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Final-state phases inB\Dp, D* p, and Dr decays
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The final-state phases inB̄→Dp, D* p, andDr decays appear to follow a pattern similar to those inD

→K̄p, K̄* p, and K̄r decays. Each set of processes is characterized by three charge states but only two
independent amplitudes, so the amplitudes form triangles in the complex plane. For the first two sets the

triangles appear to have nonzero area, while for theDr or K̄r decays the areas of the triangles are consistent
with zero. Following an earlier discussion of this behavior forD decays, a similar analysis is performed forB
decays, and the relative phases and magnitudes of contributing amplitudes are determined. The significance of

recent results onB̄0→D (* )0K̄ (* )0 is noted. Open theoretical and experimental questions are indicated.

DOI: 10.1103/PhysRevD.67.074013 PACS number~s!: 13.25.Hw, 11.30.Hv, 13.75.Lb, 14.40.Nd
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I. INTRODUCTION

The decays ofB mesons~those containing theb quark!
are potentially rich sources of information onCP violation.
One such manifestation of this phenomenon involves
asymmetryA( f ) between the rate for a decay of aB meson
to a final statef and the correspondingCP-conjugate process

A~ f ![
G~B→ f !2G~B̄→ f̄ !

G~B→ f !1G~B̄→ f̄ !
. ~1!

Such an asymmetry requires there be at least two contri
ing amplitudesA1,2, each characterized by distinct wea
phasesf1,2 and strong phasesd1,2. UnderCP conjugation,
the weak phases change sign but the strong phases do

A~B→ f !5uA1ueif1eid11uA2ueif2eid2, ~2!

A~B̄→ f̄ !5uA1ue2 if1eid11uA2ue2 if2eid2, ~3!

so thatA( f )}sin(f12f2)sin(d12d2). In these decays the ob
servation of a so-called ‘‘direct’’CP asymmetry thus require
both the weak and the strong phases of the two contribu
amplitudes to differ from one another. Thus it is of gre
importance to understand the patterns of strong final-s
phases in as wide as possible a set of decays.

The strong final-state phases in decays of strange part
are appreciable. For example, inKS,L→pp the final-state
phases in theI pp50 and I pp52 channels differ from one
another by many tens of degrees. Furthermore, they ca
measured directly in elasticpp scattering, and then applie
to the decaysKS,L→pp using Watson’s theorem@1#. How-
ever, in the decays of charmed and heavier mesons to
body final states, these states constitute only a small frac
of the available decays, and elastic phase shifts are no lo
relevant@2,3#.

In the limit of a very heavy decaying quark, certain no
leptonic decays are expected to be characterized by s
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final-state interactions. These are the ones such asB̄0

→D (* )1p2 to which thefactorizationhypothesis@4,5# ap-
plies: The decay amplitude can be regarded as the produ

two color-singlet currents, one associated with theB̄0

→D (* )1 transition and the other creating thep2 from the
vacuum. The large relative momentum of the two final-st
particles leaves little time for them to interact with one a
other before they are safely out of each other’s range. T
expectation is confirmed in recent analyses of the factor
tion hypothesis based on QCD@6#, though the role of final-
state interactions in other nonleptonic heavy quark decay
more open to question~see, e.g.,@7#!.

Some processes involvecolor-suppressedweak decays, in
which the weak current produces a pair of quarks each
which ends up in a different meson. Other processes invo
interactions in which the quark and antiquark in the init
meson annihilate with one another or exchange aW boson.
While these last processes are expected to be suppresse
factor of ~decay constant!/~heavy meson mass! in the ampli-
tude relative to those to which factorization should app
they have been found not to exhibit such suppression
charmed meson decays@8#. As a result, charmed particle de
cays exhibit an interesting pattern of final-state phases
which there are large relative phases between the amplitu
for the various charge states inD→K̄p andD→K̄* p, but
the amplitudes forD→K̄r seem to be relatively real with
respect to one another@9–16#.

The decaysB̄→Dp, D* p, Dr now have been studied
with sufficient accuracy that a similar pattern appears to
emerging. The rates for the three charge states in the first
processes favor relative phases between contributing am
tudes ~e.g., those of definite isospin! @19,20#, while the B̄
→Dr rates favor amplitudes which are relatively real@21#.
In the present paper we perform an analysis parallel to
for charmed particles in Ref.@8#, finding that the source o
the final-state phases in theB̄ decays under discussion
very similar to that in charm decays, but that the effects
©2003 The American Physical Society13-1
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diminishing as expected with increasing heavy quark ma
We point out open theoretical and experimental proble
and indicate what further data would be useful in resolv
them.

