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The recent measurements of the color-suppressed modesB̄0→D (* )0p0 imply nonvanishing relative final-

state interaction~FSI! phases among variousB̄→Dp decay amplitudes. Depending on whether or not FSIs are
implemented in the topological quark-diagram amplitudes, two solutions for the parametersa1 and a2 are
extracted from data using various form-factor models. It is found thatua2(Dp)u;0.3520.60 and
ua2(D* p)u;0.2520.50 with a relative phase of order 60° betweena1 and a2. If FSIs are not included in
quark-diagram amplitudes from the outset,a2

eff/a1
eff anda2

eff will become smaller. The large value ofua2(Dp)u
compared toua2

eff(Dp)u or naive expectation implies the importance of long-distance FSI contributions to
color-suppressed internalW emission via final-state rescatterings of the color-allowed tree amplitude.

DOI: 10.1103/PhysRevD.65.094012 PACS number~s!: 13.25.2k, 13.25.Hw
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I. INTRODUCTION

For some timeB→J/cK andB→J/cK* have remained
the only color-suppressedB meson two-body decay mode
that have been measured experimentally. Recently, the l
awaited color-suppressed decay modesB̄0→D (* )0p0 were
finally measured by both Belle@1# and CLEO@2# with the
D0p0 branching ratio larger than the upper limit previous
reported@3#. The channelsB̄0→D (* )0h and B̄0→D (* )0v
were also observed by Belle@1#. We shall see below that th
theoretical predictions based on the factorization approac
general are too small to account for the observed decay r
of color-suppressed modesD (* )0X0 with X5p,h,v. This
has important implications for final-state interactions~FSIs!.

Under the factorization hypothesis, the nonleptonic de
amplitudes are approximated by the factorized hadronic
trix elements multiplied by some universal, proces
independent effective coefficientsai . Based on the factoriza
tion assumption, one can catalog the decay processes
three classes. For class-I decays, the decay amplitudes, d
nated by the color-allowed externalW emission, are propor
tional to a1^O1& fact, whereO1 is a charged current–charge
current 4-quark operator. For class-II decays, the decay
plitudes, governed by the color-suppressed internalW emis-
sion, are described bya2^O2& fact with O2 being a neutral
current–neutral current 4-quark operator. The decay am
tudes of the class-III decays involve a linear combination
a1^O1& fact and a2^O2& fact. If factorization works, the effec-
tive coefficientsai in nonleptonicB or D decays should be
channel-by-channel independent.

What is the relation between the coefficientsai and the
Wilson coefficients in the effective Hamiltonian approac
Under the naive factorization hypothesis, one has

a1~m!5c1~m!1
1

Nc
c2~m!,

a2~m!5c2~m!1
1

Nc
c1~m!, ~1!
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for decay amplitudes induced by current-current opera
O1,2(m), wherec1,2(m) are the corresponding Wilson coeffi
cients andNc is the number of colors. In the absence of QC
corrections,c151 andc250, and hence class-II modes go
erned bya251/Nc are obviously ‘‘color suppressed.’’ How
ever, this naive factorization approach encounters two p
cipal difficulties: ~i! the coefficientsai given by Eq.~1! are
renormalization scale andg5-scheme dependent, and~ii ! it
fails to describe the color-suppressed class-II decay mo
For example, the ratioR5G(D0→K̄0p0)/G(D0→K2p1)
is predicted to be only of order 331024 due to the smallness
of a2 in the naive factorization approach, while experime
tally it is measured to be 0.5560.06@4#. It is known that the
decayD0→K̄0p0 is enhanced by two mechanisms. First,a2
receives a large nonfactorizable correction. Second, the w
decay D0→K2p1 followed by the inelastic rescatterin
K2p1→K̄0p0 can raiseB(D0→K̄0p0) dramatically by
lowering B(D0→K2p1).

Beyond naive factorization the parametersa1,2 have the
general expression

a1,25c2,1~m!1
c1,2~m!

Nc

1nonfactorizable corrections, ~2!

where nonfactorizable corrections include vertex correctio
hard spectator interactions involving the spectator quark
the heavy meson, and FSI effects from inelastic rescatter
resonance effects, . . . , etc. In the generalized factorizatio
approach of@5,6#, one includes the vertex corrections whic
will compensate the renormalization scale andg5-scheme
dependence of the Wilson coefficients to render thea1,2 scale
and scheme independent. Contrary to the naive one, the
proved generalized factorization scheme assumes that
factorizable effects are incorporated in a process-indepen
form. Since not all nonfactorizable effects are calculable
perturbative QCD, one will treata1 and a2 as free param-
eters in the generalized factorization approach and ext
them from experiment. The phenomenological analysis
©2002 The American Physical Society12-1
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two-body decay data ofD and B mesons will tell us if the
generalized factorization hypothesis works reasonably w
by studying the variation of the parametersa1,2 from channel
to channel.

