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We consider the possibility of measuring both sin(2b) and cos(2b) in the KM unitarity triangle using the
processB0→D* 1D* 2Ks . This decay mode has a higher branching fraction@O(1%)# than the modeB0

→D* 1D* 2. We use the factorization assumption and heavy hadron chiral perturbation theory to estimate
the branching fraction and polarization. The time dependent rate forB0(t)→D* 1D* 2Ks can be used to
measure sin(2b) and cos(2b). Furthermore, examination of theD* 1Ks mass spectrum may be the best way to
experimentally find the broad 11 p-waveDs meson.

PACS number~s!: 13.25.Hw
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I. INTRODUCTION

The decayB0→J/cKs is expected to provide a clea
measurement of the angle sin(2b) in the unitarity triangle
@1#. However, other modes can also provide relevant inf
mation on the angleb. An example of such a mode is th
decay B0→D (* )D̄ (* ). In this mode B0→D* 1D* 2, the
vector-vector final state in general is an admixture ofCP
odd and even eigenstates, becauses, p, andd partial waves
with different CP parities can contribute. Since theCP
asymmetry has opposite sign for the twoCP states, they tend
to cancel or dilute the overall asymmetry. The amount
dilution of theCP asymmetry is represented by the dilutio
factor,D, which depends on theCP composition of the final
state. The presence of twoCP components in the final stat
of B0→D* 1D* 2 makes the dilution factor,D,1, for this
decay. This is unlike the case for a mode such asB0

→D1D2 where the final state is aCP eigenstate andD
51 as there is no dilution of theCP asymmetry. An angular
analysis can extract the contribution of the differentCP
eigenstates, leading to a measurement ofD and hence of
sin(2b) @2,3#. However, in the factorization approximatio
and using heavy quark effective theory~HQET! it can be
shown that the final state inB0→D* 1D* 2 is dominated by
a singleCP eigenstate@4#. To the extent that this is valid, th
angle sin(2b) can be determined without the need for
angular analysis. The decayB0→D* 1D* 2 may be pre-
ferred toB0→D1D2 because contamination from pengu
contributions and final state interactions~FSI’s! is expected
to be smaller in the former decay@3#.

In this work we consider the possibility of extractingb
from the decayB0→D (* )D̄ (* )Ks . These modes are en
hanced relative toB0→D (* )D̄ (* ) by the factoruVcs /Vcdu2

;20. As in the case ofB0→J/cKs decay, the penguin con
tamination is expected to be small in these decays. Mo
over, these decays can be used to probe both sin 2b and
cos 2b which can resolve theb→p/22b ambiguity @5#.

The possibility that a large portion of theb→cc̄s decays
0556-2821/2000/61~5!/054009~12!/$15.00 61 0540
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materialize asB→DD̄K was first suggested by Buchall
et al. @6#. Using wrong signD-lepton correlations, experi
mental evidence for this possibility was found by CLEO
who observedB(B→DX)5(7.962.2)% @7#. Later, CLEO
@8#, ALEPH @9# and DELPHI@10# reported full reconstruc-

tion of exclusiveDD̄K final states with branching fraction
that are consistent with the result fromD-lepton correlations.

CLEO obtained B(B̄0→D* 1D̄* 0K2)5(1.3020.47
10.61

60.27)% andB(B2→D* 0D̄* 0K2)5(1.4520.58
10.7860.36)%.

These values should be approximately equal to the branc
fraction for B(B0→D* 1D* 2K0). We use the latter value
for the purpose of a sensitivity estimate. Taking into acco
B(K0→Ks)50.5, B(Ks→p1p2)50.667, and assuming
that theKs reconstruction efficiency is;0.5, we can esti-
mate the ratio of the taggedB0→D* 1D* 2Ks events to the
tagged D* 1D* 2 events. AssumingB(B0→D* 1D* 2)5
631024, which is the central value of the recent CLE
measurement@11#, we find that the ratio of the number o
events is;4.0. Therefore, this mode could be more sensit
to theCP violation angle sin(2b) thanB0→D* 1D* 2. How-
ever, if the final state contains a resonance, thenB0 and B̄0

can be distinguished and there is additional dilution of
CP asymmetry. For the decayB→ f and B̄→ f̄ the dilution
factor,D, measures the ratio of the overlap of the amplitud
for B→ f and B̄→ f̄ to the average of the decay rate forB

→ f and B̄→ f̄ . Clearly D51 when the amplitudes forB
→ f and B̄→ f̄ decays are equal. When the final state in t
decayB→D* 1D* 2Ks contains a resonance the amplitud
for B andB̄ decays are different because the resonance in
B and B̄ final states occurs at different kinematical poin
This causes additional mismatch of theB and B̄ amplitudes
which results in the further dilution of theCP asymmetry. A
similar conclusion is obtained in the comparison ofB0

→D1D2Ks to B0→D1D2. The above conclusions are de
tector dependent; a somewhat pessimistic estimate of thKs
reconstruction efficiency is used here while the detection
©2000 The American Physical Society09-1
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BROWDER, DATTA, O’DONNELL, AND PAKVASA PHYSICAL REVIEW D 61 054009
ficiency for theD* 1D* 2 final state is assumed to be simil
for both cases. Better determination of theCP sensitivities
will require more precise measurements of the branch

fractions for theD* D̄* K decay modes and will also depen
on details of the experimental apparatus and reconstruc
programs.

