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The observation by the CLEO Collaboration of the decaysBs1,0d ! K s1,0dh0 is shown to imply
a significant but still uncertain contribution from the flavor-SU(3)-singlet component of theh0. By
comparing the rate for these decays with others for decays ofB mesons to two pseudoscalar mesons, it is
shown that the prospects for observingCP-violating asymmetries in certain modes such asB1 ! p1h

andB1 ! p1h0 are quite good. [S0031-9007(97)04696-6]
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The CLEO Collaboration [1] has recently reporte
the decaysB1 ! K1h0 andB0 ! K0h0 with branching
ratios of s7.112.5

22.1 6 0.9d 3 1025 and s5.312.8
22.2 6 1.2d 3

1025, respectively. In the present paper we show th
these results, when combined with other informatio
on decays ofB mesons to pairs of light pseudoscala
mesons, indicate that theKh0 decays receive a sig-
nificant contribution from the flavor-SU(3)-singlet com
ponent of theh0. We use the present information to
predict the rates for charged and neutralB’s to decay
to sp or Kd 1 sh or h0d. By searching for processes in
which contributions of different weak decay amplitude
are comparable to one another, we show that there is
high likelihood for observableCP-violating asymmetries
in the decaysB1 ! p1h and B1 ! p1h0. A simi-
lar conclusion was reached earlier by Barshay, Rein, a
Sehgal [2] on the basis of a different analysis. Oth
ers have emphasized previously the potential forCP-
violating rate asymmetries to be exhibited in decays
B mesons to pairs of charmless mesons [3].

The contribution toB1 ! K1h0 from a new penguin
amplitude, occurring only in decays involving a flavor
SU(3)-singlet component in the final pseudoscalar mes
state, was noted in Refs. [4–6]. While one possibility fo
this contribution [2,7,8] is an intrinsiccc̄ component in the
h0, more conventional mechanisms [8,9] (e.g., involvin
gluons) also seem adequate to explain the observed r
Some enhancement of conventional mechanisms may
needed to explain the large rate for theinclusiveprocess
B1 ! h0 1 X. We shall not be concerned here with th
inclusive process.

We list the relevant decay amplitudes associated with
flavor-SU(3) decomposition [5,6,10–15] in Tables I an
II. Unprimed amplitudes denoteDS ­ 0 decays; primed
amplitudes denotejDSj ­ 1 decays. An amplitudet
st0d describes a tree-graph contribution,c sc0d describes
0031-9007y97y79(22)y4333(4)$10.00
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a color-suppressed process,p sp0d describes a penguin
graph contribution coupling to a pair of quark-antiquar
mesons, ands ss0d describes an additional penguin con
tribution coupling specifically to the flavor-SU(3)-single
component of theh or h0. All of these amplitudes are de-
fined in such a way [15] as to include contributions from
electroweak penguin terms [16].

We assume theh andh0 are mixed so thath ­ suū 1

dd̄ 2 ss̄dy
p

3 and h0 ­ suū 1 dd̄ 1 2ss̄dy
p

6, corre-
sponding to an octet-singlet mixing angle ofu ­ 219.5±.
The p0 contribution toB ! Kh vanishes for this mix-
ing [14,15,17]. More details justifying this assump
tion are discussed, for example, in Refs. [4,5,12]. Oth
phase conventions for pseudoscalar mesons may be fo
in Ref. [13]. We have neglected all annihilation- an
exchange-type amplitudes, which are expected to
highly suppressed in comparison with those shown.

In Tables I and II we have also calculated expecte
squares of contributions of individual amplitudes to de
cays. We ignore, for the present purposes, any interf
ence between tree (t or t0) and other amplitudes. We
consider two possibilities for the relative phase of th
two predominant amplitudes,p0 and s0, in the decay
B1 ! K1h0. The cases (a) and (b) listed in the Table
correspond to constructive interference and no interfe
ence between these amplitudes. [Destructive interfere
would imply a singlet amplitudes0 so large that the pre-
dicted value ofB sB1 ! K1hd would exceed the cur-
rent 90% confidence level (C.L.) bound [1]BsB1 !

