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Weak phaseg from the ratio of B˜Kp rates
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The ratio of partial decay rates for charged and neutralB mesons toKp final states provides information on
the weak phaseg[Arg(Vub* ) when augmented with information on theCP-violating asymmetry in theK6p7

mode. The requirements for a useful determination ofg are examined in the light of present information about
the decaysB0→K1p2, B1→K0p1, and the corresponding charge-conjugate modes. The effects of elec-
troweak penguin diagrams and rescattering corrections are noted, and proposals are made for estimating and
measuring their importance.@S0556-2821~98!05311-9#

PACS number~s!: 13.25.Hw, 12.15.Hh, 12.15.Ji, 14.40.Nd
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I. INTRODUCTION

The leading candidate to describe the violation ofCP
symmetry in decays of neutral kaons@1# is the existence of
phases in the weak charge-changing couplings of quark
W bosons. These couplings are parametrized by a unita
33 matrix, the Cabibbo-Kobayashi-Maskawa~CKM! matrix
@2# whose elementsVi j connect the quarksi 5u,c,t of
charge 2/3 with thosej 5d,s,b of charge21/3.

The phaseg5Arg(Vub* ) ~in a standard convention@3#! is
poorly known in this description. The unlikely possibilit
that g50 would requireCP violation in the neutral kaon
system to originate elsewhere than via CKM phases, e.g.
a superweak interaction@4#. Thus, it is important to seek
independent information ong, which is provided by the
study ofB meson decays.

Some time ago we proposed a method@5# of measuring
the weak phasesg anda from the decaysB0→K1p2, B1

→K0p1, B0→p1p2 and from charge-conjugated pro
cesses. In the present article we explore in detail the pa
the method which determinesg utilizing primarily the ratio
of decays of neutral and chargedB mesons toKp final states
@6–8#. By combining information on the charge-averaged
tio

R[
G~B0→K1p2!1G~B̄0→K2p1!

G~B1→K0p1!1G~B2→K̄0p2!
~1!

with the CP-violating rate asymmetry

A0[
G~B0→K1p2!2G~B̄0→K2p1!

G~B1→K0p1!1G~B2→K̄0p2!
, ~2!

we find an expression forg which depends only on thes
quantities and on the ratio of tree to penguin amplitudes
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which we provide an estimate based onB→pp and B
→p ln l decays. This method has become of particular int
est now that the CLEO Collaboration has observed both
B0→K1p2 and theB1→K0p1 processes~and their charge
conjugates! @9#. A similar idea can be applied toBs

→K1K2 andBs→K0K̄0 decays@8,10#.
We define amplitudes and discuss their phases and m

nitudes in Sec. II. The extraction ofg from B→Kp decays
occupies Sec. III. Several potential sources of systematic
rors, involving electroweak penguin amplitudes and resc
tering effects, are studied in Sec. IV. A generalization of t
method toB→K* p andB→Kr decays is discussed in Se
V, and Sec. VI concludes.

II. AMPLITUDES AND THEIR MAGNITUDES

A. Definitions

We adopt a flavor-SU~3! decomposition of amplitudes
which has been used in several previous descriptions oB
decays to pairs of light pseudoscalar mesons@5,11–14#. For
present purposes the important amplitudes are strangen
preserving ~unprimed! and strangeness-changing~primed!
amplitudes corresponding to color-favored tree (T,T8), pen-
guin (P,P8), and color-suppressed tree (C,C8) processes.
The contributions of electroweak penguin diagrams@15,16#
may be included by replacingT→t[T1PEW

C , P→p[P
2(1/3)PEW

C , andC→c[C1PEW , where the superscript on
the electroweak penguin amplitudePEW denotes color sup-
pression. We stress that, although this general descriptio
many processes in terms of just a few SU~3! amplitudes as-
sumes flavor SU~3!, in certain cases, such as the one d
cussed in the subsequent subsection, only isospin symm
is required.