Now that the color-suppressed decaysB̄0→D0K̄0 and
B̄0→D0K̄* 0 have been observed@22#, one can perform a
similar analysis forB̄→DK̄ decays. However, in contrast t
a recent claim@23#, we find that the experimental errors o
these Cabibbo-suppressed decay modes are still too lar
permit any firm conclusion about relative strong phases.
shall discuss the importance of such modes in reducing
biguities in the Cabibbo-favored amplitudes.

We review the experimental situation forB̄→Dp,
D* p, Dr in Sec. II, performing a standard isospin analy
and confirming that the isospin amplitudes have a nonz
relative phase for the first two processes but not for the th
We then introduce a description of the decays in terms
topological amplitudes in Sec. III. The implications of th
data for these amplitudes are discussed in Sec. IV, while
discuss missing pieces of the puzzle and experimental p
pects in Sec. V. We summarize in Sec. VI.

II. EVIDENCE FOR RELATIVE PHASES
IN „SOME… B̄ DECAYS

We review the isospin decomposition for the decaysB̄
→Dp, following closely the corresponding discussion f
D→K̄p @13#. Similar decompositions then follow when on
of the final-state particles is a vector meson, since in all ca
there is a single partial wave in the decay.

The decays of interest are governed by the subproceb

→cdū, which hasDI 51, DI 3521. Since the initialB̄
state hasI 51/2, the processes are characterized by two a
plitudesA1/2 andA3/2 labeled by the total isospin of the fina
Dp state. The amplitudes are given by

A~D0p2!5A3/2,

A~D1p2!5
2

3
A1/21

1

3
A3/2,

A~D0p0!52
A2

3
A1/21

A2

3
A3/2, ~4!

where we omit the initial particle. They thus satisfy a triang
relation

A~D0p2!5A~D1p2!1A2A~D0p0!. ~5!

A nonzero area of the triangle would signify nontrivial fina
state phases between the two isospin amplitudes.

Letting F i denote kinematic factors which we sha
specify shortly, where the subscript denotes the final st
we can define reduced partial widths with the kinematic f
tors removed, e.g.,

uA3/2u25G̃~D0p2![G~D0p2!/FD0p2, ~6!
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uA1/2u25
3

2
@G̃~D1p2!1G̃~D0p0!#2

1

2
G̃~D0p2!, ~7!

and the relative phased I5Arg(A3/2/A1/2) between isospin
amplitudes satisfies

cosd I5
3G̃~D1p2!1G̃~D0p2!26G̃~D0p0!

4uA1/2A3/2u
. ~8!

The search for relative phases inB̄→Dp, D* p, andDr
decays goes back at least as far as the unpublished wo
Yamamoto@24#, in which only upper limits existed at the
time for the color-suppressed decaysB̄0→D0p0, D* 0p0

andD0r0. Belle and CLEO reported observation of the fir
two final states about a year and a half ago. The rate
B̄0→D0p0 was found to be large enough that the triangle
complex amplitudes forB̄0→D0p0, B̄0→D1p2, and B2

→D0p2 appeared to have nonzero area. More recen
CLEO reported an analysis of a larger data sample of the
two modes@19,20#, which strengthens the argument for
nonzero final state phase difference between theI 51/2 and
I 53/2 amplitudes. With the new branching ratiosB(B̄0

→D1p2)5(26.862.9)31024, B(B2→D0p2)5(49.7
63.8)31024 as well as the Belle-CLEO averageB(B̄0

→D0p0)5(2.9260.45)31024, one finds uA3/2u5(7.70
60.29)31027 GeV, uA1/2u5(5.3060.58)31027 GeV, and
cosdI50.8660.05 or cosdI,1 at 2.8s.

The same formulae~4!–~8! can be readily applied to both
D* p andDr decays by replacing the final state mesons w
the appropriate ones. It is found that theD* p decays have
uA3/2u5(3.3260.14)31027, uA1/2u5(2.5060.20)31027,
and cosdI50.8660.06 or cosdI,1 at 2.4s. Similar conclu-
sions were drawn for isospin amplitudes inB̄→D (* )p in
Ref. @25#.

D* p decays thus have a phase structure very simila
that of theDp decays. However, with the newly reporte
branching ratio B(B̄0→D0r0)5(2.961.060.4)31024

@21#, the Dr decays give uA3/2u5(5.7460.39)31027,
uA1/2u5(4.0060.76)31027, and cosdI50.9960.08, consis-
tent with a vanishing strong phase.