K1hd , 8 3 1026.]
Interference between amplitudes becomes importa

when they are not too different in magnitude, which o
curs in several cases which we shall presently identi
We do not quote contributions of color-suppressed a
plitudes, neglecting them in the ensuing discussion. W
determine amplitudes in the following manner.
© 1997 The American Physical Society 4333
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TABLE I. Summary of predicted contributions to selectedDS ­ 0 decays ofB mesons.
Rates are quoted in branching ratio units of1026. Rates in italics are assumed inputs.

Denom. jtj2 jpj2 jsj2 rate
Decay Amplitudes factor rate rate (a)a (b)b

B1 ! p1p0 t 1 c 2
p

2 4.1 0 0 0
! K1K

0 p 1 0 0.8 0 0
! p1h t 1 c 1 2p 1 s 2

p
3 2.8 1.0 0.06 0.24

! p1h0 t 1 c 1 2p 1 4s
p

6 1.4 0.5 0.4 1.9

B0 ! p1p2 t 1 p 21 8.3 0.8 0 0
! p0p0 p 2 c

p
2 0 0.4 0 0

! K0K
0 p 1 0 0.8 0 0

! p0h 2p 1 s 2
p

6 0 0.5 0.03 0.12
! p0h0 p 1 2s

p
3 0 0.26 0.2 0.9

aConstructive interference betweenp0 ands0 amplitudes assumed inB1 ! K1h0.
bNo interference betweenp0 ands0 amplitudes assumed inB1 ! K1h0.
(A) The magnitude of thep0 amplitude is estimated by
averaging the observed branching ratios [18]

BsB0 ! K1p2d ­ s151511
2421 6 1d 3 1026 (1)

and

B sB1 ! K0p1d ­ s2311112
21022 6 2d 3 1026 (2)

to obtain the estimatejp0j2 ­ 16.3 6 4.3, where all
squares of amplitudes in the Tables are quoted in bran
ing ratio units of1026. In B0 ! K1p2 we have ne-
glected the smallt0 contribution, an assumption whic
will be seen to be justified. If the rates for Eqs. (1) a
(2) are found to be unequal, the neglect of thet0 ampli-
tude (or of some other contribution) may not be val
In that case, the possibility of aCP asymmetry in, say,
B0 ! K1p2 may be significantly enhanced.

(B) The magnitude of thep amplitude is estimated
to be jpj ­ jVtdyVtsj jp0j, where Vtd and Vts are ele-
ments of the Cabibbo-Kobayashi-Maskawa (CKM) m
trix. With an uncertainty of about a factor of 2,jpj2 .
jp0j2y20 . 0.8.

(C) Thejp0j2 contribution to the decayB1 ! K1p0 is
estimated to be about 8, whereas [19]
TABLE II. Summary of predicted contributions to selectedjDSj ­ 1 decays ofB mesons.
Rates are quoted in branching ratio units of1026. Rates in italics are assumed inputs.

Denom. jt0j2 jp0 j2 js0j2 rate
Decay Amplitudes factor rate rate (a)a (b)b

B1 ! K0p1 p0 1 0 16 0 0
! K1p0 t0 1 c0 1 p0

2
p

2 0.20 8 0 0
! K1h t0 1 c0 1 s0 2

p
3 0.13 .0 1.2 4.9

! K1h0 t0 1 c0 1 3p0 1 4s0
p

6 0.07 24 9 39

B0 ! K1p2 t0 1 p0 21 0.4 16 0 0
! K0p0 p0 2 c0

p
2 0 8 0 0

! K0h c0 1 s0 2
p

3 0 .0 1.2 4.9
! K0h0 c0 1 3p0 1 4s0

p
6 0 24 9 39

aConstructive interference betweenp0 ands0 amplitudes assumed inB1 ! K1h0.
bNo interference betweenp0 ands0 amplitudes assumed inB1 ! K1h0.
ch-

h
nd

id.