The amplitude for the decayB0→D* D̄* Ks can have a
resonant contribution and a nonresonant contribution. For
resonant contribution theD* Ks in the final state comes
dominantly from an excitedDs(1

1) state. In the approxima

tion of treatingD* D̄* Ks as D* Ds ~excited!, there are four
possible excitedp-wave Ds states which might contribute
These are the two states with the light degrees of freedom
a j P53/21 state and the two states with light degrees
freedom in aj P51/21 state. Since the states withj P53/21

decay viad wave to D* Ks , they are suppressed. Of th
states with light degrees of freedom inj P51/21 states, only
the 11 state contributes. The 01 state is forbidden to deca
to the final stateD* Ks .

To estimate the above contribution and to calculate
nonresonant amplitude, we use heavy hadron chiral pe
bation theory~HHChPT! @12#. The momentumpk of Ks can
have a maximum value of about 1 GeV forB0

→D* 1D̄* 2Ks . This is of the same order asLx which sets
the scale below which we expect HHChPT to be valid.
follows that in the present case it is reasonable to ap
HHChPT to calculate the three body decays.

In the lowest order in the HHChPT expansion, contrib
tions to the decay amplitude come from the contact inter
tion terms and the pole diagrams which give rise to the n
resonant and resonant contributions, respectively. The
diagrams get contributions from the various multiplets
volving Ds type resonances as mentioned above. In
framework of HHChPT, the ground state heavy meson
the light degrees of freedom in a spin-parity statej P5 1

2
2,

corresponding to the usual pseudoscalar-vector meson
blet with JP5(02,12). The first excited state involves
p-wave excitation, in which the light degrees of freedo
have j P5 1

2
1 or 3

2
1. In the latter case we have a heavy do

blet with JP5(11,21). These states can probably be iden
fied with Ds1(2536) andDsJ(2573) @13#. Heavy quark sym-
metry rules out any pseudoscalar coupling of this double
the ground state at lowest order in the chiral expansion@14#;
hence the effects of these states will be suppressed an
will ignore them in our analysis. In fact there is an expe
mental upper limit on inclusiveB→Ds1(2536)X,0.95% at
90% C.L.@15#. Since the totalD* D̄* K rate is about 8%, this
confirms that the narrowp-wave states do not account for
significant fraction of the totalD* D̄* K rate.

The other excited doublet hasJP5(01,11). These states
are expected to decay rapidly throughs-wave pion emission
and have large widths@16#. Observation of the 11 state in
theD system was recently reported by CLEO@17#. Only the
11 can contribute in this case. For later reference, we den

this state byDs1*
8 . However, quark model estimates sugg

@18# that these states should have masses nearm1dm with
dm5500 MeV, wherem is the mass of the lowest multiple
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We will assume that the leading order terms in HHCh
give the dominant contribution to the decay amplitude and
we will neglect all sub-leading effects suppressed by 1/Lx

and 1/m, wherem is the heavy quark mass. We show th
from the time-dependent analysis ofB0(t)→D* 1D* 2Ks

one can extract sin(2b) and cos(2b). Measurement of both
sin(2b) and cos(2b) can resolve theb→p/22b ambiguity
@5,19,20#. The measurement of sin(2b) can be made from the
time dependent partial rate asymmetry while a fit to the ti

dependent rate for G@B0(t)→D* 1D* 2Ks#1G@B̄0(t)
→D* 1D* 2Ks# may be used for the extraction of cos(2b).
Note that the cos(2b) term measures the overlap of th
imaginary part of the amplitudes forB→D* 1D* 2Ks and

B̄→D* 1D* 2Ks decays and is nonzero only if there is
resonance contribution.

As in the case forB→D* 1D* 2 the asymmetry inB
→D* 1D* 2Ks is also diluted. For the nonresonant contrib
tion to B→D* 1D* 2Ks the final state is an admixture ofCP
states with differentCP parities. This leads to the dilution o
the asymmetry and this is the same dilution of the asymm
try as in the case forB→D* 1D* 2. As already mentioned
above, when the resonant contribution is included there
further dilution of the asymmetry from the additional mi

match of the amplitudes forB andB̄ decays. One can reduc
the additional dilution of theCP asymmetry by imposing
cuts to remove the resonance. A narrow resonance is pre
able as it can be more effectively removed from the sig
region than a broad resonance. In this work we exam
several cuts that can be used to remove the resonance
lessen the dilution of theCP asymmetry. When we include
the resonance contribution we find that a broader resona
leads to a larger value ofD and is a more useful probe o
cos(2b) because of the larger overlap of the amplitudes

B→D* 1D* 2Ks and B̄→D* 1D* 2Ks decays.
We also point out that from the differential decay dist

bution of the time-independent processB0→D* 1D* 2Ks

one can discover the 11 resonanceDs1*
8 . We show that the

differential decay distribution for small values ofEk , the
kaon energy, shows a clear resonant structure which co
from the pole contribution to the amplitude with the excit
JP511 intermediate state. Therefore, examination of t
D* Ks mass spectrum may be the best experimental wa
find the broad 11 p-wave Ds meson and a fit to the deca
distribution will measure its mass and the coupling.

A similar analysis can be performed forB0→D1D2Ks
@5,21#. However, the predictions of HHChPT for this mod
may be less reliable because of the larger energy of theKs .
The effects of penguin contributions, though small, may a
be more important in B0→D1D2Ks than in B0

→D* D* Ks as in the two body case@3#.
In the next section we describe the extraction of sin2b and

cos2b from the time dependent rate forB(t)
→D* 1D* 2Ks . In the next section we present the amplitu
for B→D* D̄* Ks in the factorization approximation and us
ing HHChPT. In the last section we discuss and present
results.
9-2
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MEASURING b IN B→D (* )1D (* )2Ks DECAYS PHYSICAL REVIEW D 61 054009
II. EXTRACTION OF sin 2 b AND cos 2b

In this section we discuss the extraction of sin 2b and
cos 2b from the time dependent rate forB(t)
→D* 1D* 2Ks . We define the following amplitudes:

al1 ,l2[A„B0~p!→Dl1

1* ~p1!Dl2

2* ~p2!Ks~pk!…,

āl1 ,l2[A„B̄0~p!→Dl1

1* ~p1!Dl2

2* ~p2!Ks~pk!…, ~1!

whereB0 andB̄0 represent unmixed neutralB andl1 andl2
are the polarization indices of theD* 1 and D* 2 respec-
tively.

