GeV) would be;2.5 times higher. The contribution
from t,6 GeV2, however, is unchanged.

It is clear that the branching fractions obtained in t
VMD approach of Ref.@16# are typically 5 times smaller
than our phenomenological model discussed in the prev
section. This can be simply traced to the inadequacy in
counting for neutron data by the VMD model, as seen
comparing Figs. 2 and 3. While giving a reasonable fit in
proton case, the absolute value of its neutron form facto
simply below all data points. The VMD model was tune
more on the proton where data is much more abundant. S
the proton and neutron magnetic form factors are opposit
sign, if the VMD approach is improved to give better a
count of uGM

n u data, the combinationGM
P 2GM

n would in-
crease.

IV. DISCUSSION AND APPLICATIONS

A. Nucleon form factor decompositions

We plot various form factor combinations in Fig. 7. Th
long dashed line showsGM

p 2GM
n 52(F1

v1F2
v) from our

phenomenological fit, which assumesGM
p andGM

n have op-
posite sign. As discussed in the previous section, becaus
VMD model gives much lower value foruGM

n u, GM
p 2GM

n in
the VMD model @denoted as dotted line and labeled
2(F1

v1F2
v)# stays below the phenomenological model. Ho

ever, had we chosen the proton and neutron form factor
be of the same sign,GM

p 2GM
n for our phenomenological fit

would be very close to the solid line which is thet axis, and
would give a rate that is two orders of magnitude too sm

Besides helping to fix the sign ofGM
n by analyticity, an-

other utility of discussing the VMD approach is that it ca
give some insight to theF2 nucleon form factor. Because o
lack of experimental information, we have dropped theF2

ts

FIG. 7. GM
p 2GM

n ~long-dashed curve! from our fit to nucleon
form factor data compared with 2F1

v12F2
v (5GM

p 2GM
n , dotted

curve! from the VMD analysis, for the kinematically allowed regio

of t in B0→D* 2pn̄. Also shown are 2F1
v ~short-dashed curve! and

2F2
v ~dot-dashed curve! from the VMD model.
3-8
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contribution in our phenomenological approach, and we n
to check the validity of this. The weak vector current induc
decay amplitude, upon squaring, can be expressed as

uM Vu25uMF11F2
u21uMF2

u212Re~MF11F2
MF2

* !,

~39!

whereMF11F2 ,F2
denoteF1

v1F2
v , F2

v terms in Eq.~17!. De-

composing BRV5BF11F2
1BF2

1B(F11F2)F2
where the last

term is the interference term, we define the relative fracti
such asR(F11F2)[B(F11F2) /BRV from (F1

v1F2
v) alone. We

find R(F11F2) ,RF2
,R(F11F2)•F2

5130%, 24%,254%

~Table II! in the VMD model, for both LF and BSWB0

→D* form factor models. Note that the 2(F1
v1F2

v)5GM
p

2GM
n term gives the dominant contribution, which suppo

the approximation used in Sec. II. TheF2
v contribution is

much smaller even thoughuF2
v(t)u is greater thanuF1

v1F2
vu

for t,5 GeV2, as shown by the dot-dashed curve in Fig.
The interference term contributes;40% of theF1

v1F2
v con-

tribution. The destructive nature is due to the relative s
betweenF1

v1F2
v andF2

v , which reduces the combined effe
of the last two terms in Eq.~39!.

It is instructive to compare with Eq.~8!, where one de-
composes intoF1 andF2 directly. As shown in Table II, the
individual terms from this decomposition are an order
magnitude larger, and only after strong cancellations d
one arrive at BRV . It is therefore not a very useful decom
position. We see from Fig. 7 that the magnitudes ofF1

v and
F2

v are all greater than their sum, henceF1
v1F2

v together with

TABLE III. Branching fractions of theB→D̄ (* )pn̄ modes from
the vector current, obtained by using the phenomenological f
factors with uGM

p u5uGE
pu and uGM

n u5uGE
n u (uGE

n u50) for the first
~second! set.

BRV3104 BRV3104

uGM
n u5uGE

n u uGE
n u50

LF BSW LF BSW

B0→D* 2pn̄ 7.1420.65
10.69 8.7220.79

10.85 8.9620.94
11.02 10.9421.15

11.25

B1→D̄* 0pn̄ 7.6420.69
10.74 9.3320.85

10.90 9.5921.01
11.10 11.7121.23

11.33

B1→D̄0pn̄ 3.9220.35
10.39 3.2120.28

10.32 4.8920.51
10.58 4.0020.42

10.47

B0→D2pn̄ 3.6620.32
10.36 2.9920.26

10.30 4.5620.48
10.54 3.7320.39

10.44

TABLE II. Comparison of nucleon form factor decomposition
The fractionRX[BX /BRV are defined in text, whereX stands for
any combination ofF1 , F2, or their product.

