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The Bz decay modes D (D* )X generated by the quark process b —+c+ud have a large CP
asymmetry within the Cabibbo-Kobayashi-Maskawa (CKM) model. Here X denotes a light, neu-
tral meson with zero strangeness, such as w, p, co, etc. This asymmetry depends only on a ratio of
CKM matrix elements and not on final-state phases. The CKM model predicts (up to a sign) the
same asymmetries for the D (D )X,QICs, and D+D modes. Adding those modes might lower
the required luminosity for observing CP violation within the CKM model. On the other hand, fu-

ture high-statistics measurements could reveal violations of the CKM model simply by demonstrat-

ing that the modes l(Ks, D+D and DD(D "0)XO difFer in their individual CP asymmetries.

I. INTRODUCTION

Recently there has been interest in searching for CP
violation with neutral B meson decays. The classic decay
mode is B&~/K'. ' The decay mode B4~m+~ has
also been studied in some detail.

Here we suggest that decay modes, discussed earlier in
the literature, ""' of the type B& D X or 8&
~D* X, generated by the quark process b ~c+ud,
may offer experimental sensitivity comparable to QKs
when the D or D* particle decays into a CP eigenstate
(f)&. As in the ltd case, the large amplitude due to the
direct decay [B4~D (D* )X ~ (f)~ ] interferes with
the large amplitude due to B4 B4 m-ixing t B4 h„,

+B4 +D (D* )X—~(f—)~ ] to yield a sizable asym-
metry.

Furthermore, the prediction for this asymmetry is
theoretically clean. First, akin to the B4~QKs mode,
Section II shows that uncertainties in hadronic matrix
elements and final-state phases do not enter. Within the
standard model of the electroweak interactions, in which
CP violation arises from the complex Cabibb�-
oK�ob�aya-Mask awa (CKM) matrix, the interference
term for Bz (f)siX is the same as for B4 itKs, name-

ly, ~1m',
~
=sin(2p), and satisfies

0.08 %sin(2P) ~ 1 .

The angle P is the angle between V,b V,4 and V,*b V,z..

tent B4~D+D ). In the modes advocated in this paper
[B4~D (D* )X ], however, penguin contributions are
absent and cause no uncertainties.

To increase the data sample many different modes of
the type (f)~ can be summed over. Since the asym-
metries of final states with opposite CP parities differ by a
minus sign, it will be crucial to distinguish between final
states with different CP parities, so as not to dilute the
signal. ' Section III lists the relevant decay modes of the
form (f)~ .

Whether the decays Bz ~D (D " )X +(f)~ are a-
realistic complement to the QKs mode depends on their
branching ratios. Section IV estimates their branching
ratios within the framework of the Bauer-Stech-Wirbel
(BSW) model, "but cautions the reader that final-state in-
teractions and other uncalculable effects render such esti-
mates unreliable. Ultimately, measurements of the final
states will determine whether those decays can substan-
tially complement the QKs mode.

Even if the (f)~ modes are not competitive with the

QKs one, important information will be obtained by pur-
suing them. The standard model predicts the same CP-
violating interference term Imk, for the (f)~, QKs, and
D+D modes. If new physics were to occur within the
D Dcomplex, t-he interference term of the (f)~
modes could differ from the QKs and D+D ones, '

which would be a violation of the standard model. Sec-
tion V concludes.

p= —arg

Second, penguin contributions generally create uncer-
tainties in the predictions of CP asymmetries. Well-
known cases are the B&~rr+n mode (and to a lesser ex-

II. DISCUSSION

A detailed discussion of the decay Bz —+D ~
~(vr+m )Der clarifies our idea. Unless otherwise indi-

cated, the discussion will hold true for other decay
modes, listed in Sec. III. Consider the process B&~D ~0 0

~(~+sr )D~ . Here the CP asymmetry to measure is

I (B„„„, (sr+sr ) m ) —I (B„„, (n+rr ) vr )

I (B4 h„,~(sr+~ )Dn )+I (B4 h„,~(sr+sr )Der )
(2.1)
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Four amplitudes give rise to the decay Bd „h»
~(vr+n )on, when D D -mixing is neglected. Those
amplitudes are

(1) Bd~D rr ~(~ ~ )Drr (2.2)

~ (D' ~+~ )-- V,"„V„„,
~ (D'~~+~ ) —-v,„v„*, ,

(2.9a)

(2.9b)

where a common factor is suppressed (see the Appendix).
Thus, the amplitudes for the decay chains are

(2) Bd~D rr ~(~ rr )orr (2.3)
~ (Bd (~ ~ )D~ ) Vcb Vud ~ed Vud (2.10a)

(3) Bd phd, ~Bd ~D rr ~(~ n )Dm

(4) Bd phd ~Bd~D 7r ~(rr vr )Der

(2.4)

(2.5)

The amplitudes (2) and (4) are doubly Cabibbo-
Kobayashi-Maskawa (CKM) suppressed in relation to (1)
and (3), respectively.