The time-dependent amplitudes for an oscillating st
B0(t) which has been tagged as aB0 meson at timet50 is
given by

Al1 ,l2~ t !5al1 ,l2cosS Dm t

2 D1 ie22ibāl1 ,l2sinS Dm t

2 D ,

~2!

and the time-dependent amplitude squared summed ove
larizations and integrated over the phase space angles i

uA~s1,s2;t !u25
1

2
@G0~s1,s2!1Gc~s1,s2!cosDmt

2Gs~s1,s2!sinDm t# ~3!

with

G0~s1,s2!5ua~s1,s2!u21uā~s1,s2!u2, ~4!

Gc~s1,s2!5ua~s1,s2!u22uā~s1,s2!u2, ~5!

Gs~s1,s2!52I@e22ibā~s1,s2!a* ~s1,s2!#

522 sin~2b! R~ āa* !

12 cos~2b! I~ āa* !. ~6!

The variabless1 ands2 are the Dalitz plot variables:

s15~p11pk!
2, s25~p21pk!

2.

The transformation defining theCP-conjugate channe
B̄0(t)→D* 2D* 1Ks is s1↔s2, a↔ā andb→2b. Then

uĀ~s2,s1;t !u25
1

2
@G0~s2,s1!2Gc~s2,s1!cosDmt

1Gs~s2,s1!sinDmt#. ~7!

Note that for simplicity thee2Gt and constant phase spa
factors have been omitted in the above equations.

It is convenient in our case to replace the variabless1 and
s2 by the variablesy andEk whereEk is theKs energy in the
rest frame of theB and y5cosu with u being the angle
between the momentum ofKs andD* 1 in a frame where the
two D* are moving back to back along thez axis. This frame
is boosted with respect to the rest frame of theB with bW 5
05400
e

o-

2(pWk /mB)@1/(12Ek /mB)#. Note thats1↔s2 corresponds to
y↔2y. The variabley can be expressed in terms of var
ables in the rest frame ofB. For instance

E15
EB8E18 2pB8p18 y

mB

where E1 and E18 are the energy of theD* 1 in the rest
frame of theB and in the boosted frame whileEB8 is the
energy of theB in the boosted frame. The magnitudes of t
momentum of theB and theD* 1 in the boosted frame are
given bypB8 andp18 respectively.

In the approximation of neglecting the penguin contrib
tions to the amplitude there is no directCP violation. This
leads to the relation

al1 ,l2~pW k1 ,Ek!5ā2l1 ,2l2~2pW k1 ,Ek! ~8!

wherepW k1 is the momentum of the of theKs in the boosted
frame. The above relations then leads to

G0~2y,Ek!5G0~y,Ek! ~9!

Gc~2y,Ek!52Gc~y,Ek! ~10!

Gs1~2y,Ek!5Gs1~y,Ek! ~11!

Gs2~2y,Ek!52Gs2~y,Ek! ~12!

where we have defined

Gs1~y,Ek!5R~ āa* ! ~13!

Gs2~2y,Ek!5I~ āa* !. ~14!

Carrying out the integration over the phase space variably
and Ek one gets the following expressions for the tim
dependent total rates forB0(t)→D* 1D* 2Ks and theCP
conjugate process:

G~ t !5
1

2
@ I 012 sin~2b!sin~Dmt!I s1# ~15!

Ḡ~ t !5
1

2
@ I 022 sin~2b!sin~Dmt!I s1# ~16!

whereI 0 andI s1 are the integratedG0(y,Ek) andGs1(y,Ek)
functions. One can then extract sin(2b) from the rate asym-
metry

G~ t !2Ḡ~ t !

G~ t !1Ḡ~ t !
5D sin~2b!sin~Dmt! ~17!

where

D5
2I s1

I 0
~18!

is the dilution factor.
9-3
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BROWDER, DATTA, O’DONNELL, AND PAKVASA PHYSICAL REVIEW D 61 054009
The cos(2b) term can be probed by integrating over ha
the range of the variabley which can be taken for instance t
be y>0. In this case we have

G~ t !5
1

2
@J01Jccos~Dmt!12 sin~2b!sin~Dmt!Js1

22 cos~2b!sin~Dmt!Js2# ~19!

Ḡ~ t !5
1

2
@J01Jccos~Dmt!22 sin~2b!sin~Dmt!Js1

22 cos~2b!sin~Dmt!Js2# ~20!

where J0 , Jc , Js1 and Js2, are the integrated
G0(y,Ek), Gc(y,Ek), Gs1(y,Ek) and Gs2(y,Ek) functions
integrated over the rangey>0. One can measure cos(2b) by

fitting to the time distribution ofG(t)1Ḡ(t). Measurement
of cos(2b) can resolve theb→p/22b ambiguity.

III. AMPLITUDE AND DECAY DISTRIBUTION

In this section we present the amplitude and decay dis
bution for the decayB→D* 1D* 2Ks . Details of the calcu-
lation of the amplitudes using the factorization assumpt
and HHChPT are given in Appendix A.