a-

B sB1 ! K1p0d 1 BsB1 ! p1p0d

­ s161613
2522 6 1d1026. (3)

Thus there is room for a significantB1 ! p1p0 signal.
While 90% C.L. upper limits ofBsB1 ! p1p0d ,

20 3 1026 and BsB0 ! p1p2d , 15 3 1026 are
quoted in Ref. [1], Ref. [19] also quotes a2.8s signal of

B sB1 ! p1p0d ­ s916
25d 3 1026 (4)

and a2.2s signal of

BsB0 ! p1p2d ­ s7 6 4d 3 1026. (5)

Taking (4) as an estimate ofjtj2y2 ­ 9 6 5.5 (neglecting
the color-suppressed amplitudec in B1 ! p1p0) and
(5) as an estimate ofjtj2 ­ 7 6 4 (neglecting the penguin
amplitudep in B0 ! p1p2), we findjtj2 ­ 8.3 6 3.8.

(D) The value of jt0j ­ jVusyVudj jtj is estimated
without accounting for SU(3) breaking to lead tojt0j2 .
jtj2y20 . 0.4. It could be slightly higher if one applied a
correction [14] of a factor ofj fKyfp j2.

(E) The jp0j2 contribution to theB ! Kh0 branching
ratio (in units of1026) is s3y2d jp0j2 ­ 24 6 6; it cannot



VOLUME 79, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 1 DECEMBER1997

in

es

ct

of

of

ift

the

-

-

-
nt

e-

n

-

-

-
e

In
-
ed
n

be
account for the observed value of63120
218 (our average

for charged and neutral modes, wherejt0j2 and jc0j2

contributions are assumed to be negligible). Assumi
constructive interference betweenp0 ands0 in B ! Kh0,
we find the js0j2 contribution to the rate to be abou
s8y3d js0j2 ­ 9, with an additional contribution of 30
from the s0–p0 interference term. (The enhancement o
the B ! Kh0 rate by a modests0 amplitude interfering
constructively with p0 was noted by Lipkin, last part
of Ref. [17].) If the interference term is absent (i.e.,
the relative phase of the amplitudes ispy2) then one
needs anjs0j2 contribution ofs8y3d js0j2 ­ 39 to the rate.
Henceforth, we shall work only with central values o
amplitudes for illustrative purposes; the uncertainty injs0j

due to the uncertainty in its phase relative tojp0j generally
exceeds that due to experimental error. (If one allows t
B ! Kh0 branching ratio to be at its21s value,s0 can
even be considerably smaller, withs8y3d js0j2 . 4, when
s0 andp0 interfere constructively in this decay.)

(F) Since we expectjsys0j ­ jVtdyVtsj if both s and
s0 are dominated by the top quark, we choosejsj2 ­
js0j2y20. (If in fact jsys0j ­ jVcdyVcsj as a result of
charmed quark dominance of this type of penguin co
tribution, the result is the same.)

The results in the Tables may be interpreted in th
following manner.

(i) Any contribution of order 10 or greater (correspond
ing to a branching ratio of1025) has been observed.

(ii) A contribution greater than or equal to 1 shoul
be observable in the next generation of CLEO expe
ments, with improved sensitivity and particle identifi
cation. Thus the decaysB0 ! p1p2, B0 ! K0p0,
B1 ! K1h, B1 ! p1h, and B1 ! p1h0 should all
make their appearance, whileB1 ! K1p0 and B1 !

p1p0 should be resolved from one another. For e
ample, one expectsBsB1 ! p1hd . 4 3 1026 and
B sB1 ! p1h0d ­ s2 to 4d 3 1026, where the current
upper bounds [1] are8 3 1026 and 45 3 1026, respec-
tively. The first limit is already quite close to our predic
tion. The above branching ratios are about a factor of
larger than those predicted in Ref. [2].