The decaysB̄→D (* )K̄ (* ) are governed by the quark sub
processb→cūs, which hasDI 52DI 351/2. Combining
this interaction with the isospinI 51/2 of the initial B̄, one
has two amplitudesA0

DK and A1
DK labeled by total isospin.

For example, forB̄→DK̄, using the phase convention o
Ref. @23#,

A~B̄0→D1K2!5
1

2
A1

DK1
1

2
A0

DK ,

A~B̄0→D0K̄0!5
1

2
A1

DK2
1

2
A0

DK ,

A~B2→D0K2!5A1
DK . ~9!

One thus has the sum rule
3-2
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FINAL-STATE PHASES INB→Dp, D* p, AND Dr DECAYS PHYSICAL REVIEW D67, 074013 ~2003!
A~B̄0→D1K2!1A~B̄0→D0K̄0!5A~B2→D0K2!,
~10!

with similar sum rules when one final pseudoscalar is
placed by a vector meson.~When both final mesons hav
spin 1, there are three helicity amplitudes or partial wav
the sum rule holds for each. We shall not consider such
cays further here.!

Xing @23# has argued that the observed amplitudes forDK̄

andDK̄* decays favor non-zero relative phases between
isospin amplitudes. We shall see that these amplitudes
consistent with being relatively real at better than 1s, and
will identify the improvements in measurements that a
likely to be needed in order to establish a nonzero rela
phase.

III. TOPOLOGICAL AMPLITUDES

Meson wave functions are assumed to have the follow
quark content, with phases chosen so that isospin multip
contain no relative signs@17,18#:

b-flavored mesons: B̄05bd̄, B252bū, B̄s5bs̄.
charmed mesons: D052cū, D15cd̄, Ds

15cs̄, with
corresponding phases for vector mesons.

pseudoscalar mesons P: p15ud̄, p05(dd̄2uū)/A2,
p252dū, K15us̄, K05ds̄, K̄05sd̄, K252sū, h5(ss̄

2uū2dd̄)/A3, h85(uū1dd̄12ss̄)/A6, assuming a spe
cific octet-singlet mixing@26,18# in theh andh8 wave func-
tions.

vector mesons V: r15ud̄, r05(dd̄2uū)/A2, r25

2dū, v5(uū1dd̄)/A2, K* 15us̄, K* 05ds̄, K̄* 05sd̄,
K* 252sū, f5ss̄.

The partial widthG for a specific two-body decay toPP is
expressed in terms of an invariant amplitudeA as

G~B→PP!5
p*

8pM2
uAu2, ~11!

wherep* is the center-of-mass~c.m.! 3-momentum of each
final particle, andM is the mass of the decaying particl
The kinematic factor ofp* is appropriate for theS-wave
final state. The amplitudeA will thus have dimensions o
~energy! 21.

For PV decays aP-wave kinematic factor is appropriat
instead, and

G~B→PV!5
~p* !3

8pM2
uA8u2. ~12!

Here A8 is dimensionless. These conventions agree w
those of Chauet al. @26#.

The amplitudesA are then expressed in terms of topolog
cal amplitudes of three types.

Tree amplitudes T: These are associated with the tran
tion b→cdū ~favored! or b→csū ~suppressed! in which the
light ~color-singlet! quark-antiquark pair is incorporated int
one meson, while the charmed quark combines with
07401
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spectator antiquark to form the other meson. We denote~fa-
vored, suppressed! amplitudes by~unprimed, primed! quan-
tities, respectively.

Color-suppressed amplitudes C: The transition is the same
as in the tree amplitudes, namelyb→cdū or b→csū, while
the charmed quark and theū combine into one meson an
the light quark and the spectator antiquark combine into
other meson.

Exchange amplitudes E: The b and spectator antiquar
exchange aW to become acū pair, which then hadronizes
through the creation of a light quark-antiquark pair.

We neglect a fourth type of~annihilation! transition in
which ab and aū annihilate to form ansc̄ or dc̄ pair. Such
transitions do not contribute in any case toB̄→D1X de-
cays.

For reference, the relation between isospin amplitudes
topological ones for Cabibbo-favored decays is

A3/25A~D0p2!52~T1C!,

A1/25
3

2
A~D1p2!2

1

2
A~D0p2!

5
1

2
C2T2

3

2
E, ~13!

with similar relations forD* p and Dr decays. The corre-
sponding relation for Cabibbo-suppressed decays is

A1
DK5A~D0K2!52~T81C8!,

A0
DK5A~D1K2!2A~D0K̄0!5C82T8, ~14!

with similar relations forD* K andDK* decays.