The phases of amplitudes forDS50 transitions are
Arg(Vub* Vud)5g for tree amplitudes and Arg(Vtb* Vtd)
52b for top-dominated penguin amplitudes. ForuDSu51
the corresponding phases are Arg(Vub* Vus)5g ~tree ampli-
tude! and Arg(Vtb* Vts)5p ~top-dominated penguin ampli
tude!. Nothing changes in theuDSu51 penguin transitions if
these receive important contributions fromcc̄ intermediate
ti-
6843 © 1998 The American Physical Society
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6844 57MICHAEL GRONAU AND JONATHAN L. ROSNER
states@17,18#. While the phase of theDS50 penguin ampli-
tude may be affected under such circumstances@17#, we shall
not be concerned with this phase.

In the rest of this section we ignore amplitudes whi
involve the participation of the spectator quark. Without
scattering, these amplitudes are expected to be suppress
a factor of f B /mB , where f B;200 MeV is theB meson
decay constant. The neglect of these contributions was n
to be equivalent to an assumption that some rescattering
fects are unimportant, thus leading to the vanishing of cer
final state interaction phase differences@12,19–21#. Such
amplitudes can also be generated by rescattering from in
mediate states obtained byT(8), P(8), C(8) amplitudes. Using
a Regge analysis to demonstrate rescattering effects@22,23#,
it was shown@24# that such amplitudes may be suppress
only by a factor of about 0.2@25# rather than byf B /mB
;0.04, in which case explicit tests for such rescattering
be performed. The effect of these rescattering amplitud
assumed to be as large as estimated in Ref.@24#, will be
studied in Sec. IV B. Similarly, we begin by ignoring ele
troweak penguin contributions, deferring their treatment
Secs. IV A.

B. Decomposition forB˜Kp decays

The amplitude forB1→K0p1 is given by a QCD-
penguin contribution:

A~B1→K0p1!52uP8u, ~3!

where we have adopted a convention in which all stro
phases are expressed relative to that in theuDSu51 penguin
amplitude. As a consequence, one expects noCP-violating
difference between the partial widthsG01[G(B1

→K0p1) andG02[G(B2→K̄0p2). ~We use a notation in
which the subscripts denote the charges of the final kaon
pion.! For brevity we shall thus defineGC[G015G02 to be
the partial width for a chargedB to decay to a neutral kao
and a charged pion.

The amplitude forB0→K1p2 is expected to be domi
nated by the penguin contributionP8. One only uses isospin
symmetry to relate the penguin amplitudes in neutral a
chargedB decays toKp states. The tree contribution can b
roughly estimated@12#, uT8/P8u;0.2. We shall refine this
estimate presently. Thus

A~B0→K1p2!5uP8u2uT8ueideig,

A~B̄0→K2p1!5uP8u2uT8ueide2 ig, ~4!

whered is the strong phase difference between the tree
penguin amplitudes. The corresponding rates may be defi
as G12[G(B0→K1p2) and G21[G(B̄0→K2p1). A
CP-violating rate asymmetryG12ÞG21 may arise when-
ever both sind and sing are nonvanishing. At the same tim
even if sind50 so thatG125G21 , these two partial rates
may differ from GC as a result of the extraT8 contribution
they contain@6–8#. This difference can shed light on th
weak phaseg. Our purpose in the present paper is to estim
the experimental demands on such a determination.
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C. Magnitudes of amplitudes

The CLEO Collaboration@9# has observed bothB0

→K1p2 and B1→K0p1 ~here we do not distinguish be
tween a process and its charge conjugate!. The observed
branching ratios are

B~B0→K1p2!5~1524
156161!31026, ~5!

B~B1→K0p1!5~23210
1116362!31026. ~6!

We shall express squares of amplitudes in units ofB branch-
ing ratios times 106. In Ref. @14# we averaged the rates~5!
and ~6! to obtainuP8u2516.364.3. However, here we sha
leave open the possibility that a significantT8 contribution is
affecting the B0→K1p2 rate, and takeuP8u2523610.5
from theB1→K0p1 rate.

We estimateuT8u by relating it through flavor SU~3! to the
corresponding strangeness-preserving amplitudeuTu govern-
ing such decays asB0→p1p2 andB1→p1p0. Using the
phase conventions of Ref.@12#, we find

A~B0→p1p2!52~T1P!,

A~B1→p1p0!52~T1C!/&. ~7!