A large interference between the main amplitudes (1)
and (3) occurs, and the CP-violating interference term is
given by

V,b V,d A (Bd ~(sr+~ )D~ )
Imk = Im

V,bv, dd(Bd (
+

) )
(2.11)

Henceforth we choose to work with the Wolfenstein pa-
rametrization, ' where

A(Bd ~(sr+sr )nw ) ——V,b V„*d V,d V„d . (2.10b)

The minus sign in Eq. (2.10b) arises because the final state
is CP odd. ' The interference term Imk, is'

Imk= + sin(2P) . (2.6)

The sign of Imk depends on whether the final state
(f)~ is CP even or odd. For CP even [-o-dd] states,
Imk, = —sin(2p) [Imk, =+sin(2p)]. ' The final state of
our example (~+sr )D~ is CP odd.

Equation (2.6) is derived as follows. The pure Bd decay
amplitude Bd ~D ~ can be parametrized as

Imk = —Im (2.12)

(2.13)

Since in the Wolfenstein parametrization the four CKM
elements

~ (Bd ~D'rr') = v,*b v„d l
tt

l

e" . (2.7)
are real to excellent approximations, any D ~(f)D de-
cay satisfies'

Because only one CKM combination V,b V„d contributes
to this decay, the hadronic matrix elements and final-
state-interaction phases can be represented as a complex
number ~a~e' . Notice that this complex number includes
final-state-interaction eFects, such as the rescattering
Bd ~D ~+ ~D ~ . To be explicit, we note that the de-
cay Bd —+D ~ has two diFerent isospin amplitudes:
I = 1/2 and 3/2. The complex number is represented as

]a/e' =/a, /e
' '+/a /e

No assumption whatsoever was made about the final-
state phases 51 and the magnitudes ~at~. The crucial
point is to observe that the amplitude for the process
Bd~D ~, although involving diFerent isospin ampli-
tudes and phases, involves only the one CKM combina-
tion V,b V„d.

The CP-conjugated mode leaves the final-state phases
unchanged and complex conjugates the CKM elements:

&(D ~(f)D) =+] .
&(D ~(f)ti)

(2.14)

The sign is plus (minus) for a CP even (-odd) fina-l state
(f)D. ' For any hadronic CP eigenstate (f)D, the in-
terference term is

Imk. =+Im (2.15)

The sign is determined as discussed in the paragraph fol-
lowing Eq. (2.6). Similar arguments hold for
D (excited) —+ (f)&.

A note about the neglect of D -D mixing is in order.
If D -D were present, then for each of the decay chains
(2.2) —(2.5) there exists another one, where the time-
evolved D or D mixes into its antiparticle. For in-
stance, in addition to

A (B„D rr )= V,„v„*„~a~e' (2.8)
Bd D vr (~+~ ) (2.2)

CP violation depends on the ratio of the two amplitudes:

~ (Bd-Do~0) V„V d ~o~e'

W (B,~D'~') V.*I V.d

We see that the dependence on the final-state
interactions —parametrized by ~

a
~
e ' —factors out.

The doubly-CKM-suppressed amplitudes will in gen-
eral have different final-state phases, bu& are negligible. '

The uncertainty due to anal state phases is -removed, be
cause those amplitudes where diferent final state phases-
could occur have tiny CKM elements and are negligible.

The amplitudes for the subsequent neutral D decays
are given by

D -D mixing yields

Bd D a D vr (sr+a ) (2.16)

III. REI.EVANT DECAY MODES

We first discuss the decays Bd ~(f)~, when the final
state is a CP eigenstate. We concentrate on two possibili-

Present limits on the square of the D -D mixing ampli-
tude are rD (0.37% (90% C.L.), ' and for our purposes
can be neglected. '

To conclude the section, we recapitulate on the sign of
Iml, . Final states (f)~ which are CP even (-odd) eigen--
states have an interference term Imk, = —sin2P (+sin2P).
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ties.
(1) The Bd decays into the lowest-lying meson with cu

quantum numbers, the D, via B„~D X ~(f)~X .
The meson X can be one of the following:

(a) pseudoscalars (J =0 + )m, rl, rl',

(b) vectors (J = 1 )p, co, P,
(c) the J =1 + resonances

a&(1260),f&(1285),f&(1420),

(d) the J =0++ resonances

ao(980),fo(975),fo(1400),

(e) the J = 1+ resonances

b, (1235),h, (1170),

(f) the J =2++ resonances

a2(1320),f2 (1525),fz(1270) .