IV. TOPOLOGICAL AMPLITUDES: MAGNITUDES
AND PHASES

In Tables I–III we summarize the rates, invariant amp
tudes, and their flavor-SU~3! representations for decays ofB̄
mesons toDp, D* p, andDr, respectively. Also shown are
decays to other final states related by flavor SU~3!. Branch-
ing ratios and lifetimes are taken from the compilation
Ref. @27# except where indicated otherwise. In particular, w
take t(B2)5(1.67460.018)310212 s, t(B̄0)5(1.542
60.016)310212 s. For theDp decays we use the update
values quoted in Refs.@19,20#. The branching ratio forB̄0

→Ds
1K2 is based on our average of new values from Be

@28#: B5(4.621.1
11.261.3)31025 and BaBar @29#: B5(3.2

61.061.0)31025. The branching ratios and limits forB̄0

→D (* )0K̄ (* )0 are based on a recent report by the Belle C
laboration@22#.

In Table I the amplitudesT, C, and E were described
above; in Tables II and III the amplitudes are labeled w
subscripts which denote the meson containing the spec
quark:P for pseudoscalar,V for vector@30#. We omit contri-
butions of disconnected diagrams@31,32# in which h andh8
3-3
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TABLE I. Rates and invariant amplitudes for decays ofB̄ mesons toDp and related modes. Prime
amplitudes are related to unprimed amplitudes by a factor ofl f K /@ f p(12l2/2)#50.275. Except where
noted, the branching ratios are quoted from the Particle Data Group@27#.

M Branching ratio p* uAu
Decay ~GeV! ~units of 1024) ~GeV! (1027 GeV) Representation

B2→D0p2 5.2790 49.763.8a 2.308 7.7060.29 2(T1C)
→D0K2 3.760.6 2.281 2.1160.17 2(T81C8)

7.760.6b uT1Cu
B̄0→D1p2 5.2794 26.862.9a 2.306 5.8960.32 2(T1E)

→D1K2 2.060.6 2.279 1.6260.24 2T8
5.960.9b uTu

→D0p0 2.9260.45a 2.308 1.9460.15 (E2C)/A2
→D0h 1.420.5

10.6 2.274 1.3660.27 (C1E)/A3
→D0h8 ,9.4 2.198 ,3.6 2(C1E)/A6

→D0K̄0 0.5020.12
10.1360.06c 2.280 0.8160.11 2C8

2.9460.41b uCu
→Ds

1K2 0.3860.10d 2.242 0.7160.10 2E

aReferences@19,20#.
bValue implied by~broken! flavor SU~3!.
cReference@22#.
dAverage of@28,29#.
an

a
-

s

o-

e

e

by a
if
pec-
de,
exchange no quark lines with the rest of the diagram,
couple through their SU~3!-singlet components.

Tables I–III contain several tests of flavor SU~3!. The
breaking of this symmetry is incorporated via ratios of dec
constants:f K / f p51.22, f K* / f r51.04. For example, the de
cay B2→D0K2 is related to B2→D0p2 by the
U-spin substitution d→s, and so one expect
A(B2→D0K2)/ A(B2→D0p2) 5 ( f K / f p)(l/ @12l2/2#)
50.275, wherel50.22 describes the hierarchy of Cabibb
Kobayashi-Maskawa~CKM! matrix elements@33# and the
small form factor difference is ignored throughout the pap
07401
d

y

r.

When one corrects for this factor, the derived values ofuT
1Cu are equal within errors. Similar results hold for th
ratio A(B2→D* 0K2)/A(B2→D* 0p2)5( f K / f p)(l/
@12l2/2#)50.275 and A(B2→D0K* 2)/A(B2

→D0r2)5( f K* / f r)(l/@12l2/2#)50.235.
The amplitudes forB̄0→D1p2 and B̄0→D1K2 ~and

similar modes with one final-state pseudoscalar replaced
vector meson! would be related to one another by U-spin
one neglected the presence of the spectator quark. The s
tator quark contributes an additional exchange amplitu
whose magnitude is seen to be small from the decayB0
d
TABLE II. Rates and invariant amplitudes for decays ofB̄ mesons toD* p and related modes. Prime
amplitudes are related to unprimed amplitudes by a factor ofl f K /@ f p(12l2/2)#50.275. The branching
ratios are quoted from the Particle Data Group@27#.