R(F
1
v1F

2
v) R F

2
v R(F

1
v1F

2
v)•F

2
v

LF/BSW 1.3 0.24 20.54

R F
1
v RF

2
v R F

1
v
•F

2
v

LF/BSW 26.00 18.25 243.25
03400
d
d

s

.

n

f
s

F2
v is a better decomposition fort close to threshold, which is

what we used in our phenomenological study.

B. Prediction for B\D „* …pn̄ modes

Our phenomenological approach can be applied to
modes ofB1→D̄ (* )0pn̄ andB0→D2pn̄. We show in Table
III the results based on the vector current with theB0

→D*2pn̄ mode included for comparison. The differential d
cay rates for the other threeB→D (* )pn̄ decays are given in
Fig. 8. We have used the central values of the effective
efficients that are extracted from the two-body modes@23#

B̄0→D* 1r2, D1r2 with values a1
LF(BSW)50.7460.18

60.06 (0.8660.2160.07) and a1
LF(BSW)50.8960.08

60.07 (0.9160.0860.07), respectively. We note that th
D̄* modes in Table III are close in rate, and likewise forD̄
modes, which is easy to understand because of simple
placement of spectator quark in theB→D̄ (* ) transition.

Although only the contribution from the weak vector cu
rent can so far be calculated, we can estimate the value
these other baryonic modes by following the recipe of S
II. Inspection of Table III shows that the ratio of BRV(B1

→D̄* 0pn̄)/BRV(B0→D̄* 2pn̄) remains fixed regardless o
B→D̄* form factor models. Assuming similar behavior fo

m

FIG. 8. The differential decay rates arising from nucleon vec

current. Upper~lower! dashed line is forB0→D̄* 0pn̄ with the
BSW ~LF! hadronic form factors; upper~lower! dotted and solid

lines are for theB0→D̄0pn̄ and B0→D2pn̄ modes using the LF
~BSW! model.

TABLE IV. Branching fractions estimated by scaling BRV(B

→D (* )pn̄)/BRV(B0→D* 2pn̄) of Table III with respect to the

BR(B0→D* 2pn̄) experimental central value of 14.531024 @Eq.
~1!#.

BR3104 BR3104

uGM
n u5uGE

n u uGE
n u50

LF BSW LF BSW

B1→D̄* 0pn̄ 15.52 15.51 15.52 15.51

B1→D̄0pn̄ 7.97 5.34 7.92 5.30

B0→D2pn̄ 7.43 4.98 7.38 4.94
3-9
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axial contribution, we expect theB1→D̄* 0pn̄ branching
fraction to be scaled by the same factor and find the valu
;15.531024, which is only slightly larger than theB0

→D* 2pn̄ mode, as given in Table IV. The predicte
branching fractions forB1→D̄0pn̄ and B0→D2pn̄ from
the same ansatz are in general 2–3 times smaller. Since
is comparingB→D̄ versusB→D̄* , there is stronger mode
dependence on the transition form factor.

One can see from both Tables III and IV as well as Fig
that the LF results are generally larger than the BSW ones
B→D̄ modes, but the case is reversed for theB→D̄*
modes. This can be understood from the differences ina1
and hadronic form factors of the LF and BSW cases. For
B→D̄ modes, the only hadronic form factor involved
F1

BD , which behaves as a dipole and monopole in the LF
BSW models, respectively. This leads toF1

LF(t).F1
BSW(t) in

the physical timelike region whilea1
LF>a1

BSW>0.9, giving a

larger BRV
LF . In contrast, forB→D̄* modes, although the

dominant hadronic form factorA1
LF.A1

BSW in the physical
timelike region, it behaves as monopole for both LF a
BSW models; hence the difference betweenA1

LF andA1
BSW is

FIG. 9. F1
W1F2

W for the pn̄ ~dotted curve!, S0S̄2 ~solid curve!,

J0J̄2 ~dashed curve!, andS1L̄ ~dot-dashed curve! modes, respec-
tively. The vertical lines specify the thresholds for the baryo
pairs.

FIG. 10. Differential rates ofB0→D* 2S1L̄ ~dot-dashed

curve!, D* 2J0J̄2 ~dashed curve!, and D* 2S1S̄0 ~solid curve!
from the phenomenological model, with LF hadronic form facto
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not as large as the previous case. However,a1
LF;0.74

,a1
BSW;0.86; hence we have the opposite result that BS

rates are bigger.

C. Predictions for B0\D* À¿ strange baryons

Our phenomenological approach can be extended toB0

decay intoD* 2 plus baryon pairs containing strangene
Recall that in Sec. II we utilized SU~2! symmetry to obtain
the relationF1,2

W 5F1,2
p 2F1,2

n for the pn̄ mode. In the SU~3!
limit we can @24# extend this relation to modes containin
strange baryons. Starting from Eq.~8!, denotingF1,2

W (BsB̄s8)
as the weak form factor that appears in the matrix elem

^BsB̄s8uVm
1u0&, we find

F1,2
W ~S1,0S̄0,2!57A2S F1,2

p ~ t !1
1

2
F1,2

n ~ t ! D ,

F1,2
W ~J0J̄2!5F1,2

p ~ t !12 F1,2
n ~ t !, ~40!