The experimental measurement ofB→J/cK leads to
ua2(J/cK)u50.2660.02 @7#. This seems to be also sup
ported by the study ofB→Dp decays: Assuming no relativ
phase betweena1 anda2, the resulta2;O(0.2020.30) @7,8#
is inferred from the data ofB̄0→D (* )1p2 and B2

→D (* )0p2. However, as we shall show below, the abo
value of a2 leads to too small decay rates forB̄0

→D (* )0p0 when compared to recent measurements. In or
to account for the observation, one needs a largera2(Dp)
with a nontrivial phase relative toa1. The importance of FSIs
has long been realized in charm decay since some resona
are known to exist at energies close to the mass of
charmed meson. We shall see in this work that, just asD0

→K̄0p0, both nonfactorizable effects and FSIs are a
needed to explain the data ofB̄0→D (* )0p0, though these
two effects inB decays are naively expected to be not
dramatic as in the charm case.

The color-suppressed mode is a very suitable place
studying the effect of FSIs~especially the soft one! in weak
decays. The ratio of the color-suppressed decay amplitu
with and without FSIs is RK̄p[uA(D0→K̄0p0)/A(D0

→K̄0p0)without FSIsu'2.0 and the relative phase betweenD0

→K̄0p0 andD0→K2p1 is about 150°. It is expected tha
for the B̄→Dp decay,RDp and the relative phase amon
decay amplitudes will become smaller. The recent meas
ment of theB̄0→D0p0 mode allows us to determine th
above two quantities. We shall see that although the rela
phase amongB̄→Dp decay amplitudes becomes small
RD(* )p does not decrease in a significant way from the cha
to the bottom case. The implications and related physics
be discussed below in details.

II. FACTORIZATION

We begin by considering the branching ratios of the col
suppressed modesB̄0→D (* )0X0 (X5p,h,v) within the
framework of the factorization approach. TheB̄0→D0p0

amplitude is given by

A~B̄0→D0p0!5
1

A2
~2C1E!, ~3!

where C, E are color-suppressed internalW-emission and
W-exchange amplitudes, respectively. In terms of the fac
ized hadronic matrix elements, they read

C5 i
GF

A2
VcbVud* a2~Dp!~mB

22mp
2 ! f DF0

Bp~mD
2 !,
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E5 i
GF

A2
VcbVud* a2~Dp!~mD

2 2mp
2 ! f BF0

0→Dp~mB
2 !,

~4!

wherea2(Dp) is a parameter to be determined from expe
ment. The annihilation form factorF0

0→Dp(mB
2) is expected

to be suppressed at large momentum transfer,q25mB
2 , cor-

responding to the conventional helicity suppression. Ba
on the argument of helicity and color suppression, one m
therefore neglect short-distance~hard! W-exchange contribu-
tions. However, it is not clear if the long-distance contrib
tion to theW exchange is also negligible. Likewise,

A~B̄0→D0h!5 i
GF

A2
VcbVud* a2~Dh!~mB

22mh
2 !

3 f DF0
Bh~mD

2 !,

A~B̄0→D* 0p0!52
GF

A2
VcbVud* a2~D* p!A2mD*

3 f D* F1
Bp~mD*

2
!, ~5!

A~B̄0→D0v!5
GF

A2
VcbVud* a2~Dv!2mv

3 f DA0
Bv~mD

2 !,

and

A~B̄0→D* 0v!

52 i
GF

A2
VcbVud* a2~D* v! f D* mD*

3F ~«D*
* •«v* !~mB1mv!A1

Bv~mD*
2

!2~«D*
* •pB!

3~«v* •pB!
2A2

Bv~mD*
2

!

mB1mv

1 i emnab«v*
m«D*

* n pB
ap1

b
2VBv~mD*

2
!

mB1mv
G . ~6!

Here factorization implies a universala2, namely,
a2(D* v)5a2(Dv)5a2(Dh)5a2(D* p)5a2(Dp). In na-
ive factorization,a2 is not only small, of order 0.10, but als
renormalization scale and scheme dependent. In the gen
ized factorization approach, the scale- and schem
independenta2 can be extracted from experiment and t
factorization hypothesis is tested by studyinga2 to see if it is
process independent or insensitive.

To proceed, we shall consider four distinct form-fact
models: the Neubert-Rieckert-Stech-Xu~NRSX! model @9#,
the relativistic light-front ~LF! quark model @10#, the
Neubert-Stech~NS! model @8#, and the Melikhov-Stech
2-2
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TABLE I. Form factors in various form-factor models. Except for the NRSX model, the relationsAi
Bv(q2)5Ai

Br0
(q2)( i 50,1,2) and

VBv(q2)5VBr0
(q2) are assumed in all the form-factor models. The pion in theB-p transition is referred to the charged one.