Bd~D X ~(f)DX (3.1)

1s

The above-mentioned D decays into a CP eigenstate,
D +(f)D—. The CP parity of the final state in the process

CP[(f)D—] if X belongs to set (a)—(c),
CP ( )DX +CP[(f)D] if X belongs to set (d) —(f) .

B(D* +D ~ )=B(D—* ~D y)=50% . (3.2)

Whereas X from set (a) —(c) contributes with the same
sign to the CP asymmetry, the X from set (d) —(f) con-
tributes with the opposite sign, for a given (f)D. Note
that all the particles and resonances X below -900 MeV
enter with the same sign to the CP asymmetry.

(2) The Bd decays into D* or higher resonances with
cu quantum numbers. Consider, thus, Bd ~D (ex-
cited)X ~(f)~ . For a spinless, excited D, we allow
the meson X to be anything listed in (a) —(f). For excited
D with higher spin, such as D*, the meson X must be
spinless to allow a definite CP parity for the final state.
Then the meson X must be from (a) or (d) with J =0.

Since a definite CP parity is required for the final state
of a Bd meson, by necessity the (f)& mode, arising from
D (excited)~(f)&, must have a definite CP parity also.
This report focuses on the D*, ' which has two main de-
cay modes

Since the D* decays via parity-conserving interactions,
both the D ~ and the D y are in a P wave. Thus if the
subsequent D decays into a CP eigenstate, the final state
of D* ~(f) „ is a CP eigenstate. However the CP pari-

ty of this final state depends on whether the m or the
photon is involved, as they have opposite intrinsic CP
parity.

Thus, consider the two decay chains, where X is spin-
less:

(a) Bd~D* X ~(yD ],X ~[y(f)D] ~X

(b) Bd~D* X ~[~ D ] gX ~[rr (f)D] gX

We have shown that both final states have definite CP
parities, and that the CP parity of the final state in decay
chain (a) is opposite to the one in decay chain (b). Explic-
itly,

(a) CP~[y(f)D] +X ) =+rIIX ]ALII(f)D I ~[y(f)D]D~X ),
(b) CP~[~ (f)D] gX ) = —rIIX ]gI(f)D] ~[~ (f)D] eX ) .

Here g denotes the intrinsic CP parity of the state in
brackets. Thus it is crucial to distinguish the mode
D* —+~ D from D* —+yD . This is possible if the
detector has good calorimetry, such as the CsI detector
recently installed by the CLEO Collaboration.

To summarize, two possibilities (1) and (2) for large
clean CP violation were discussed. The remainder of this
section lists the D modes (f)D into CP eigenstates.

(D 1) Final states which include one neutral kaon, such
asK rr, K q, K g', K p, K co, K Q, K (c)—(f) (Ref. 21),
K*o~o, K*oq, K*oq', K*o(d) "

(02) Final states which include an ss quark pair, such
as y~o, yq, K+K KoK' K*'K'K'K-*'

(D3) Final states which include fiavor-neutral decays,

[~' n n' ao fol o
I 'rr

~ 71~ 'g, p ~ co ~such as
( ) (f) ]

22, 21

The two vector modes of a D might have a dominant CP
parity as discussed in Ref. 23. If the modes in (D4) and
(D5) below are experimentally found to be predominant
CP eigenstates, then they could also be used for (f)D.

(D4) Final states, such as, p P, cog, roK*,pK* .
(D5) Final states which are a particle-antiparticle sys-

tem, such as, K* K,K* K*+,p+p, p p, coco, . . .
For cases (Dl) —(D4) the neutral kaon K is seen in its

decay, and the K * in its E ~ mode. In contrast,
case (D5) allows K* to be seen in its K rr and K+vr
modes, and E*+ in its K ~+ and K+~ modes, because
the final state (f)D is a particle-antiparticle system. In
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TABLE I. The efficiencies of various final-state particles.
Here eD is the D branching fraction into visible CP eigenstates
(see text).

Particle

ceo
~+0

P
7l

7l'

Do

D Qo

e, efficiency

100%

33%
11%

100%%uo

60%%uo

90%
30%%uo

50%%uo

FD

100%X eD

the next section, we estimate the combined Bd branching
ratio to final states of the form (1) or (2).