M Branching ratio p* uAu
Decay ~GeV! ~units of 1024) ~GeV! (1027) Representation

B2→D* 0p2 5.2790 4664 2.256 3.3260.14 2(TV1CP)
→D* 0K2 3.661.0 2.227 0.9560.13 2(TV81CP8 )

3.460.5a uTV1CPu
B̄0→D* 1p2 5.2794 27.662.1 2.255 2.6860.10 2(TV1EP)

→D* 1K2 2.060.5 2.226 0.7460.09 2TV8

2.760.3a uTVu
→D* 0p0 2.560.7 2.256 0.8160.11 (EP2CP)/A2
→D* 0h ,2.6 2.220 ,0.84 (CP1EP)/A3
→D* 0h8 ,14 2.141 ,2.1 2(CP1EP)/A6

→D* 0K̄0 ,0.66b 2.227 ,0.42 2CP8

,1.54a uCPu
→Ds*

1K2 ,0.25 2.185 ,0.27 2EP

aValue implied by~broken! flavor SU~3!.
bReference@22#.
3-4
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TABLE III. Rates and invariant amplitudes for decays ofB̄ mesons toDr and related modes. Prime
amplitudes are related to unprimed amplitudes by a factor ofl f K* /@ f r(12l2/2)#50.235. Except where
noted, the branching ratios are quoted from the Particle Data Group@27#.

M Branching ratio p* uAu
Decay ~GeV! ~units of 1024) ~GeV! (1027) Representation

B2→D0r2 5.2790 134618 2.238 5.7460.39 2(TP1CV)
→D0K* 2 6.162.3 2.213 1.2560.23 2(TP8 1CV8 )

5.361.0a uTP1CVu
B̄0→D1r2 5.2794 78614 2.236 4.5760.41 2(TP1EV)

→D1K* 2 3.761.8 2.211 1.0160.25 2TP8

4.361.0a uTPu
→D0r0 2.961.060.4b 2.238 0.8860.16 (EV2CV)/A2
→D0v 1.860.6 2.235 0.6960.12 2(CV1EV)/A2

→D0K̄* 0 0.4820.10
10.1160.05c 2.212 0.3660.04 2CV8

1.5560.19a uCVu
→Ds

1K* 2 ,9.9 2.172 ,1.7 2EV

aValue implied by~broken! flavor SU~3!.
bReference@21#.
cReference@22#.
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→Ds
1K2 in Table I and the upper limit onB0→Ds*

1K2 in
Table II. Thus, for example, one cannot tell the differen
between uT1Eu extracted fromB̄0→D1p2 and uTu ex-
tracted fromB̄0→D1K2. A similar conclusion applies to
uTV1EPu versusuTVu in Table II anduTP1EVu versusuTPu in
Table III.

We now discuss the amplitude triangles for each se
processes. It is interesting to determine the individual m
nitudes and phases of the contributing topological amplitu
T, C, and E, as was done for charmed particle decays@8#.
This can be important for understanding the systematicsB
decays involving two amplitudes with different weakand
strong phases, for which directCP violation can be observed
In the present case, of course, it is only the strong pha
which may differ from one another. The decaysB̄→Dp and
those related to it by flavor SU~3! permit one to map out the
amplitudes~up to a discrete ambiguity!, while those involv-
ing one vector meson in the final state are missing key in
mation which one hopes will be provided by BaBar, Belle,
hadron colliders.

A. B̄\Dp and related decays

The amplitudes A(B2→D0p2)52(T1C), A(B̄0

→D1p2)52(T1E), andA2A(B̄0→D0p0)5E2C form
a triangle in the complex plane, as shown in Fig. 1. Here
have arbitrarily takenT1C to be real and positive. The fa
vored area of the triangle is non-zero, as our earlier disc
sion of isospin amplitudes also implies.

The decayB̄0→Ds
1K2 @29# provides a value ofuEu,

whose central value is used to draw a circle of radiusuEu
around the intersection of the two sidesT1E and C2E.
The decayB̄0→D0h provides a value ofuC1Eu. Using the
relation (C2E)/21E5(C1E)/2 for complex amplitudes
we draw a circle of radiusuC1Eu/2 about the midpoint of
07401
e

f
-
s

es

r-
r

e

s-

the sideC2E. The intersectionsO andO8 of the two circles
then denote the allowed phases ofE. One can now identify
the amplitudesT andC corresponding to each of these sol
tions.

In principle the value ofuTu, provided through broken
flavor SU~3! by the decayB̄0→D1K2, could help to resolve
the discrete ambiguity. In the solution shown in Fig. 1, w
haveuTu.5.6 ~here and in the following analysis, we expre
topological amplitudes in units of 1027 GeV for PP modes
and 1027 for PV modes!, while in the solution in whichT
points toO8, one hasuTu.6.6. The error onuTu55.960.9
from B̄0→D1K2 is at least a factor of three too large
permit any distinction between the two solutions.