The nonresonant amplitude for the three body de
B̄0(v,m)→D* 1(e1 ,v1 ,m1)D* 2(e2 ,v2 ,m2)Ks(pk), after
settingm25m1, is given by

ānon-res5KAmAm1m1j~v•v1!
f D*
f K

@ i«mnabe1m* e2n* vav1b

1e1* •ve2* •v12e1* •e2* ~v•v111!# ~21!

whereK5(GF /A2)Vc(c1 /Nc1c2). Note that the amplitude
above is the same as the amplitude forB0→D* 2D* 1 @4#
except for a constant multiplicative factor;1/f K .

To a good approximation one can usevW ;0 wherevW is the
velocity of theB̄0 in the boosted frame where the twoD* are
moving back to back. TheKs , in this limit, is emitted in an
s-wave configuration as the amplitude is independent of
angles that specify theKs momentum in the boosted frame
Then, as in theB̄0→D* 1D* 2 case there are three helicit
states allowed, (1,1), (2,2) and (0,0), with the corre-
sponding helicity amplitudesH11 , H22 andH00. The he-
licity states are notCP eigenstates but one can go to t
partial wave basis or the transverse basis where the state
CP eigenstates. The transverse basis amplitudes are re
to the helicity amplitudes as

Ai5
H111H22

A2

A'5
H112H22

A2

A05H00. ~22!

The three partial waves that are allowed in this case,s, p and
d, are then given by
05400
i-

n

y

e

are
ted

s5
A2Ai2A0

A3

p5A'

d5
A2A01Ai

A3
. ~23!

The CP of the final state is given byh(2)L whereh is the
intrinsic parity of the final states andL is the relative angular
momentum betweenD* 1 and D* 2. In the approximation

vW ;0 one can write the nonresonant amplitude forB0(v,m)
→D* 1(e1 ,v1 ,m1)D* 2(e2 ,v2 ,m1)Ks(pk):

anon2res5KAmAm1m1j~v•v2!
f D*
f K

3@2 i«mnabe2m* e1n* vav2b1e2* •ve1* •v2

2e1* •e2* ~v•v211!#. ~24!

There can also be pole contributions of the type shown
Fig. 1.

These give the decay sequences

B̄0→D* 1Ds1*
82→D* 1D* 2K0

and

B̄0→D* 1Ds*
2→D* 1D* 2K0.

The propagator for the vector resonance is given by

Smn5
i ~VmVn2gmn!

2V•k
~25!

where the momentum of the propagating particleP5mIV
1k wheremI is the mass of the intermediate particle in Fi
1.

The contributions from the pole diagrams are given
ā1res and ā2res , whereā1res is, with mI5m* 8,

FIG. 1. The pole contribution to the processB→D* D* Ks . The

intermediate stateI can beDs1*
8 or Ds* . The solid square represen

the weak vertex while the solid circle represents the strong ver
9-4
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ā1res5KAmAm1Am1Am* 8j~v•v1!

3
f D

s1*
8

f K

hpk•v2

S pk•v21m12m* 81
iGD

s1*
8

2
D

3@2 i«mnabe1m* e2n* vav1b2e1* •ve2* •v1

1e1* •e2* ~v•v111!#. ~26!

Note that the above amplitude can be rewritten as
l
a

d

t

ur

05400
ā1res52ānon2res

f D
s1*

8

f D*
Am* 8

m1

3
hpk•v2

S pk•v21m12m* 81
iGD

s1*
8

2
D . ~27!

ā2res is given by, withmI5m* where m* is the 12 Ds*
mass,
ā2res5KAmAm1Am1Am* j~v•v1!
f D

s*

f K

g

S pk•v21~m12m* !1
iGD

s*

2
D X

X52 i«mnabe2m* pknv1av2be1* •v1 i«mnabe1m* e2n* pkav2b~v•v111!1~e1* •v2e2* •vpk•v1

2e1* •v2e2* •v1pk•v !1~e1* •pke2* •v1v•v22e1* •pke2* •vv1•v2!

1~e1* •e2* pk•vv1•v22e1* •e2* pk•v1v•v2!. ~28!
-

dix

n-

m
on
The amplitudeā2res gives a tiny contribution to the tota
amplitude and can be neglected. In fact, this amplitude v
ishes in the small velocity limit where theD* are almost at
rest@22#. We note that the process with the 01 intermediate
state

B̄0→D* 1Ds0
2 →D* 1D* 2K0

is not allowed due to parity conservation while the amplitu
with the 02 intermediate state

B̄0→D* 1Ds
2→D* 1D* 2K0

is expected to be small compared toā1res . The propagator
term in the above amplitude goes as approximately 1/@EK

1(mD* 2mDs
)# which does not have a pole as inā1res .

Moreover, the amplitude is further suppressed with respec
ā1res by a factor;pk /Ek or uvW u/v0, wherevW andv0 are the
three-velocity and the time component of the velocity fo
vector of theD* , from theDs

1D* 1K0 vertex.

The total amplitude for B̄0(v,m)
→D* 1(e1 ,v1 ,m1)D* 2(e2 ,v2 ,m1)Ks(pk) can be written
as

ā5ānon-res@12P1# ~29!

and the total amplitude for B0(v,m)
→D* 1(e1 ,v1 ,m1)D* 2(e2 ,v2 ,m1)Ks(pk) can be written
as

a5anon-res@12P2# ~30!
n-

e

to

-

with

P15
f D

s1*
8

f D*
Am* 8

m1

hpk•v2

S pk•v21m12m* 81
iGD

s1*
8

2
D ~31!

P25
f D

s1*
8

f D*
Am* 8

m1

hpk•v1

S pk•v11m12m* 81
iGD

s1*
8

2
D .

~32!