Although neither process has been observed with a sta
cally significant signal, Ref.@9# quotes a 2.8s signal of

B~B1→p1p0!5~925
16!31026 ~8!

and a 2.2s signal of

B~B0→p1p2!5~764!31026. ~9!

Taking Eq.~8! as an estimate ofuTu2/25965.5 ~neglecting
the color-suppressed amplitudeC in B1→p1p0), and Eq.
~9! as an estimate ofuTu25764 ~neglecting the penguin
amplitude P in B0→p1p2), we find @14# that uTu258.3
63.8. The observed rate for the semileptonic decayB0

→p2l 1n l @26#,

B~B0→p2l 1n l !5~1.860.460.360.2!31024, ~10!

is compatible with this estimate if one calculates theB0

→p1p2 decay via factorization. An early estimate@27#
based on a form factor dominated by theB* pole,

G~B0→p2l 1n l !

G~B0→p1p2!
5

MB
2

12p2f p
2 .13, ~11!

would imply B(B0→p1p2)5(1.460.4)31025 and hence
uTu251464 on the basis of the observed semileptonic r
~10!. More recent estimates@28# yield a similar range of
values. An improvement of the data will allow one to foc
on theq2 value appropriate to pion~or kaon! production and
thus to reduce the dependence on models drastically.
direct CLEO upper limit @9# B(B0→p1p2),1.531025

~90% C.L.! gives a poorer upper limit onuTu2 than our esti-
mate.

One then uses factorization which introduces SU~3!
breaking through a factorf K / f p @12# to predict

uT8/Tu5~ f K / f p!uVus /Vudu50.27 ~12!
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57 6845WEAK PHASE g FROM THE RATIO OFB→Kp RATES
with an error estimated to be about 20%@the typical breaking
of flavor SU~3! symmetry# @29#. Combining the estimates fo
amplitudes and their ratio, we then find

r[uT8/P8u50.1660.06. ~13!

The estimate ofuT8u is likely to improve in the future
once the spectrum for the semileptonic decayB0→p2l 1n l

is measured atq25mK
2 . One uses factorization directl

@30,31# to predict

G~B0→K1p2!u tree

56p2f K
2 uVusu2a1

2 dG~B0→p2l 1n l !

dq2 U
q25m

K
2
, ~14!

with a151.0860.04@32#. This value was obtained from a fi
to b→cūd subprocesses inB→D (* )1p(r) decays. The
value appropriate to the subprocessesb→uūd andb→uūs
which contribute to the tree amplitudes inB→pp and B
→Kp may be slightly different. It may be difficult to deter
minea1 to an accuracy of better than 10% in these proces
as a result of penguin (P) amplitudes accompanying the fa
torizable color-allowed (T;a1) and non-factorizable color
suppressed (C;a2) DS50 amplitudes. ~In contrast, B
→Dp has no penguin contributions.!

Since the present branching ratio~10! is known to about
30%, a factor of 100 increase in the data sample~envisioned
in future high-intensity studies! would permit this branching
ratio to be known to about 3%. More crucial is the error
the differential rate on the right-hand side of Eq.~14!. As we
shall see, a 10% determination ofuT8u ~hence a 20% accu
racy in the differential rate atq25mK

2 ! is the accuracy tha
will be required in order for the present method to be r
sonably useful.

III. EXTRACTION OF g FROM B˜Kp RATES

A. Fleischer-Mannel bound

Recalling the definitions of Sec. II, we may form the ra

R[
G~B0→K1p2!1G~B̄0→K2p1!

G~B1→K0p1!1G~B2→K̄0p2!
5

G121G21

2GC

~15!

which has the simple form@6–8#

R5122r cosg cosd1r 2. ~16!

Fleischer and Mannel@7# have pointed out that ifR,1 a
useful bound ong can be obtained regardless of the value
r or d :

sin2 g<R. ~17!

The present value ofR is 0.6560.40, and so a reduction o
errors by a factor of 3 with no change in central value wo
begin to provide a useful limit excluding some region arou
g5p/2.
es

-

f

d

B. Use of information on r

In the presence of information onr ~see also Ref.@8#! one
can provide a more precise estimate ofg by measuring the
difference inB0→K1p2 and B̄0→K2p1 decay rates. One
forms the pseudo-asymmetry

A0[
G~B0→K1p2!2G~B̄0→K2p1!