F0
Bp(mD

2 ) F1
Bp(mD*

2 ) F0
Bh(mD

2 ) F1
Bh(mD*

2 ) F0
BD(mp

2 ) A0
BD* (mp

2 ) A0
Bv(mD

2 ) A1
Bv(mD*

2 ) A2
Bv(mD*

2 ) VBv(mD*
2 )

NRSX 0.37 0.45 0.19 0.23 0.69 0.62 0.26 0.23 0.27 0.3
LF 0.34 0.39 0.18 0.22 0.70 0.73 0.25 0.16 0.17 0.28
MS 0.32 0.36 0.17 0.20 0.67 0.69 0.26 0.20 0.21 0.2
NS 0.27 0.32 0.15 0.18 0.63 0.64 0.22 0.20 0.22 0.2
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~MS! model based on the constituent quark picture@11#. The
NRSX model takes the Bauer-Stech-Wirbel~BSW! model
@12# results for the form factors at zero momentum trans
but makes a different ansatz for theirq2 dependence, namely
a dipole behavior is assumed for the form facto
F1 , A0 , A2 , V, motivated by heavy quark symmetry, an
a monopole dependence forF0 ,A1, where we have followed
the definition of form factors given in@12#. For the reader’s
convenience, the values of relevant form factors are liste
Table I ~see@7# for some details about the NS model!.

The form factors forB→h and B→h8 transitions have
been calculated by BSW@12# in a relativistic quark model.
However, in their relativistic quark model calculation ofB

→h (8) transitions, BSW considered only theuū component
of theh andh8; that is, the form factors calculated by BSW

are actuallyF0
Bhuū andF

0

Bh
uū
8

induced from theb→u transi-
tion. It is thus more natural to consider the flavor basis ofhq
andhs defined by

hq5
1

A2
~uū1dd̄!, hs5ss̄. ~7!

The wave functions of theh andh8 are given by

S h

h8
D 5S cosf 2sinf

sinf cosf D S hq

hs
D , ~8!

wheref5u1arctanA2, andu is theh2h8 mixing angle in
the octet-singlet basis. The physical form factors then h
the simple expressions:

F0,1
Bh5

1

A2
cosfF0,1

Bhuū , F0,1
Bh85

1

A2
sinfF

0,1

Bh
uū
8

. ~9!

UsingF0
Bhuū(0)50.307 andF

0

Bh
uū
8

(0)50.254 obtained from
@12# and the mixing anglef539.3° ~or u5215.4°) @13# we

find F0
Bh(0)50.168 andF0

Bh8(0)50.114 in the BSW mode
and hence the NRSX model. For other form-factor mode1

we shall apply the relation based on isospin-quartet sym
try

1The form factorsF0
Bh(mD

2 )50.28 andF1
Bh(mD*

2 )50.33 for the
NS model obtained in@14# are larger than ours by about a factor
2.
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F0,1
Bhuū5F

0,1

B→h
uū
8

5F0,1
Bp ~10!

and Eq.~9! to obtain the physicalB2h andB2h8 transition
form factors.

As mentioned in the Introduction, in the absence of
relative phase betweena1 anda2, a value ofa2 in the range
of 0.20 to 0.30 is inferred from the data ofB̄0→D (* )1p2

andB2→D (* )0p2. For definiteness, we shall use the rep
sentative valuea250.25 for the purpose of illustration. Th
calculated branching ratios forB̄0→D (* )0X0 are shown in
Table II for f D5200 MeV andf D* 5230 MeV. Evidently,
the predicted rates for color suppressed modes are too s
compared to recent measurements. It should be stressed
if there is no relative phase betweena1 and a2, then one
cannot increasea2 arbitrarily to fit the data as this will en
hance the decay rate of theDI 53/2 modeB2→D (* )0p2

and destroy the agreement between theory and experim
for the charged mode. For example, fittinga2 to the data of
D0p0 without FSIs will yield a250.45 in the MS model,
which in turn impliesB(B2→D0p2)57.931023 and this
is obviously too large compared to the experimental va
(5.360.5)31023 @4#. In this case, one needs FSIs to conv
D1p2 into D0p0. In contrast, ifa2 is of order 0.45, then a
relative strong phase betweena1 and a2 will be needed in
order not to overestimate theD0p2 rate. In either case, we
conclude that FSIs are the necessary ingredients for un
standing the data.

III. EXTRACTION OF a1 AND a2

In this section we will extract the parametersa1 anda2 in
two different approaches. In the first approach, the topolo
cal amplitudes are assumed to incorporate all the informa
of strong interactions. Therefore,a1,2 thus determined al-
ready include the effects of FSIs. In the second approa
one will assume that quark-diagram topologies in their ori
nal forms do not include FSIs from the outset.