Note thatP1 andP2 can be expressed in terms ofEk and
y and P1(y,Ek)5P2(2y,Ek). The relation between quanti
ties in the boosted frame and the rest frame of theB and the
calculation of the squared amplitude are given in Appen
B.

The double differential decay distribution for the time i
dependent process

B̄0~v,m!→D* 1~e1 ,v1 ,m1!D* 2~e2 ,v2 ,m1!Ks~pk!

can be written as

1

G

dG

dydEk
5

f ~y,Ek!

E f ~y,Ek!
pk8p18

m
dydEk

~33!

wherepk8 andp18 are the magnitudes of the three-momentu
of the Ks andD* 1 in the boosted frame and the expressi
9-5
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for f (y,Ek) can be found in Appendix B. The differentia
distribution depends only onf D

s1*
8 / f D* , the massm* 8 and

the couplingh of the Ds1*
8 state. It is expected thatf D

s1*
8

' f D
s*

and in theSU(3) limit f D
s*
5 f D* . So in theSU(3)

limit a two parameter fit to the differential decay distributio

can determine the mass and the coupling of theDs1*
8 state.

The widths of the positive parity excited states are
pected to be saturated by single kaon transitions@14#. In our

calculation we require the width of theDs1*
8 state. Assuming

GD
s1*

18'G~Ds1*
18→D* 1K0!1G~Ds1*

18→D* 0K1!

~34!

one can write

GD
s1*

85
h2

p f K
2

m1

m* 8
~m* 82m1!2p ~35!

wherep is the magnitude of the three-momentum of the d

cay products in the rest frame ofDs1*
8 andm1 andm* 8 are

the masses of theDs* andDs1*
8 state.

It is clear that if a5ā, then the dilution factorD51.
However, that is not the case here. For the nonresonant
tribution, in the approximation of small velocity of theB, the
final state is an admixture ofCP states with differentCP
parities. This leads toD,1. This is the same dilution of the
asymmetry as in the case forB→D* 1D* 2. When the reso-
nant contribution is included the amplitudesa andā have an
asymmetric dependence on the variabley. This reflects the

fact that in the processB̄0→D* 1Ds1*
82→D* 1D* 2K0 the

kaon emerges most of the time closer toD* 2 than theD* 1.
The situation is reversed forB0 decays. Consequently ther
is additional mismatch between the amplitudesa and ā
which leads to further dilution of the asymmetry. One c
reduce the dilution of the asymmetry, i.e., increaseD, by
imposing cuts so as to reduce the resonant contribution.
consider several cases where cuts may be employed to
crease the dilution of the asymmetry. From Eqs.~31!,~32! it
is clear that resonance occurs when the following condit
is met:

pk•v15m* 82m1 ~36!

pk•v25m* 82m1 . ~37!

If, in the allowed region ofEk , we can find a valueEk0
such that for values ofEk>Ek0 the above conditions are no
satisfied for21<y<1, then we can remove the resonan
by using the cutEk>Ek0. The value ofEk0;0.76 GeV in
our case. We will call this case cut 1 for future reference

Another possible cut is to include the whole range ofEk
but in the regionEk<Ek0 we remove the resonance by cu
ting on the variabley. We can use the region20.5<y
<0.5 since for most values ofEk the resonance condition i
satisfied in the range21<y<20.5 and 0.5<y<1. We will
05400
-

-

n-

e
e-

n

call this case cut 2 for future reference. In any event, the c
can be optimized after the resonance has been seen ex
mentally. However, as we try to increase the value ofD by
cutting on the resonance, we reduce the usable part of
branching fraction.

IV. RESULTS AND DISCUSSIONS

As inputs to the calculation, we usef D
s*
' f D

s1*
85200

MeV and take the mass of theDs1*
8 state to be 2.6 GeV. Fo

the Isgur-Wise function we use the form

j~v!5S 2

11v D 2

.

QCD sum rules have been used to compute the strong
pling constantsg andh @23#. We will useg50.3 as obtained
in Ref. @23# but keeph as a free parameter because th
coupling plays a more important role in the decay widths

Figure 2 shows the branching fraction forB̄0

→D*1D*2Ks as a function of the couplingh. A QCD sum
rule calculations givesh;20.5 @23#. We use the same sig
of h as obtained in QCD sum rule calculation but varyh
from 20.6 to 20.1. For this range ofh the branching frac-
tion can vary in the range 0.45–0.93 % when we employ

cuts. Forh520.4 which corresponds to aDs1*
8 state with a

width of about 150 MeV the branching fraction is 0.83%.
our calculation this corresponds to a branching ratio

FIG. 2. The branching fraction forB̄0→D* 1D* 2Ks as a func-
tion of theh with and without cuts.
9-6



ne
it

e

t
c

on
r
ta
ic
e

o

a

of

e

rom

oad
ec-
nd

MEASURING b IN B→D (* )1D (* )2Ks DECAYS PHYSICAL REVIEW D 61 054009
B~B0→D* 2D* 1K0!'B~B0→D* 2D* 0K1!

'B~B1→D̄* 0D* 0K1!

'B~B1→D̄* 0D* 1K0!

'0.9– 1.86%.

This is consistent with the CLEO measurements mentio
above. In the figure we also show the branching fraction w
the cuts which are designed to reduce the dilution of theCP
asymmetry.