G~B1→K0p1!1G~B2→K̄0p2!
5

G122G21

2GC

.

~18!

Note that the denominator is taken to be 2GC in order to
divide by uP8u2 without any complication from theT8 am-
plitude. Since

A052r sin d sin g, ~19!

one can combine Eqs.~16! and~19! to eliminated. The result
is

R511r 26A4r 2 cos2 g2A0
2 cot2 g. ~20!

This quantity is plotted in Fig. 1 forr 50.16 ~the central
value of our estimate! and various values ofA0 . ~Note that
the results are insensitive to the sign ofA0 .! We vary r
between its limits and plotR for r 50.10 in Fig. 2 and for
r 50.22 in Fig. 3.

Let us assume for the moment thatr is known. Figures
1–3 have several interesting features.

~1! The maximum value ofuA0u52r occurs only forg
5d590° @as one sees from Eq.~19!#.

FIG. 1. Value ofR ~ratio of neutral to chargedB→Kp partial
widths! as a function ofg5Arg(Vub* ) for r 50.16. Solid lines are
labeled by values of the pseudo-asymmetry parameteruA0u. Dotted
boundary lines correspond toA050. The caseg50 for arbitraryR
between the bounds of the dashed lines also corresponds tA0

50. Also shown~dot-dashed lines! is the Fleischer-Mannel bound
sin2g<R.
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~2! The result is symmetric with respect tog→p2g,
sinceA0 is only sensitive to sing and the cosd term in R
involves a sign arbitrariness.

~3! The sensitivity tog in the rangeg.45° is greatest for
A050.

~4! As long asA0Þ0 there will be two solutions forg in
the range 0<g<p/2 ~and two in the rangep/2<g<p! for
any givenR. Observation of a non-zeroA0 would rule out
the possibility ofg50 mentioned in the Introduction an
hence would disprove a superweak model ofCP violation.

The sign of cosd, which would resolve the ambiguity

FIG. 2. Same as Fig. 1 but forr 50.10.

FIG. 3. Same as Fig. 1 but forr 50.22.
betweeng and p2g, can be studied theoretically. On
model-dependent calculation@33# finds d,p/2, implying
that R is smaller~larger! than 11r 2 for g smaller ~larger!
thanp/2. This model calculation ignores possible phases
to soft final state interactions@22,34#.

Equation~20! can be inverted to obtain a quadratic equ
tion for sin2 g in terms ofr , A0 , andR. We then find

4r sin g56$@~11r !22~R1A0!#@~R2A0!2~12r !2#%1/2

6$@~11r !22~R2A0!#@~R1A0!2~12r !2#%1/2.

~21!

This relation also follows directly from the geometry of
triangle formed by the amplitudesA(B1→K0p1), T8,
A(B0→K1p2) and the charge-conjugated triangle. The t
angle construction is similar to one employed in Ref.@35# for
obtainingg from B→DK decays. One measures the sides
two triangles~for three processes and their charge con
gates!, sharing a common base~P8 in the present case!,
where another pair of sides in both triangles is equal
length ~T8 in the present case!, and forms an angle 2g. Just
as in theB→DK case, one of the sides of each triangle (T8)
is much smaller than the others. This leads to large exp
mental uncertainties in determiningg, following from rela-
tively small experimental errors in the side measureme
~square root of rates!. Furthermore, the magnitude of th
smallT8 suffers the largest theoretical uncertainty. So, if o
draws these triangles in roughly correct proportions, one
see why the uncertainty ing is likely to be large.

C. Required precision

The precision inR, r , andA0 required to measureg to a
given level depends on their values. We consider two
treme cases of final state phases which bracket others. In
first, with sind.0, corresponding to parameters near t
dashed boundary curves in Figs. 1–3, the error ing is domi-
nated by the errors inR andr . In the second, correspondin
to parameters midway between the dashed boundary cu
in Figs. 1–3, with cosd.0 andR.11r 2, the error ing is
due to the errors inr andA0 .