A. Direct analysis

In terms of the quark-diagram topologiesT, C, and E,
whereT is the color-allowed externalW-emission amplitude,
the otherB̄→Dp amplitudes can be expressed as

A~B̄0→D1p2!5T1E,

A~B2→D0p2!5T1C, ~11!
2-3
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TABLE II. Predicted branching ratios~in units of 1024) of B̄0→D (* )0X0 (X5p,h,v) in the generalized approach with variou
form-factor models fora250.25, f D5200 MeV, andf D* 5230 MeV.

Experiments
Decay mode NRSX LF MS NS Belle@1# CLEO @2#

B̄0→D0p0 1.13 0.93 0.82 0.58 3.160.460.5 2.7420.32
10.3660.55

B̄0→D* 0p0 1.57 1.20 1.01 0.80 2.720.720.6
10.810.5 2.2020.52

10.5960.79

B̄0→D0h 0.55 0.53 0.48 0.34 1.420.4
10.560.3

B̄0→D* 0h 0.76 0.68 0.58 0.46 2.020.8
10.960.4

B̄0→D0v 0.76 0.71 0.76 0.54 1.860.520.3
10.4

B̄0→D* 0v 1.60 1.16 1.75 1.35 3.121.1
11.360.8
e
-
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w
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and they satisfy the isospin triangle relation

A~B̄0→D1p2!5A2A~B̄0→D0p0!1A~B2→D0p2!.
~12!

In writing Eqs. ~3! and ~11! it has been assumed that th
topologiesT, C, E include the information of all strong in
teractions for physicalB̄→Dp amplitudes~for an earlier dis-
cussion of quark-diagram amplitudes, see@15#!. Now since
all three sides of theB̄→Dp triangle are measured, we a
able to determine the relative phases among the decay
plitudes. Using the data@4#

B~B̄0→D1p2!5~3.060.4!31023,

B~B2→D0p2!5~5.360.5!31023,
~13!

B~B̄0→D* 1p2!5~2.7660.21!31023,

B~B2→D* 0p2!5~4.660.4!31023,

and the combined value of Belle and CLEO for the neu
modes~see Table II!

B~B̄0→D0p0!5~2.9260.46!31024,

B~B̄0→D* 0p0!5~2.4760.67!31024, ~14!

we find ~only the central values for phase angles are sho
here!

C2E
T1EU

Dp

5~0.4460.05!ei59°,

C2E
T1CU

Dp

5~0.3460.03!ei37°,

~15!

C2E
T1EU

D* p

5~0.4260.06!ei63°,

C2E
T1CU

D* p

5~0.3460.05!ei44°,
09401
m-

l

n

where we have employed theB meson lifetimes given in@4#.
The same phases also can be obtained from the iso

analysis. Decomposing the physical amplitudes into th
isospin amplitudes yields

A~B̄0→D1p2!5A2

3
A1/21A1

3
A3/2,

A~B̄0→D0p0!5A1

3
A1/22A2

3
A3/2, ~16!

A~B2→D0p2!5A3A3/2.

The isospin amplitudes are related to the topological qua
diagram amplitudes via

A1/25
1

A6
~2T2C13E!, A3/25

1

A3
~T1C!. ~17!

Intuitively, the phase shift difference betweenA1/2 andA3/2,
which is of order 90° forD→K̄p modes~see below!, is
expected to play a minor role in the energeticB→Dp decay,
the counterpart ofD→K̄p in the B system, as the deca
particles are moving fast, not allowing adequate time
final-state interactions. Applying the relations~see, e.g.,@8#!

uA1/2u25uA~B̄0→D1p2!u21uA~B̄0→D0p0!u2

2
1

3
uA~B2→D0p2!u2,

uA3/2u25
1

3
uA~B2→D0p2!u2, ~18!

cos~d1/22d3/2!5
3uA~B̄0→D1p2!u222uA1/2u22uA3/2u2

2A2uA1/2uuA3/2u
,

we obtain

A1/2

A2A3/2
U

Dp

5~0.7060.10!ei29°,
2-4
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TABLE III. Extraction of the parametersa1 anda2 from the measuredB→D (* )p rates by assuming a negligibleW-exchange contri-
bution. Note thata2(Dp) anda2(D* p) should be multiplied by a factor of (200 MeV/f D) and (230 MeV/f D* ), respectively.