(iii) The amplitudes forB0 ! K0p0, B0 ! K0h, and
B0 ! K0h0 satisfy

3
p

2 AsB0 ! K0p0d 2 4
p

3 AsB0 ! K0hd

­
p

6 AsB0 ! K0h0d . (6)

Aside from small c0 contributions, the terms in this
triangle relation are dominated byp0 ands0 contributions.
Since p0 and s0 are expected to have the same wea
phase, the shape of the triangle will tell us about th
relative strong phase of these amplitudes. Neglectingt0

contributions as well, one can write

3AsB1 ! K0p1d 2 4
p

3 AsB1 ! K1hd

­
p

6 AsB1 ! K1h0d , (7)
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which is easier to measure. The main uncertainty lies
the value of the branching ratio forB1 ! K1h. If s0

involves strong rescattering from charm-anticharm stat
[2,3,8,9], its strong phase could differ from that ofp0

(and, hence, also possiblyt0).
(iv) Processes with two contributions, both of which

exceed one, are prime candidates for observable dire
CP violation if both strong and weak phases of the two
amplitudes differ from one another. The weak phases
the t (tree) andp (penguin) contributions inB1 ! p1h

are expected to beg and 2b [20], respectively, while
the relative strong phases are unknown. In the case
B1 ! p1h0, if its s contribution is dominated by the
charmed quark penguin, a significant strong phase sh
could arise from the realcc̄ intermediate state. One could
thus have a large strong phase shift difference between
s and t amplitudes inB1 ! p1h0. The weak phases
of these two amplitudes are also different: The charm
penguin is approximately real, while thet amplitude has a
weak phaseg.

(v) Our focus has been on the observability of di
rect CP violation in decays such asB1 ! p1h and
B1 ! p1h0. These processes may not be the first to ex
hibit CP asymmetries; asymmetricB factories will search
for mixing-induced asymmetries, in which the time depen
dence of the decays must be studied. A time-depende
asymmetry measurement inB0 ! KSh0 would provide a
clean determination of the weak phaseb. Our result,
jpytj ­ 0.3, implies a rather large “penguin pollution”
in the analysis of the time-dependent decay asymm
try in B0 ! p1p2, compatible with previous estimates
[14,21]. In order to resolve such effects using isospi
symmetry [22], one would have to measureB0 ! p0p0,
for which the jpj2 contribution to the branching ra-
tio is only 0.4 3 1026. (The contribution of the color-
suppressed amplitudec is highly uncertain but unlikely to
be much larger.) An alternative way to resolve the pen
guin pollution question inB0 ! p1p2 is to rely on fla-
vor SU(3) to link this decay with variousB ! Kp modes
[21,23], all of which have large rates.

In summary, we have used existing data onB ! Kh0

and other two-body modes involving pairs of light pseu
doscalar mesons to anticipate observableCP-violating ef-
fects in the decaysB1 ! p1h andB1 ! p1h0. Since
experimental errors are still quite large, the same pro
cedure, based only on flavor SU(3), can and should b
applied to better data when they become available.
that case, one will be able to test for effects of interfer
ence among various amplitudes which have been ignor
here (applying, for example, amplitude relations noted i
Refs. [4–6]). One welcome improvement in data will be
a better estimate ofjpyp0j2 and jsys0j2, which, under the
assumption of top quark dominance, we have taken to
jVtdyVtsj

2 . 1y20, with an uncertainty of a factor of 2.
A rule of thumb for observableCP-violating effects is

that one must at least be able to observe thesquareof
4335
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the lesser of two interfering amplitudes at thens level in
order to observe an asymmetry at this level [24]. Ou
results indicate that this sensitivity threshold is pass
for decays of the formB1 ! p1h and B1 ! p1h0

when branching ratios of order1026 become detectable
in experiments sensitive to both charged and neutral fin
state particles.
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