IV. RATE ESTIMATES

D' ~+~ ,K+K ,K'~'-, K'p', K-'y, p'K*', (4.1)

We now wish to compare the statistical power of the
Bd ~(f)~ modes to that of the classic Bd ~/K' one.
This requires estimates of branching ratios and
efficiencies. For purposes of the paper efficiency refers to
the branching fraction to visible modes. We do not dis-
cuss the ability to vertex those modes, which is an impor-
tant requirement for an asymmetric Y(4S) machine but
not for a symmetric Y(4S)+ or polarized Z one.
Specifically the efficiencies in Table I are obtained as fol-
lows. The neutral kaon is K& half of the time, and K& de-
cays to ~+~ 2/3 of the time. The neutral K* decays to
K n 1/3 of the time. We assume the p is seen in its

decay, the q in its 2y and ~+a ~ decays, the co

in its ~+~ ~ decay, the g' in its p y decay, and the P in
its %+K mode. The D is seen in its D a and D y
decays, and the D in all its possible CP eigenstate modes.

We attempt to estimate the efficiency of D, eD. The
measured rates for the definite CP eigenstates,

yield a total branching rate of 5%.' However, when
each of the decay modes is weighed by its efficiency (as
given in table I), the visible rate is lowered to eD =2%.
We included the p K* mode, since it was shown to have
a dominant CP parity.

If experiment were to reveal that each of the V, Vz

modes are dominated by a single CP parity, then we
ought to include them in our analysis. As no experimen-
tal data is yet available, we use the BSW model (with

a& =1.3, a&= —0.55 and a D lifetime of wD =0.42 ps)
for the modes

D cog, coK*,p p, K* K"+,p+p, coco . (4.2)

We estimate a total branching rate of 5%, and a visible
rate of eD =2%, for the V& Vz modes in Eq. (4.2). A note
about efficiencies used in the calculation is in order.
Whereas the efficiencies of the particles involved in
modes from cases (Dl) —(D4) are given in Table I, the
efficiencies for the ones from (D5) differ, as explained in
the previous section. For (D5), the K*+ is seen in its
K ~+ mode 2/3 of the time and in its K+m mode 1/3 of
the time, e=5/9. The K* is seen in its K ~ mode 1/3
of the time and in its K+~ mode 2/3 of the time,
@=7/9.

Now we summarize our findings about the D
efficiencies. When definite CP eigenstates are used [Eq.
(4.1)], ED =2%. When the V, Vz modes of Eq. (4.2) are
proven to have dominant CP parities and are added, the
efficiency of a D into CP eigenstates doubles to eD =4%,
but is still 3% if vertexing of the D is required.

Bauer, Stech, and Wirbel" obtained the rates of decays
of Bz into the modes from sets (1) and (2) shown in Table
II. They calculated within the factorization approxima-
tion and obtained small branching ratios, neglecting an-
nihilation diagrams and final-state interactions. The
modes in Table II have a combined "branching ratio X
efficiency" of 3. 1X 10 . Folding in the efficiency of the
D* and D of -4%, a visible rate of 1.2X10 results
for the decays of the form Bd ~(f)~ . Since the visible
rate of 1.2 X 10 for the modes (f)~ arises by the
summation of many channels, a careful analysis is re-
quired to determine the CP parity and backgrounds of

TABLE II. Branching rates for various CP eigenstate modes of a Bd. The theoretical decay widths
(second column) are taken from BSW (Ref. 11). The theoretical branching rates (third column) use

az = —0.24 and a Bd lifetime of 1.2 ps. The visible branching rates into CP eigenstates, B„~(f)~
(fourth column) is obtained by multiplying the theoretical branching rate (third column) with the
efficiencies given in Table I.

Bd decay

B„~Do~0

Bd —+D m

Bd~D g'
Bd ~D* q'

Width (BSW)
(10' sec ')

0.11a ~~

0.16a ~~

0.06a &

0.07a ~

0.06a &

0.03a',
0.04a',

Branching ratio
(BSW)

7.6x10-'
1.1x10-'
4.1x10-'
4.8X 10
4.1x10-'
2.1x10-'
2.8 x10-'

Branching ratio
visible (XeD)

7.6x10-'
1.1x 10
4.1X 10
2.9x10-'
3.7 x10-'
6.2x10-'
8.3x10 '
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the individual final states (f)~ . In contrast, the PK~ is
a single mode with definite CP parity, simple topology,
minimal background and a large "branching ratio X
efficiency" of (3X10 )X0.14X2/3=2. 8X10 '. It ap-
pears that the /K' mode is much favored over the
(f)~ ones.