Model ua1(Dp)u ua2(Dp)u a2(Dp)/a1(Dp) ua1(D* p)u ua2(D* p)u a2(D* p)/a1(D* p)

NRSX 0.8560.06 0.4060.05 (0.4760.05) exp(i59°) 0.9460.04 0.3160.04 (0.3360.04) exp(i63°)
LF 0.8460.06 0.4460.06 (0.5360.06) exp(i59°) 0.8060.03 0.3660.05 (0.4560.06) exp(i63°)
MS 0.8860.06 0.4760.06 (0.5360.06) exp(i59°) 0.8560.03 0.38960.05 (0.4660.06) exp(i63°)
NS 0.9360.06 0.5660.07 (0.6060.07) exp(i59°) 0.9160.03 0.4460.06 (0.4860.06) exp(i63°)
th
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A1/2

A2A3/2
U

D* p

5~0.7460.07!ei29°. ~19!

Similar results are also obtained in@16,17# using the prelimi-
nary Belle and CLEO measurements. It is easy to check
the ratio (C2E)/(C1E) in Eq. ~15! follows from Eqs.~17!
and ~19!. It is also interesting to compare the above resu
with that for D→K̄ (* )p decays@4#:

A1/2

A2A3/2
U

K̄p

5~2.7060.14!ei90°,

A1/2

A2A3/2
U

K̄* p

5~3.9760.25!ei104°. ~20!

The smaller isospin phase shift difference inB decays is in
accord with expectation. Notice that whileDI 51/2 and 3/2
amplitudes inB̄→D (* )p are of the same size, theD→K̄p
decays are dominated by the isospinDI 51/2 amplitude. In
the heavy quark limit, the ratio ofA1/2/(A2A3/2) approaches
to unity @17#. Evidently, the charm system exhibits a grea
deviation than theB system from the heavy quark limit, a
expected.

The ratio ofa2 /a1 can be extracted from Eq.~15! or Eq.
~19!. Noting that the factorized color-allowed tree amplitu
reads

T5 i
GF

A2
VcbVud* a1~Dp!~mB

22mD
2 ! f pF0

BD~mp
2 !, ~21!

and neglectingW-exchange contributions, we get

a2

a1
U

Dp

5~0.4460.05!ei59°

3
f p

f D

mB
22mD

2

mB
22mp

2

F0
BD~mp

2 !

F0
Bp~mD

2 !

5

12
A1/2

A2A3/2
U

Dp

1

2
1

A1/2

A2A3/2
U

Dp

f p

f D

mB
22mD

2

mB
22mp

2

F0
BD~mp

2 !

F0
Bp~mD

2 !
. ~22!

Likewise, for theB̄→D* p decays
09401
at

s

r

a2

a1
U

D* p

5~0.4260.06!ei63°3
f p

f D*

A0
BD* ~mp

2 !

F1
Bp~mD*

2
!

5

12
A1/2

A2A3/2
U

D* p

1

2
1

A1/2

A2A3/2
U

D* p

f p

f D*

A0
BD* ~mp

2 !

F1
Bp~mD*

2
!
. ~23!

With the form factors given in various models, we are rea
to extracta1 anda2 from the experimental data. The resu
are shown in Table III and the parametera2 falls into the
range of ua2(Dp)u;0.3520.60 and ua2(D* p)u;0.25
20.50. Note that the phases ofa2 /a1 , 59° for theDp sys-
tem and 63° forD* p, are slightly different from that given
in @17# based on the preliminary Belle and CLEO data. W
see that althoughua2(Dp)u and ua2(D* p)u agree to within
one standard deviation, there is a tendency that the form
slightly larger than the latter. Hence, nonfactorizable effe
could be process dependent, recalling that the experime
value forB→J/cK is ua2(J/cK)u50.2660.02 @7#.

Ideally, the parametersa1 anda2 will be more precisely
determined if the topologiesT, C, andE can be individually
extracted from experiment. Indeed, this is the case for ch
decays whereT, C, and E can be determined fromD

→K̄p, D→K̄h, andD→K̄h8 decays based on SU~3! fla-
vor symmetry and it is found thatuT u:uCu:uEu;1.7:1.3:1.0
@18#. Hence, theW-exchange amplitude that receives sho
distance and long-distance contributions is not negligible
all in charm decay.2 Unfortunately, one cannot extract thos
three quark-diagram amplitudes forB decays since the deca
amplitudes ofB̄0→D0(h,h8) are proportional to (C1E),
while D0p0 is governed by (2C1E) @see Eq.~4!#. There-
fore, the quark-diagram amplitudesC andE cannot be disen-
tangled. Nevertheless, an accurate measurement
D0(h,h8) will enable us to test the importance of theW

exchange inB̄→Dp decays.
In principle,a1 can be determined in a model-independe

way from the measurement of the ratio of the decay rate

2From @18# one can deduce thatxa2 /a15C/T5(0.73
60.05) exp(i152°) for D→PP decays without making any as
sumption on theW exchange, to be compared with the val
(1.0560.05)exp(i149°) obtained in@17# by neglecting theW ex-
change.
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TABLE IV. Predicted branching ratios~in units of 1024) of B̄0→D (* )0(h,h8) in various form-factor

models by assuminga2(D (* )h (8))5a2(D (* )p).