Figure 3 shows a plot of the dilution factorD versus the
coupling h. In the absence of any cuts we find that larg
values ofuhu give a larger value ofD and hence less dilution

in the asymmetry because for a broadDs1*
8 state there is more

overlap between the amplitudes forB0→D* 1D* 2Ks and
B̄0→D* 1D* 2Ks . For h520.4 the dilution factor is abou
0.75 with no cuts. For the case of cut 1, where we use the
Ek.Ek0 to effectively remove the resonance, the diluti
factor increases with smalleruhu. This is because for smalle
uhu andEk.Ek0 the resonant amplitude is small and the to
amplitude is dominated by the nonresonant amplitude wh
gives a larger value forD. For the case of cut 2, as in th
case with no cuts, the dilution factorD decreases with
smalleruhu. This is because we are using the entire region
Ek and not removing the resonance by the cutEk.Ek0 as in
the case of cut 1. Consequently a broader resonance

FIG. 3. The dilution factorD as a function of theh with and
without cuts.
05400
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hence a larger value ofuhu give a larger value ofD and vice
versa.

Figure 4 shows the squared amplitude forB0

→D*1D*2Ks and B̄0→D* 1D* 2Ks as a function of the
variabley for h520.4. As mentioned above the nature

the two curves reflects the fact that in the processB̄0

→D* 1Ds1*
82→D* 1D* 2K0 the kaon emerges most of th

time closer toD* 2 than theD* 1 while the situation is re-
versed forB0 decays.

Figure 5 shows the plot of the functionsG0 , Gc , Gs1
and Gs2 as a function ofy for Ek50.6 GeV and forh5
20.4. From the figure we see that the functionsG0 andGs1
are symmetric iny while Gc andGs2 are antisymmetric iny.
This follows from the absence of directCP violation as
shown in Eqs.~19!–~22!.

In Fig. 6 we show the decay distributiondG/dEk versus
the kaon energyEk . For small values ofEk the decay distri-
bution shows a clear resonant structure which comes f
the pole contribution toa1res with the excitedJP511 inter-
mediate state. Therefore, examination of theD* Ks mass
spectrum may be the best experimental way to find the br
11 p-waveDs meson and as mentioned in the previous s
tion a fit to the decay distribution will measure its mass a
the coupling.

In Fig. 7 we show the functionsG0 , Gc , Gs1 and Gs2

FIG. 4. The squared amplitude forB0→D* 1D* 2KsB̄
0

→D* 1D* 2Ks as a function of the variabley for h520.4 which

corresponds to aDs1*
8 state with a width of about 150 MeV.
9-7
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BROWDER, DATTA, O’DONNELL, AND PAKVASA PHYSICAL REVIEW D 61 054009
integrated over they>0 as a function ofh. J0 andJc refer to
the integratedG0 andGc functions whileJs1 andJs2 refer to
the integratedGs1 andGs2 functions. As already mentioned
restricting the integration range toy>0 allows a probe of the
cos(2b) term in the time dependent rate forB0(t)
→D (* 1)D (* 2)Ks decays. It is clear from the figure that
broader resonance is more favorable to probeGs2 which is
the coefficient of the cos(2b) term.

In summary, we have studied the possibility of extracti
sin(2b) and cos(2b) from time dependentB0→D (* )D̄ (* )Ks
decays. These decays are expected to have less penguin
tamination and much larger branching fractions than the
body modesB0→D (* )D̄ (* ) . Using HHChPT we have cal
culated the branching fractions and the various coeffic
functions that appear in the time dependent rate forB0

→D (* 1)D (* 2)Ks . We also showed that a examination
the D* Ks mass spectrum may be the best experimental w
to find the broad 11 p-waveDs meson and measure its ma
and coupling.
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FIG. 5. The functionsG0 , Gc , Gs1 andGs2 as a function ofy
for Ek50.6 GeV andh520.4.
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APPENDIX A

In the standard model~SM! the amplitudes forB

→D (* )D̄ (* )Ks are generated by the following effectiv
Hamiltonian@24,25#:

He f f
q 5

GF

A2
FVf bVf q* ~c1O1 f

q 1c2O2 f
q !

2(
i 53

10

~VubVuq* ci
u1VcbVcq* ci

c1VtbVtq* ci
t!Oi

qG1H.c.,

~A1!

where the superscriptsu, c, t indicate the internal quark,f
can be au or c quark andq can be either ad or a s quark
depending on whether the decay is aDS50 or DS521
process. The operatorsOi

q are defined as

O1 f
q 5q̄agmL f b f̄ bgmLba , O2 f

q 5q̄gmL f f̄ gmLb, ~A2!

O3,5
q 5q̄gmLbq̄8gmL~R!q8,

O4,6
q 5q̄agmLbbq̄b8gmL~R!qa8 ,

O7,9
q 5

3

2
q̄gmLbeq8q̄8gmR~L !q8,

FIG. 6. The decay distributiondG/dEk versus the kaon energ
Ek .
9-8
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MEASURING b IN B→D (* )1D (* )2Ks DECAYS PHYSICAL REVIEW D 61 054009
O8,10
q 5

3

2
q̄agmLbbeq8q̄b8gmR~L !qa8 ,

whereR(L)516g5, andq8 is summed over all flavors ex
cept t. O1 f ,2f are the current-current operators that repres
tree level processes.O3 –6 are the strong gluon induced pe
guin operators, and the operatorsO7 –10 are due tog and Z
exchange~electroweak penguins! and ‘‘box’’ diagrams at the
loop level. The Wilson coefficientsci

f are defined at the scal
m'mb and have been evaluated to next-to-leading orde
QCD. Theci

t are the regularization scheme independent v
ues obtained in Ref.@26#. We give the nonzeroci

f below for
mt5176 GeV,as(mZ)50.117, andm5mb55 GeV,

c1520.307, c251.147, c3
t 50.017,

c4
t 520.037, c5

t 50.010, c6
t 520.045,

c7
t 521.2431025, c8

t 53.7731024,

c9
t 520.010, c10

t 52.0631023,

c3,5
u,c52c4,6

u,c/Nc5Ps
u,c/Nc , c7,9

u,c5Pe
u,c , c8,10

u,c 50
~A3!