~1! When sind50, we have the simple result

cosg56
R212r 2

2r
, ~22!

so that

]g

]R U
r

57
1

2r sin g
,

]g

]r U
R

5
cosg6r

r sin g
. ~23!

Let us take as an example the caser 50.16, A050, andg
590°. ThenDg55° corresponds touDRu50.028 for fixedr
and uDr u50.087 for fixedR. The requirement onR is more
stringent. In order to satisfy it, we need about 2500 event
both charged and neutral modes ofB→Kp, or roughly 200
times the present sample. This is thought to be within
capabilities of an upgraded version of the Cornell Electr
Storage Ring~CESR! @36#, as well as dedicated hadronicB
production experiments at the Fermilab Tevatron and
CERN Large Hadron Collider~LHC! @37#.
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57 6847WEAK PHASE g FROM THE RATIO OFB→Kp RATES
A second example with sind50 exhibits greater sensitiv
ity to r . Wheng545° or 135°~which is about as far from
g590° as allowed by present fits@38#! we have

]g

]R U
r

57
1

&r
,

]g

]r U
R

56&1
1

r
. ~24!

Choosingr 50.16 and the positive sign in the second of t
above two equations to exhibit the more stringent requ
ment, we find that an error ofuDRu50.028, which as noted
in the previous example is thought to be within reach
future experiments, corresponds toDg57°. An error ing of
this same magnitude~for r 50.16! is associated withDr
50.016, i.e., a 10% error inr or a 20% error on the quantit
dG(B0→p2l 1n l)/dq2 at q25mK

2 , as noted at the end o
Sec. II C. Thus, one can envision determiningg to an overall
error of@(7°)21(7°)2#1/2.10° if g545° or 135°, and if the
required precision onr can be achieved.

~2! When cosd50, the magnitude of the asymmetryuA0u
is just 2r sing, so

]g

]uA0u U
r

5
1

2r cosg
,

]g

]r UuA0u
52

tan g

r
. ~25!

Takingg545° andr 50.16, we findDg57° corresponds to
DuA0u50.028 for fixedr andDr 50.02 for fixeduA0u. Mea-
surement ofuA0u to 60.028 requires 1250 events each
B0→K1p2 and B̄0→K2p1. Thus, a measurement ofg
with an overall error of less than 10° appears feasible in
case as well.

The reduction ofDr /r by about a factor of 4 to.10%
appears to be at the limits of understanding of form fact
which would permit determination ofT in B→p1p2 from
factorization andB→p ln l . ~The B→p ln decay is claimed
to be capable of yielding an accuracy of 10% in determin
uVubu @39#.! As noted at the end of Sec. II C, if factorizatio
is found to be reliable in comparingB0→p1p2 and B
→p ln decays, one may be able to pass directly fromB
→p ln decays to an estimate of the tree (T8) contribution to
B0→K1p2, since all that is required is for the weak curre
to produce a kaon, a process which we can estimate relia

IV. SYSTEMATIC ERRORS

Aside from the statistical errors analyzed in Sec. III, w
have noted that a systematic theoretical error in determin
r of .10% seems to be unavoidable. An error of this ma
nitude is encountered whether we determiner from B0

→p1p2 andB1→p1p0 decays, thereby omitting nonfac
torizableP andC terms, respectively, or fromB→p ln l de-
cays. In addition, two smaller contributions to the amplitud
should be noted:~A! the effects of the color-suppressed ele
troweak penguin termsPEW8C in B0→K1p2 and B1

→K0p1, and ~B! the effect of the annihilation amplitud
~called A8 in Ref. @12#! ~or rescattering effects! on B1

→K0p1.
Fleischer and Mannel find a very small electroweak p

guin term@7#, uPEW8C /P8u,0.01. The small value is obtaine
as a result of a delicate cancellation among larger contr
tions from electroweak penguin operators which have a
-
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s
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-

u-
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ferent color structure. The calculation is based on factori
tion of hadronic matrix elements of QCD and electrowe
penguin operators. With all uncertainties involved, a cons
vative estimate should allow values ofuPEW8C /P8u at a level of
5% @40#, given roughly by a product of the ratio of corre
sponding Wilson coefficients and a color factor@12#. The
effect of electroweak penguin contributions on our analy
will be studied in Sec. IV A. We will also suggest ways
measuring electroweak penguin contributions in related p
cesses.