Decay mode NRSX LF MS NS Experiment@1#

B̄0→D0h 1.4360.24 1.6960.28 1.6960.28 1.6960.28 1.420.4
10.560.3

B̄0→D* 0h 1.2060.29 1.4160.35 1.4160.35 1.4160.35 2.020.8
10.960.4

B̄0→D0h8 0.8960.15 1.0560.18 1.0560.18 1.0560.18

B̄0→D* 0h8 0.7260.18 0.8560.21 0.8560.21 0.8560.21
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color-allowed modes to the differential semileptonic distrib
tion at the appropriateq2 @19#:

Sh
(* )[

B~B̄0→D (* )1h2!

dB~B̄0→D (* )1l 2n̄ !/dq2uq25m
h
2

56p2a1
2f h

2uVi j u2Yh
(* ) , ~24!

whereVi j is the relevant CKM matrix element and the e
pression ofYh

(* ) can be found in@8#. Since the ratioSh
(* ) is

independent ofVcb and form factors, its experimental me
surement can be utilized to fixa1 in a model-independen
manner, provided thatYh

(* ) is also independent of form
factor models. Based on the earlier CLEO data, it is fou
that a1(Dp)50.9360.10 and a1(D* p)51.0960.07 @7#.
Needless to say, the forthcoming measurements from Ba
Belle, and CLEO will enable us to extract the model ind
pendenta1 more precisely. Note that QCD factorization pr
dicts a1(D (* )p)'1.05 in the heavy quark limit@20#.

Assuminga2(D (* )h (8))5a2(D (* )p) we see from Table
IV that the predicted branching ratios ofB̄0→D (* )0h are
consistent with experiment. Note that the predicted rate
D (* )0(h,h8) are the same for LF, MS, and NS models sin
a2(Dp)F0

Bp(mD
2 ) is model independent@see Eq.~4!# and the

form factorsF0
Bh0 andF0

Bh8 are assumed to be proportion
to F0

Bp in these models.

B. Effective parametersa1
eff and a2

eff

Thus far we have assumed that quark-diagram topolo
include all strong-interaction effects including FSIs. It
equally good to take a different point of view on the qua
diagram topologies, namely, their original forms do not
clude FSIs from the outset. In this case, there is no rela
strong phase between the isospin amplitudesA1/2 and A3/2
given by Eq.~17!. Next, one puts isospin phase shifts in
Eq. ~16! to get

A~B̄0→D1p2!FSI5A2

3
A1/2e

id1/21A1

3
A3/2e

id3/2,

A~B̄0→D0p0!FSI5A1

3
A1/2e

id1/22A2

3
A3/2e

id3/2,

~25!

A~B2→D0p2!FSI5A3A3/2e
id3/2,
09401
-

d

ar,
-

of

es

-
-
e

where the subscript ‘‘FSI’’ indicates that the physical amp
tudes take into account the effects of FSIs. This is motiva
by comparing the experimental results with the calcula
isospin amplitudes under the factorization approximati
Neglecting inelastic scattering, one can then extract the
efficientsa1,2

eff from a comparison of the measured and calc
lated isospin amplitudes@8#. It is straightforward to show
that

A~B̄0→D0p0!FSI5A~B̄0→D0p0!

1
2T2C13E

3A2
~ei (d1/22d3/2)21!,

A~B̄0→D1p2!FSI5A~B̄0→D1p2!

1
2T2C13E

3
~ei (d1/22d3/2)21!,

~26!

where we have dropped the overall phaseeid3/2. The quark-
diagram amplitudesT, C, E in Eq. ~26! have the same ex
pressions as before except thata1,2 in Eqs. ~4! and ~21! are
replaced by the real parametersa1,2

eff . The latter do not con-
tain FSI effects and are defined ford1/25d3/250 @16#.3 In
other words, the parametersa1,2

eff are defined when FSIs ar
not imposed to the topological quark diagram amplitudes

The isospin phase difference in Eq.~26! is 29° for both
B̄→Dp and B̄→D* p. It is easily seen thata2

eff/a1
eff is de-

termined from the second line of Eqs.~22! and ~23! but
without a phase for the ratioA1/2/(A2A3/2). For example,
a2

eff/a1
eff for B̄→Dp is given by

a2
eff

a1
effU

Dp

5

12U A1/2

A2A3/2
U

Dp

1

2
1U A1/2

A2A3/2
U

Dp

f p

f D

mB
22mD

2

mB
22mp

2

F0
BD~mp

2 !

F0
Bp~mD

2 !
.

~27!