Similarly, the valueuCu52.9460.41, obtained via flavor
SU~3! from the recently reported decay@22# B̄0→D0K̄0, can
be compared with that implied by Fig. 1, which is the sam
for the two discrete solutions. The measurements in Tab
provide uC6Eu and uEu. One can then solve to finduCu
52.4660.25, consistent with the above value.

The solution shown has some similarity to that forD

→K̄p @8#. In that solution, the amplitudesT, C, and E all
had distinctly different phases. DenotingdAB as the angle of

FIG. 1. Amplitude triangle forB̄→Dp and related decays. Th
amplitudeE points from eitherO or O8 to the center of the smal
circle. The amplitudesT andC are shown only for the first of thes
two solutions.
3-5
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rotation from the amplitudeB to A, then we have as the
central valuesdCT.238° anddET.69°. The other solution
~not shown! hasT and E relatively real, both with a large
phase relative toC. Explicitly, we obtaindCT.273° and
dET.180°. In comparison, the phases in the correspond
D decays aredCT.2151° anddET.115° @8#. The sign flip
in Re(C/T) ~negative for charm, positive forb-flavored! also
occurs in a simplified analysis in whichC/T is taken to be
real and the effects of the amplitudeE are not taken into
account. In such a case the sign flip is merely a consequ
of G(D1→K̄0p1),G(D0→K2p1), G(B2→D0p2)
.G(B̄0→D1p2).

It is interesting to compare the ratiosuC/Tu and uE/Tu
with those found forD→K̄p, where our favored solution@8#
haduC/Tu.0.8 anduE/Tu.0.6. Here, the solution shown i
Fig. 1 hasuC/Tu.0.4 anduE/Tu.0.1. The amplitudeE is
indeed vanishing faster than the others as the heavy q
massmQ increases, in accord with expectations for hea
quark systems, but as some power betweenmQ

21 andmQ
22 .

We comment briefly on the claim by Xing@23# that the
pattern of branching ratios inB̄→DK̄ decays implies non-
zero final-state phases between isospin amplitudes. Th
certainly true for central values. However, the sum rule~10!
when written for amplitudes which are relatively real read

~2.4360.27!31027 GeV5~2.1160.17!31027 GeV
~15!

using the amplitudes in Table I. This is satisfied at thes
level. The errors are dominated by those for the co
favored processes; reduction by a factor of 2 would h
considerably.

B. B̄\D* p and related decays

The triangle formed by the amplitudesA(B2→D* 0p2)
52(TV1CP), A(B̄0→D* 1p2)52(TV1EP), and
A2A(B̄0→D* 0p0)5EP2CP is shown in Fig. 2. We have
takenTV1CP to be real and positive. Nonzero area again
favored.

Here the situation is much less satisfactory than forB̄
→Dp. We have only an upper bound onuEPu based on the
non-observation ofB̄0→Ds*

1K2. The decayB̄0→D* 1K2

tells us thatuTVu52.760.3, whereas on the basis ofuEPu
<0.27 anduTV1EPu52.6860.10 ~Table II! we could have

FIG. 2. Amplitude triangle forB̄→D* p and related decays
The amplitudeEP points from anywhere inside the small circle
the intersection of the linesTV1EP andTV1CP .
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any value ofuTVu between 2.2 and 3.1. We also have
information on uCP1EPu, only a poor upper bound from
B̄0→D* 0h and a much worse one fromB̄0→D* 0h8. If the
pattern in Fig. 2 is anything like that for the correspondi
charm decaysD→K̄* p, it should resemble that for the so
lution displayed in Fig. 1. Improved information onuCPu,
obtainable via flavor SU~3! from the decayB̄0→D* 0K̄0 for
which only an upper limit is quoted@22#, would also be
helpful. This process also would be useful in implementi
the suggestion of Xing@23# to search for relative final-stat
phases between isospin amplitudes inB̄→D* K̄.

C. B̄\Dr and related decays

The triangle formed by the amplitudesA(B2→D0r2)5

2(TP1CV), A(B̄0→D1r2)52(TP1EV), and A2A(B̄0

→D0r0)5EV2CV , shown in Fig. 3, has a much smalle
area than either of the previous two, and is consistent w
the same phase for each of the three amplitudes. Here
have takenTP1CV to be real and positive.