A small A8 term should also be allowed inB1→K0p1.
A naive estimate ofA8 neglecting rescattering,uA8/T8u
; f B /mB , yields uA8/P8u;0.01. ~A similar estimate applies
to the u-quark contribution toP8.! Rescattering effects ar
hard to calculate. Regge-model estimates@23,24#, in which
rescattering from intermediate states such asK1p0 is de-
scribed by ar-trajectory exchange, suggestuA8/T8u;0.2.
The consequences of such rescattering effects will be stu
in Sec. IV B. A few methods for direct measurements
rescattering effects in SU~3!-related processes will also b
described.

A. Modification due to electroweak penguins

In the presence of electroweak penguin contributio
which carry the same weak phase asP8, Eqs. ~3! and ~4!
take the form@5#

A~B1→K0p1!5A~B2→K̄0p2!52up8u,

p8[P82~1/3!PEW8C , ~26!

A~B0→K1p2!5up81PEW8C u2uT8ueideig,

A~B̄0→K2p1!5up81PEW8C u2uT8ueide2 ig. ~27!

A common unmeasurable strong phase in theB0 and B̄0

decay amplitudes has been omitted;d is the corrected strong
phase difference. Consequently, the expressions forR and
A0 are modified as follows:

R/a25122r 8 cosg cosd1r 82,

A0 /a252r 8 sin d sin g, ~28!

where a5u11(PEW8C /p8)u and r 85(1/a)uT8/p8u5uT8/(p8
1PEW8C )u. The Fleischer-Mannel bound becomes sin2 g
<R/a2.

Using uPEW8C /p8u,0.05, and assuming an arbitrary relativ
strong phase difference betweenp8 and PEW

C , one hasa2

51.060.1. This factor normalizes both the ratio of ratesR
and the asymmetryA0 . The electroweak penguin terms in
troduce an additional 5% uncertainty in the ratio of tree-
penguin amplitudesr 8.

An important question is whethera is larger or smaller
than 1. Model-dependent perturbative calculations@7,33# of
QCD and electroweak penguin amplitudes suggest that
strong phase difference betweenp8 andPEW8C is smaller than
p/2; hencea.1. This would imply that bothR andA0 can
only be increased by electroweak penguin contributions
that the Fleischer-Mannel bound is maintained. Since s
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6848 57MICHAEL GRONAU AND JONATHAN L. ROSNER
calculations disregard possible phases due to soft final s
interactions@22,34#, one cannot exclude, however, the po
sibility that a,1.

One way to obtain a clue to the sign ofa21 is to com-
pare the rates forB1→K0p1 andB0→K0p0 @12#:

2G~B0→K0p0!

G~B1→K0p1!
5U12

PEW8

p8
U2

, ~29!

where a smaller color-suppressed tree (C8) term was ne-
glected. A measurement of this ratio would determ
whether the relative strong phase betweenPEW8 and p8 is
larger or smaller thanp/2. Although, in principle,PEW8 and
PEW8C can carry different strong phases, it seems likely t
this information would be sufficient to determine whethera
is larger or smaller than 1. The deviation of the ratio~29!
from 1 would also provide some information on the mag
tude of the color-allowed electroweak amplitudePEW8 ,
which could provide a useful measure for the smallerPEW8C

term. Other ways of measuring the importance of el
troweak penguins have been noted in Refs.@15,16,41#.

The inclusion of electroweak penguins in Figs. 1–3
straightforward. The figures are to be interpreted as plot
R/a2 versusg for different values ofA0 /a2 and for a fixed
value of r 8. The 1/a2 factor involves a 10% uncertainty
Such an uncertainty inR/a2 is seen to lead to a rather larg
theoretical error in determiningg, typically of a few tens of
degrees. The error decreases with increasingr 8.

B. Modification due to rescattering

In the presence of final state rescattering, the general
composition of the decay amplitudes of charged and neu
B mesons is given in terms of amplitudes carrying spec
weak phases@12#:

A~B1→K0p1!52up8u1uA8ueiDeig, ~30!