3The distinction of hard and soft FSI phases in principle canno
done in a systematical way. For example, a sizable ‘‘hard’’ stro
interaction phase fora2 in B→pp decay is calculable in the QCD

factorization approach. However,a2 is not computable forB̄
→Dp and hence its strong phase is most likely soft.
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TABLE V. Extraction of the parametersa1
eff anda2

eff from the measuredB→D (* )p rates. Note thata2
eff(Dp) anda2

eff(D* p) should be
multiplied by a factor of (200 MeV/f D) and (230 MeV/f D* ), respectively.

Model a1
eff(Dp) a2

eff(Dp) a2
eff(Dp)/a1

eff(Dp) a1
eff(D* p) a2

eff(D* p) a2
eff(D* p)/a1

eff(D* p)

NRSX 0.8860.06 0.2360.08 0.2660.09 0.9760.04 0.1660.04 0.1760.04
LF 0.8760.06 0.2560.09 0.2960.10 0.8360.03 0.1860.05 0.2260.05
MS 0.9160.06 0.2760.10 0.3060.10 0.8760.03 0.2060.05 0.2360.06
NS 0.9660.06 0.3260.12 0.3460.11 0.9460.04 0.2260.06 0.2460.06
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The results are shown in Table V. Obviouslya2
eff/a1

eff anda2
eff

are smaller than the previous solution.

C. Comparison

We are ready to compare the above two different type
approaches. In the type-I solution,D (* )0p0 rates are accom
modated because of an enhancedua2(D (* )0p)u. The branch-
ing ratio ofD (* )0p2 is not overestimated owing to a relativ
strong phase betweena1 anda2. In the type-II solution, al-
thougha2

eff is smaller than the magnitude ofa2, theD (* )0p0

states gain a feedback fromD (* )1p2 via FSIs.4 More pre-
cisely, elastic FSIs will enhance the decay rate ofD0p0 by a
factor of about 3 and suppressD1p2 slightly.

It has been realized that the isospin analysis proves to
useful only if a few channels are open as the case of t
body nonleptonic decays of kaons and hyperons. The iso
phases there~or decay amplitude phases! are related to
strong-interaction eigenphases~for a recent discussion, se
@22#!. For example, one can identify the isospin phase s
in K→pp with the measuredpp strong-interaction phase a
the energyAs5mK . However, when there are many cha
nels open and some channels coupled, as inD and especially
B decays, the decay phase is no longer the same as the e
phase in theS matrix. Indeed, theS matrix in general con-
tains a parameter describing inelasticity. Consider the de
B̄0→D1p2 as an example. The stateD1p2 couples to not
only D0p0, but alsoD0h, D0h8, Dppp channels, . . . ,
etc. It has been argued that in the heavy quark limit theB
decay is dominated by multiparticle inelastic rescatter
@23#. As a consequence, even if elasticD (* )p scattering is
measured at energiesAs5mB , the isospin phases appearin
in Eq. ~16! or ~25! cannot be identified with the measure
strong phases. Moreover, the isospin amplitudes are not
served by inelastic FSIs. Therefore, the isospin analysis
sented before should be regarded as an intermediate ste
describing physical decay amplitudes.

Nevertheless, the isospin decomposition ofB̄→Dp am-
plitudes in Eq.~16! or ~25! is still valid. The isospin analysis
is useful in some aspects. First, it provides an independ
check on the relative phases among three de

4Recently, it has been suggested in@21# that quasielastic scatter
ings of D (* )P→D (* )P and DV→DV, for example, DP
5D1p2,D0p0,D0h8 ,Ds

1K2, can explain the enhancement of n
only D0p0 but alsoD0h via inelastic rescattering from the class

modeB̄0→D1p2.
09401
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amplitudes. Second, the deviation ofuA1/2/(A2A3/2)u from
unity measures the degree of departure from the heavy q
limit @17#. Third, the deviation ofa2 from a2

eff characterizes
the importance of~soft! FSI contributions to the color-
suppressed quark diagram, recalling thata1,2

eff are defined for
the topologies without FSIs. This point will be elucidate
more below.

As stressed in@15#, the topological quark graphs ar
meant to have all strong interactions included. Hence, t
are not Feynman graphs. For example, the genu

W-exchange topology inB̄→Dp decay consists of not only
the short-distanceW-exchange diagram but also the resc

tering graph in whichB̄0→D1p2 is followed by the strong
interaction process (D1p2) I 51/2→ scalar resonance
→D0p0. Likewise, the process with inelastic rescatteri
from the leadingT amplitude intoD0p0 via quark exchange
has the same topology as the color-suppressed tree diagrC
@24#. Therefore, color-suppressed tree andW-exchange to-
pologies receive short-distance and long-distance contr
tions.