Additional information is available from the decayB̄0

→D0v, which provides a value ofuCV1EVu. As in Fig. 1,
we draw a circle of radiusuCV1EVu/2 from the midpoint of
the lineCV2EV . The solution pointsO andO8 would cor-
respond to the intersection of this circle with one of rad
uEVu whose center is the intersection of the linesTP1EV and
CV2EV . We would need an improved upper bound onB̄0

→Ds
1K* 2 in order to draw a useful version of this la

circle.
As in the two previous cases, an estimate of the tree

plitude (uTPu in this case! would also be helpful. From the
decayB̄0→D0K* 2 we find uTPu54.361.0, to be compared
with uTP1EVu54.5760.41. Obviously no conclusion can b
drawn at present about the relative phase ofTP andEV .

Flavor SU~3! can be applied to the decayB̄0→D0K̄* 0,
yielding the magnitudeuCVu51.5560.19 quoted in Table III.
An independent upper limit on this quantity can be obtain
by combining information onuCV1EVu from B̄0→D0r0 and
uCV2EVu from B̄0→D0v to obtain (uCVu21uEVu2)1/2

51.1260.15. There is clearly not very much room foruEVu
at the upper limit quoted in Table III, and even the hi
(,2s) of an inconsistency. The most incisive test wou
probably be direct observation of the decayB̄0→Ds

1K* 2,
providing a value ofuEVu.

As in the case ofB̄→DK̄, the decaysB̄→DK̄* in prin-
ciple provide information on relative strong final-state pha
@23#. Here the sum rule~10!, if written for relatively real
amplitudes, would read

~1.3860.25!310275~1.2560.23!31027 ~16!

FIG. 3. Amplitude triangle forB̄→Dr and related decays.
3-6
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using the amplitudes in Table III. This is satisfied at cons
erably better than 1s. Again, the error is dominated by tha
in the color-favored processes.

If the pattern ofB̄→Dr decays is similar to that for the
correspondingD→K̄r decays, the triangle in Fig. 3 woul
assume its squashed shape as a result of a negative la
imaginary contribution ofEV , so that the relative phase o
TP and CV would be nontrivial. In the case ofB̄→D* p
decays~Fig. 2!, by contrast, the contribution ofEP would be
largely imaginary and positive, leading to a triangle w
greater area as in the case ofB̄→Dp ~Fig. 1!. This pattern is
what occurs in charm decays@8#. We now discuss what mea
surements might determine if a similar picture applies toB̄
decays.

V. MISSING PIECES OF THE PUZZLE

We began by asking the question of whether the patter
T, C, andE amplitudes in the decaysB̄→Dp, D* p, andDr

bore any relation to that inD→K̄p, K̄* p, andK̄r. We see
that there is some resemblance of the two cases in tha
decay amplitudes for the first two processes appear to h
nontrivial relative phases which could well be absent
each of the third processes. However, we are frustrated in
quest for the topological amplitudes by the fragmentary
ture of the data. We believe this situation could well impro
in the near future.

One key element responsible for the pattern in charm
cays is the flip of the sign of the exchange amplitude wh
one interchanges which particle in the final state is a ps
doscalar and which is a vector. Thus, for charm, we fou
that the relationEV52EP , which could be justified if the
exchange amplitude really proceeded through a qu
antiquark state@34#, was responsible for the very differen
pattern of amplitudes inD→K̄* p and D→K̄r. We do not
yet have enough information to draw such a conclusion
B̄→D* p and B̄→Dr decays.

In Table IV we summarize some useful decays that wo
help to sort out the question of the topological amplitud
We quote in each case the present error and a desirable
in B, in units of 1025. We see that improvements by facto
of three in branching ratios or roughly a tenfold increase
the data sample would permit a fairly clear pattern
emerge. There may be some shortcuts to this proce
which would be less demanding in data. We now brie
justify each of the entries in Table IV.

It would be helpful to have the error onuTu from the
decayB̄0→D1K2 small enough that one could tell the di
ference betweenuT1Eu anduTu at least for the case of max
mal constructive or destructiveT2E interference. Thus, we
ask for the error onuTu to be less than 1/3 the value ofuEu,
or DuTu<0.2. ~Our convention for units was mentioned
Sec. IV A.! This is a factor of 4.5 increase in present acc
racy, both in A and in branching ratio. We also requir
DuT1Cu<0.2 as obtained fromB2→D0p2 and, therefore,
the error on the branching ratio should be reduced
roughly a factor of 1.5. We ask for similar errors inuT1Cu
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and uCu as obtained via flavor SU~3! from B2→D0K2 and
B̄0→D0K̄0, respectively, and inuC1Eu obtained fromB̄0

→D0h. Demanding thatDuT1Cu5DuCu5DuC1Eu<0.2
we find that the corresponding branching ratios should
specified to an error of6(2, 0.7, 2)31025. The proposed
errors onuTu, uT1Cu, anduCu also would allow one to draw
a useful conclusion about the relative strong phases of i
pin amplitudes inB̄→DK̄.