Is the situation as hopeless for CP violation in the
quark process b~c+ud? Not really, since the branch-
ing rates into modes of sets (1) and (2) could be enhanced
over BSW estimates. Final-state interactions can play a
role in making the D (D* )X modes. For instance, if at
first mainly the D ~+ mode is made, final-state interac-
tions can still mix the D ~+~D ~ . It is conceivable
that B (Bz~D vr ) is of the same order as the measured

B (Bq ~D sr+ ) =0. 25%%uo (4.3)

V. CONCLUSION

It is thus possible that one of the many modes from sets
(1) or (2) could be enhanced. Ultimately, experiments will
answer which modes are enhanced and which ones can be
used for the asymmetry measurements.

A final comment. We are intrigued by the possibility
that some of the D* X (J =1) modes, such as D* p or
D* co, could have large branching ratios. Those modes
have no definite CP parity. However, the (0, 0) helicity
component has a definite CP parity and can be extracted
as advocated in Ref. 27. Even in the most general case,
when no CP dominates, a detailed study of all the angular
correlations, including the angle of the two decay planes,
makes those decay modes competitive with definite CP
eigenstate ones.

Even if the (f)~ modes are not competitive with the
PKs one, important information will be obtained by pur-
suing them. The standard model predicts the same CP-
violating interference term Imk, , for the (f)~, QKs,
and D +D modes. If new physics were to occur within
the D D-complex, the interference term of the (f)~
modes could differ from the QKs and D+D ones, ' and
would present a violation of the standard model. This
idea will be pursued in the future.
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APPENDIX

In principle, three weak phases g,. = V,*, V„, contribute
to the D ~~+~ decay. Unitarity of the 3X3 CKM
matrix, however, reduces the number of independent
weak phases to two:

3 (D ~~+rr )=gq aqle +g,*la, le

i5~ i6
~ (D ~rr ~ )=gglagle '+g, la, le

(A 1)

(A2)

where la, l, 5, (i =d, s) are the respective hadronic matrix
elements and final-state-interaction phases. Experiment
informs us that' '

We thank H. Quinn for many illuminating discussions,
and J. Rosner whose criticism on an earlier version re-
quired us to study the helicity formalism. We are grate-
ful to F. DeJongh, D. Hitlin, B. Kayser, M. Peskin, C.
Simopoulos, and B. Ward for discussions.

Large CP-violating efFects are predicted with the de-
cays Bz (f~)~ —generated by the quark process
b ~c+ud. Similar to the PE+ mode, Section II showed
that uncertainties in hadronic matrix elements and final-
state phases do not enter in calculating the CP-violating
interference term Imk. To increase statistics one could
sum over many modes (f)~, listed in Sec. III. Howev-
er, this summation must be done carefully, because the
asymmetries Aip sign for final states with different CP
parities.

Section IV compared the (f)~ modes to the classic
ij'jKs one. Whereas a visible rate within the BSW model
of —10 ' for the (f)~ modes arises by the summation
of many channels, the QKs mode —a single mode with
definite CP parity and simple topology —has a visible
rate of —3 X 10 . The BSW model predicts that the
(f)~ modes are not competitive with the QKs one.
Final-state interactions may enhance some of the
D (D* )X modes, and may make the (f)~ modes
more competitive. Only future experiments will tell.
This paper focused on final states (f)~ that are CP
eigenstates. We can increase statistics by including final
states that do not have a definite CP parity, but are mix-
tures of CP-even and -odd eigenstates. This increment
can be achieved by utilizing all the information one could
gain from angular correlations.

(A3)

where A,, =0.22 is the Cabibbo angle.
i6

The s term, g, l a, l
e ', represents rescattering effects,

such as D ~K+K ~~+~, and penguin diagrams,
c —+ug. Clearly, the decay D —+~+~ is dominated by

i5~
the d term gz l az l

e . Even without this physical in-

sight, we show that

3 (D ~~+sr )

A(D ~ ~ ) Vcd Vua

la, le' ' (A5)

(A6)

Because of Eq. (A3), the large brackets in Eqs. (A5) and
(A6) cancel to excellent approximation when the ratio
A (D ~a+~ )/A (D ~rr+~ ) is taken. Thus, Eq.
(A4) holds.

holds, barring a fine-tuning, because the weak phases of
the d and s terms are almost the same. The amplitudes
for the ~+~ mode of the D and D are
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Since the asymmetries that we expect for Bd~(f)~
are of the order of ~ImA,

~

=10—100%, we neglect the
small asymmetries in the D modes advocated by Golden
and Grinstein:

(A7)

Those small D asymmetries arise precisely because of
the imaginary part of g, /gd.
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