FIG. 7. The functionsG0 , Gc , Gs1 and Gs2 integrated over
they>0 as a function ofh. J0 andJc refer to the integratedG0 and
Gc functions whileJs1 andJs2 refer to the integratedGs1 andGs2

functions. The values of the integral can be obtained by multiply
by GB whereGB is the width of theB.
05400
nt

in
l-

whereNc is the number of colors. The leading contributio

to Ps,e
i are given by:Ps

i 5(as/8p)c2@ 10
9 1G(mi ,m,q2)# and

Pe
i 5(aem/9p)(Ncc11c2)@ 10

9 1G(mi ,m,q2)#. The function
G(m,m,q2) is given by

G~m,m,q2!54E
0

1

x~12x!ln
m22x~12x!q2

m2 dx. ~A4!

All the above coefficients are obtained up to one loop or
in electroweak interactions. The momentumq is the momen-
tum carried by the virtual gluon in the penguin diagra
When q2.4m2, G(m,m,q2) becomes imaginary. In ou
calculation, we usemu55 MeV, md57 MeV, ms5200
MeV, mc51.35 GeV@27,13#.

In the factorization assumption the amplitude forB

→D (* )D̄ (* )Ks can now be written as

M5M11M21M31M4 ~A5!

where

M15
GF

A2
X1^D̄

(* )Ksus̄gm~12g5! cu0&

3^D (* )uc̄ gm~12g5! buB&

M25
GF

A2
X2^D̄

(* )D (* )uc̄gm~12g5! cu0&

3^Ksus̄ gm~12g5! buB&

M35
GF

A2
X3^D̄

(* )D (* )uc̄gm~11g5! cu0&

3^Ksus̄ gm~12g5! buB&

M45
GF

A2
X4^D̄

(* )Ksus̄~11g5! cu0&

3^D (* )uc̄ ~12g5! buB& ~A6!

where

X15VcS c1

Nc
1c2D1

B3

Nc
1B41

B9

Nc
1B10

X25VcS c11
c2

Nc
D1B31

1

Nc
B41B91

1

Nc
B10

X35B51
1

Nc
B61B71

1

Nc
B8

X4522 S 1

Nc
B51B61

1

Nc
B71B8D . ~A7!

We have defined

g

9-9
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BROWDER, DATTA, O’DONNELL, AND PAKVASA PHYSICAL REVIEW D 61 054009
Bi52 (
q5u,c,t

ci
qVq ~A8!

with

Vq5Vqs* Vqb . ~A9!

In the above equationsNc represents the number of co
ors. It is usually the practice in the study of two body no
leptonic decays to include nonfactorizable effects by the
placementNc→Ne f f . Since it is not obvious thatNe f f for
two body nonleptonic decays is the same for nonlepto
three body decays, we will useNc53 in our calculation.

As already mentioned, we expect the contribution fro
penguin diagrams to be small and so as a first approxima
we will neglectM3 andM4. Furthermore, from the values o
the Wilson coefficientsc1,2 given above in the previous sec
tion it is clear that the amplitudeM2 is suppressed with
respect toM1 with the Wilson coefficients associated wi
M2 being about 7% of the Wilson coefficients associa
with M1. We also note that the currents^D̄ (* )Ksus̄gm(1
2g5) cu0& and ^KSus̄ gm(12g5) buB&, which appear inM1
and M2 respectively, receive contributions from both th
contact terms and the pole terms. For the former current
pole terms are proportional to 1/(EK2dm) while for the
latter the pole term goes as 1/(EK1dm). This also leads to a
further suppression ofM2 relative toM1. We therefore ne-
glectM2 and only retainM1 in our calculation. We will also
neglectCP violation in theK0-K̄0 system and so~with an
appropriate choice of phase convention! we can write

Ks5
K02K̄0

A2
. ~A10!

To calculate the various matrix elements inM1 above we
use heavy hadron chiral perturbation theory~HHChPT!. In
HHChPT, the ground state (j P5 1

2
2) heavy mesons are de

scribed by the 434 Dirac matrix

Ha5
~11v” !

2
@Pam* gm2Pag5# ~A11!

wherev is the heavy meson velocity, andPa*
m and Pa are

annihilation operators of the 12 and 02 Qq̄a mesons (a
51,2,3 for u,d and s): for charm, they areD* and D re-
spectively. The fieldH̄a is defined by

H̄a5g0H†g0.

Similarly, the positive parity 11 and 01 states (j P5 1
2

1) are
described by

Sa5
~11v” !

2
@D1m*

8gmg52D0#. ~A12!

In the above equationsv generically represents the heav
meson four-velocity andD* m andD are annihilation opera
tors normalized as follows:
05400
-
-

ic

n

d

e

^0uDucq̄~02!&5AMH

^0uD* mucq̄~12!&5emAMH. ~A13!

Similar equations hold for the positive parity statesD1m*
8 and

D0 . The vector states in the multiplet satisfy the transv
sality conditions

vmDm* 5vmD1m*
850.

For the octet of the pseudo Goldstone bosons, one u
the exponential form

j5expS iM

f p
D ~A14!

where

M5SA1

2
p01A1

6
h p1 K1

p2
2A1

2
p01A1

6
h K0

K2 K̄0 2A2

3
h

D
~A15!

and f p5132 MeV.
The Lagrangian describing the fieldsH, Sandj and their

interactions, under the hypothesis of chiral and spin-fla
symmetry and at the lowest order in light mesons deri
tives, is@14#

L5
f p

2

8
Tr@]mS]mS†1 iH bvmDmbaH̄a#

1Tr@Sb~ ivmDmba2dbaD!S̄a#1 ig Tr@Hbgmg5A ba
m H̄a#

1 ig8Tr@Sbgmg5A ba
m S̄a#1 ihTr@Sbgmg5A ba

m H̄a#1H.c.