If B̄0→D* 1K2 is to provide a useful value ofuTVu to
compare withuTV1EPu from B̄0→D1p2, we needDuTVu
to be no more than 1/3 ofuEPu, or at most 0.1. This, again
represents a threefold improvement in the error on
branching ratio. The color-suppressed decayB̄0→D* 0K̄0

would provide a useful value ofuCPu via flavor SU~3! if
measured with an error similar to that desired forB̄0

→D0K̄0, or DB50.731025.
The decayB̄0→D* 0h is very poorly measured, corre

sponding only to a rather weak upper bound. An error on
branching ratio comparable to that forB̄0→D0h would be
highly desirable.

Evidence for the exchange amplitudeEP at something
approaching the 3s level would be useful for the presen
program. Thus, if the branching ratio forB̄0→Ds*

1K2 is
close to its present upper limit of 2.531025, an error of no
more than 131025 would be desirable.

The likelihood thatEV52EP sets the scale of useful er
rors in decays related toB̄→Dr. One would like errors in
uTPu ~from B̄0→D1K* 2) anduEVu ~from B̄0→Ds

1K* 2) no
larger than 0.1, leading to the rather stringent demand
Table IV. A similar error requirement onuTP1CVu as ob-
tained directly fromB2→D0r2 means only a fourfold im-
provement in the branching ratio. It may be worth search
for alternative strategies to constrain these amplitudes.

TABLE IV. B̄ decays which would provide useful informatio

on topological amplitudes forB̄→Dp, D* p, andDr.

Present Desirable
Amplitude Decay error inB3105

uTu B̄0→D1K2 6 1.3

uT1Cu B2→D0p2 38 26
uT1Cu B2→D0K2 6 2
uCu B̄0→D0K̄0 1.4 0.7

uC1Eu B̄0→D0h 6 2

uTVu B̄0→D* 1K2 5 1.5

uCPu B̄0→D* 0K̄0 ,6.6a 0.7

uCP1EPu B̄0→D* 0h ,26 a 2

uEPu B̄0→Ds*
1K2 ,2.5a 1

uTPu B̄0→D1K* 2 18 2

uTP1CVu B2→D0r2 180 45
uTP1CVu B2→D0K* 2 23 2
uEVu B̄0→Ds

1K* 2 ,99 a 1

aPresent 90% C.L. upper limit on branching ratio.
3-7
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proposed error onB2→D0K* 2, when combined with othe
proposed measurements, will be more than sufficient
check the relative phases of isospin amplitudes inB̄

→DK̄* .
Effects of the exchange amplitudesE, EP , and EV ~in-

deed, also ofC, CP , andCV) may be generated by resca
tering effects@8,25,35,36#, as has been emphasized in repo
of the decayB̄0→Ds

1K2 @28,29#. In this case we may not b
able to justify the assumption@34# EV52EP . However, this
relation does appear consistent with charm decays@8#, and
for the moment withb-flavored decays as well.

VI. SUMMARY AND DISCUSSION

We have compared the decaysB̄→Dp, D* p, and Dr
with the corresponding charmed particle decaysD

→K̄p,K̄* p, andK̄r. In the first two of each set, there ap
pear to be nontrivial final-state phases between the de
amplitudes, while in the third case in each set, the de
amplitudes appear to be relatively real.

In the case of charm decays, we traced the apparent
tive reality of D→K̄r amplitudes to an accidental cancell
es
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tion of nontrivial final-state phases among the tree (T),
color-suppressed (C), and exchange~E! amplitudes. Our
analysis ofB̄ decays suggests that while the exchange a
plitude is diminishing in importance, withuE/Tu.0.1 for B̄

→Dp as compared with about 0.6 forD→K̄p, it still can
play a significant role in contributing to the observed fin
state phases, at least forB̄→Dp. We have identified a num
ber of measurements which could determine whether the
parently different shapes of the amplitude triangles forB̄

→D* p ~Fig. 2! andB̄→Dr ~Fig. 3! are due to a simple sign
flip of the exchange amplitude, as occurs for charm. We h
also indicated improvements in accuracy likely to be nee
to identify nonzero final-state phases between amplitude
B̄→DK̄ and related decays.
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