F1,2
W ~S1L̄ !52A3

2
F1,2

n ~ t !.

These relations enable us to calculate the contributions f
the vector currents to the strange baryonic modes. We s
only give results from the phenomenological approach w
uGE

n u5uGM
n u.

The strange baryon modes all have rates smaller than
of thepn̄ mode due to the following reason. In Fig. 9 we pl
the form factor combinationF1

W1F2
W52(F1

v1F2
v) of Eq.

~17!. One can see that the largest value is at thepn̄ threshold,
while for the strange baryonic modes the correspond
threshold values are all smaller. Reading off from Fig. 9, it
clear that theS1L̄ mode would be the dominant strang
baryonic mode, with the twoSS̄ modes the smallest. This i
shown in Fig. 10 for the differential decay rates using L
mesonic form factors, and the total decay rates given in Ta
V. Note that the differential decay rate for theD* 2SS̄ mode
has a zero att;7.5 GeV2 becauseF1

W(SS̄)1F2
W(SS̄)

changes sign, as can be seen from Fig. 9..

TABLE V. Branching fractions forB0→D* 21 strange baryon
pairs from the vector current using the phenomenologicalGM form
factors of Sec. II assuminguGE

n u5uGM
n u.

BRV
LF3104 BRV

BSW3104

B0→D* 2pn̄ 7.19 8.78

B0→D* 2S1L̄ 1.09 1.38

B0→D* 2J0J̄2 0.52 0.66

B0→D* 2S1S̄0 0.01 0.02

B0→D* 2S0S̄2 0.01 0.02
3-10
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V. CONCLUSION

The main result of this paper is an attempt to account
CLEO’s result onB0→D* 2pn̄. In a factorization approach
the nucleon pair is viewed as produced directly from
weak current. We then use an isospin relation of weak
EM vector currents to obtain the vector weak nucleon fo
factors directly from their EM partners, where a relative
large database exists. It is interesting that we can accoun
;60% of the observed BR(B0→D* 2pn̄) rate in this way. A
VMD model that attempts at fitting nucleon form factor da
was discussed to clarify certain issues.

Interference of the weak vector current induced amplitu
with the amplitude induced by the weak axial current do
not manifest itself in the total rate. The latter is a simple s
of the absolute squares of both vector and axial vecto
rough estimate of axial vector contribution, together with t
dominant vector contribution, seems to fit the measured r
However, for a more reliable calculation, more measu
ments on timelike regionGE

p,n andgA are urged.

We apply our analysis toB1→D̄ (* )0pn̄ andB0→D2pn̄
modes to get the rates arising from the vector current.
find BR(B1→D̄* 0pn̄);BR(B0→D* 2pn̄) and BR(B1

→D̄0pn̄);BR(B0→D2pn̄), with the latter modes having
smaller rates slightly below the 1023 level. Our analysis is
also applied to baryonic modes that contain strangeness.
estimated branching fractions are generally lower than
pn̄ mode due to smaller couplings and higher thresholds.
largest modes,B0→D* 2S1L̄, is predicted at the 131024

level.
For the analogous picture ofB→h8L̄p, gL̄p as descend-

ing from B→h8K andK* g via K (* ) exchange, the baryon
pairs are not produced by theW boson, and it seems that th
approach used here cannot be readily applied. Howe
03400
r
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d
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e
s

A
e
e.
-

e

he
e
e

r,

some experience obtained may still be valuable. For
ample, in the VMD approach toB→D̄* pn̄, more than one
pole and cancellations among them are required to reprod
the QCD predicted asymptotic behavior. For the charml
cases, the baryon pairs are no longer produced by
charged current. Instead, theK (* ) resonances that correspon
to r8 ,9 ,- in the VMD approach appear more as string ex
tations. They need not obey the same QCD power counti
and perhaps may result in larger rates.

Finally, it is of great interest to estimate the rate of t
charmless baryonic modeB0→r2pn̄ by replacingD* 2 in
the Feynman diagram depicted in Fig. 1~b! with r2. Since
this is a tree-dominant mode, extending from the study p
sented in this paper, BR(B0→r2pn̄) could be as large as
that of the two-body modeB0→r2r1, analogous to the
relative strength of BR(B0→D* 2pn̄) vs BR(B0

→D* 2r1). Estimating via BR(B0→r2pn̄);BR(B0

→r2r1)3BR(B0→D* 2pn̄)/BR(B0→D* 2r1). From
BR(B0→r2r1);(20–40)31026 @17,25# we get BR(B0

→r2pn̄);(0.4–0.8)31025. Alternatively, we can scale
from B→D̄* pn̄ by uVub /Vcdu2 and phase space, decay co
stant, etc., and again findB→r2pn̄ at 1025 order. Charm-
less decays are of great current interest. A more deta
discussion ofB→rpn̄ modes is given elsewhere@26#.
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