~A16!

where ‘‘Tr’’ means the trace, and

Dmba5dba]m1Vmba5dba]m1
1

2
~j†]mj1j]mj†!ba

~A17!

Amba5
1

2
~j†]mj2j]mj†!ba ~A18!

S5j2 andD is the mass splitting of theSa states from the
ground stateHa .

The currents involving the heavyb andc quarks,

JV
m5^D* ~e1 ,p1!uc̄gm~12g5!buB~p!&, ~A19!

can be expressed in general in terms of form factors@28#
9-10
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JV
m5

22iV~q2!

m1m1
«mnabe1n* pap1b2~m1m1!A1~q2!e1*

m

1
A2~q2!

m1m1
e1* •q~p1p1!m12m1A3~q2!

e1* •q

q2
qm

22m1A0~q2!
e1* •q

q2
qm ~A20!

with

A3~q2!5
m1m1

2m1
A1~q2!2

m2m1

2m1
A2~q2!

A3~0!5A0~0! ~A21!

whereq5p2p1 is the momentum transfer andm andm1 are
the masses ofB andD* . In the heavy quark limit the variou
form factors are related to a universal Isgur-Wise funct
j(v•v1) wherev andv1 are the four-velocities of theB and
D* mesons. One can write

JV
m5AmAm1j~v•v1!@2 i«mnabe1n* vav1b1v1

me1* •v

2e1*
m~v•v111!#. ~A22!

The weak currentLa
m5q̄agm(12g5)Q can be written in the

effective theory as

La
m5

i f HAmH

2
Tr@gm~12g5!Hbjba

1 # ~A23!

wheref Q is the heavy meson decay constant. One can th
fore write

^D̄* ~e2 ,v2!K̄0us̄gm~12g5!cu0&5 i
m2f D* e2m*

f K
.

~A24!

APPENDIX B

The total amplitude for B̄0(v,m)
→D* 1(e1 ,v1 ,m1)D* 2(e2 ,v2 ,m1)Ks(pk) can be written
as

ā5ānon-res@12P1# ~B1!

and the total amplitude for B0(v,m)
→D* 1(e1 ,v1 ,m1)D* 2(e2 ,v2 ,m1)Ks(pk) can be written
as

a5anon-res@12P2# ~B2!

with

P15
f D

s1*
8

f D*
Am* 8

m1

hpk•v2

S pk•v21m12m* 81
iGD

s1*
8

2
D ~B3!
05400
n

e-

P25
f D

s1*
8

f D*
Am* 8

m1

hpk•v1

S pk•v11m12m* 81
iGD

s1*
8

2
D .

~B4!

In the boosted frame we can write

pk•v25
Ek8E28 1pk8p28 y

m1
~B5!

pk•v15
Ek8E18 2pk8p18 y

m1
~B6!

whereEk8 and pk8 are the energy and the magnitude of t
momentum of the kaon in the boosted frame,E68 andp68 are
the energies and the magnitude of the momenta of theD* 6

in the boosted frame andm1 is theD* mass. In the boosted
frame we have the following relations:

Ek85g~Ek2bW •pW k! ~B7!

5
1

A12
Ek

22mk
2

m2S 12
Ek

m
D 2

F Ek1
Ek

22mk
2

mS 12
Ek

m
D G

~B8!

pk85pB85AEk8
22mk

2 ~B9!

p18 5p28 5AE18
22m1

2 ~B10!

E18 5E28 5
EB82Ek8

2
~B11!

whereEk and pk are the energy and magnitude of the m
mentum of theKs in the B rest frame,EB8 and pB8 are the
energy and magnitude of the momentum of theB in the
boosted frame andm, m1 and mk are theB, D* and Ks
masses.

Note from the above relations thatP1 and P2 can be
expressed in terms ofEk andy andP1(y,Ek)5P2(2y,Ek).

Squaring the amplitudes and summing over polarizati
one can write

uāu25uānon-resu2u12P1u2 ~B12!

uau25uanon-resu2u12P2u2 ~B13!

a* ā5a* non-resānon-res~12P2!* ~12P1! ~B14!

where

uānon-resu25k2@2x212~2x1x21x2!x12x1
22x2

214x112#
~B15!
9-11
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uanon-resu25k2@2x212~2x1x21x1!x12x2
22x1

214x212#
~B16!

a* non-resānon-res5k2@x21~x11x222!x12x115x1x2

12x2121O~pk
2/m2!# ~B17!

where

k5
GF

A2
VcS c1

Nc
1c2DAmAm1m1

x15v•v15
EB8E18 2pB8p18 y

mm1

x25v•v25
EB8E28 1pB8p28 y

mm1

x5v1•v25
E18 E28 1p18 p28

m1
2

.

,

NF

.
ys

05400
The double differential decay distribution for the time ind
pendent process

B̄0~v,m!→D* 1~e1 ,v1 ,m1!D* 2~e2 ,v2 ,m1!Ks~pk!

can be written as

1

G

dG

dydEk
5

f ~y,Ek!

E f ~y,Ek!
pk8p18

m
dydEk

~B18!

f ~y,Ek!5@2x212~2x1x21x2!x

12x1
22x2

214x112#u12P1u2 ~B19!

wherepk8 andp18 are the magnitudes of the three-momentu
of the Ks andD* 1 in the boosted frame.
ud-
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