From Tables III and V we see thatRDp

5ua2(Dp)/a2
eff(Dp)u'1.75 and RD* p

5ua2(D* p)/a2
eff(D* p)u'1.95. The corresponding quant

ties inD→K̄p decays areRK̄p'2.0 andRK̄* p'1.7, respec-
tively. Therefore, although the relative phase 59° (63°)
tween B0→D0(* )p0 and B0→D1(* )p2 is significantly

reduced from the phase 150° betweenD0→K̄0(* )p0 and
D0→K2(* )p1 @18#, the ratioR does not decrease sizab
from charm to bottom and, in contrast, it increases for

VP case. It is thus anticipated that in bothD→K̄p and B̄
→Dp decays, the soft FSI contributions to the colo
suppressed topologyC are dominated by inelastic rescatte
ing @23#.5 Sinceh and v are isospin singlets, the conven
tional isospin analysis of FSIs is no longer applicable to

final states involvingh or v. The fact that the predictedB̄0

→D (* )0h rates based on the assumptiona2(D (* )h)
5a2(D (* )p) are consistent with experiment~see Table IV!
supports the notion that FSIs inB decay are indeed highly
inelastic.

5The quark diagramW exchange inD→ P̄P decays and its phas
relative to the topological amplitudeT are dominated by nearby
resonances in the charm mass region@25#, as shown explicitly in
@26#.
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IV. DISCUSSION AND CONCLUSION

Beyond the phenomenological level, it is desirable
have a theoretical estimate ofa2(Dp). Unfortunately, con-
trary to the parametera1(Dp), a2(Dp) is not calculable in
the QCD factorization approach owing to the presence
infrared divergence caused by the gluon exchange betw
the emittedD0 meson and the (B̄0p0) system. In other
words, the nonfactorizable contribution toa2 is dominated
by nonperturbative effects. Nevertheless, a rough estima
a2 by treating the charmed meson as a light meson w
keeping its highly asymmetric distribution amplitude yiel
a2(Dp)'0.25 exp(2i40°) @20#. Evidently, large power cor-
rections from long-distance FSI effects are needed to acc
for the discrepancy between theory and experiment
a2(Dp). The rescattering contribution via quark exchan
D1p2→D0p0, to the topologyC in B̄0→D0p0 has been
estimated in@27# using ther trajectory Regge exchange.
was found that the additional contribution toD0p0 from res-
cattering is mainly imaginary:a2(Dp)/a2(Dp)without FSIs
5110.61 exp(73°). This analysis suggests that the res
tering amplitude can bring a large phase toa2(Dp) as ex-
pected.

In QCD factorization,a2(pp) or a2(Kp) is found to be
of order 0.20 with a small strong phase~see, e.g.,@28#!. The
fact that the magnitude ofa2(Dp) is larger than the short
distance one,a2(Kp) or a2

eff(Dp), should not be surprising
because the former includes all possible FSIs, while the la
is defined without long-distance FSIs. In other word
a2(Dp) include many possible long-distance effects. In t
language of isospin analysis, we see from Eq.~26! that

a2~Dp!5a2
eff~Dp!2

2ha1
eff~Dp!2a2

eff~Dp!

3

3~ei (d1/22d3/2)21!, ~28!

where we have neglected theW exchange and
,
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e

h5
f p

f D

mB
22mD

2

mB
22mp

2

F0
BD~mp

2 !

F0
Bp~mD

2 !
. ~29!

It follows from Eq. ~19! and Table V that
a2(Dp)/a2

eff(Dp)'1.65 exp(56°). It is worth remarking
thata2(J/cK) in B→J/cK decay is calculable in QCD fac
torization; the theoretical resultua2(J/cK)u50.1920.12

10.14 @29#
is consistent with the data 0.2660.02 @7#. Hence it remains
to understand whyua2(Dp)u is larger thanua2(D* p)u and
ua2(J/cK)u or why ~soft! final-state interaction effects ar
more important inDp, D* p than inJ/cK final states.

To conclude, the recent measurements of the co
suppressed modesB̄0→D (* )0p0 imply non-vanishing rela-
tive FSI phases among variousB̄→Dp decay amplitudes.
Depending on whether or not FSIs are implemented in
topological quark-diagram amplitudes, two solutions for t
parametersa1 anda2 are extracted from data using variou
form-factor models. It is found thata2 is not universal:
ua2(Dp)u;0.4020.55 andua2(D* p)u;0.3020.45 with a
relative phase of order 60° betweena1 and a2. If FSIs are
not included in quark-diagram amplitudes from the outs
we have a2

eff(Dp);0.2320.32, a2
eff(D* p);0.1620.22.

The large value ofua2(Dp)u compared toa2
eff(Dp) or naive

expectation implies the importance of long-distance FSI c
tributions to color-suppressed internalW emission via final-
state rescatterings of the color-allowed tree amplitude.
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