A~B0→K1p2!5up81PEW8C u2uT8ueideig. ~31!

We will assume that the magnitude ofA8 ~acquiring an un-
known strong phaseD!, dominated by rescattering from in
termediate states such asK1p0 and multibody states, is
given by uA8/T8u;0.2. Estimates of the other ratios of am
plitudes were given in previous sections,r 8'uT8/p8u;0.2
and uPEW8C /p8u;0.05.

The general expressions forR andA0 are

S f

a2DR5122r 8 cosg cosd1r 82,

S f

a2DA052r 8 sin d sin g, ~32!

where f [122uA8/p8ucosD cosg1uA8/p8u2. The interfer-
ence betweenp8 and A8 in B1→K0p1 leads to an asym
metry

A1[
G~B1→K0p1!2G~B2→K̄0p2!

G~B1→K0p1!1G~B2→K̄0p2!
, ~33!
te
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which is given byf A152uA8/p8usinD sing. SinceuA8/p8u
;0.05, this asymmetry is not expected to exceed the leve
10%.

The factorf /a2 in R andA0 involves roughly equal had
ronic uncertainties due to rescattering (f ) and electroweak
penguin (a2) contributions. Although it is unlikely that this
factor differs from unity by more than 20% (a2/ f 51
60.2), it introduces sizable uncertainties in the determi
tion of g as described in Sec. III. The Fleischer-Mann
bound becomes sin2 g<(f/a2)R. The usefulness of this
method in determining~or at least constraining! g depends
crucially on future experimental limits on rescattering e
fects. Let us mention a few such possible measurement
SU~3!-related processes.

The most direct measurements of rescattering effects
be made inB decay processes which in the framework o
diagramatic SU~3! description@12# proceed only through an
nihilation of theb and spectator quarks. Such decays m
also proceed via rescattering from other less-suppressed
plitudes. In this case, Regge-model estimates@23,24# suggest
that ratios of amplitudes such asuA8/T8u and uE/Tu are en-
hanced fromf B /mB;0.04 ~without rescattering! to ;0.2
~with rescattering!. A list of all such processes, in which aB
meson decays to two pseudoscalars, is given in Ref.@24#.

Consider, for instance,B0→K1K2 which is given by the
amplitude E. In the absence of rescattering one e
pects B(B0→K1K2)/B(B0→p1p2)'uE/Tu2;( f B /mB)2

;0.002. @SU~3! breaking and the penguin contribution
B0→p1p2 are neglected.# ForB(B0→p1p2)51025, this
would imply B(B0→K1K2);231028, or 200 times
smaller than the present CLEO upper limit@9#. On the other
hand, a description of rescattering intoK1K2 from p1p2

and from other intermediate states, in terms of aK* Regge-
trajectory exchange, suggests thatuE/Tu;0.2, thus implying
B(B0→K1K2);431027, only an order of magnitude be
low the present limit. A future stringent bound onB(B0

→K1K2), at a level of 1027 or lower, would provide a
useful limit on rescattering effects.

Another way to measure these effects is to compareB0

→K0K̄0 ~given by P! with B1→K1K̄0 ~given by P1A!
@12#, both of which are anticipated to have branching rat
near 1026. If rescattering can be neglected, thenuA/Tu
; f B /mB;0.04, while uP/Tu;0.2 follows from recent
CLEO measurements@14#. Therefore, the two branching ra
tios are expected to be equal within a factor of less th
.1.5. ~Electroweak penguin contributions do not affect th
relation.! On the other hand, Regge-model rescattering
plies uA/Tu;0.2, in which case the two branching ratios m
differ substantially, by up to a factor of 4 or so. Also, th
interference ofP andA in B1→K1K̄0 would lead to a siz-
ableCP asymmetry between the rate of this process and
charge conjugate. These measurements could provide u
limits on final state rescattering.

V. GENERALIZATION TO B˜„K* p,rK… DECAYS

In addition toB→Kp decays, one may also obtain info
mation aboutg from the analogous decays to a vector mes
and a pseudoscalar,B→Kr and B→K* p. Each of these
two systems of neutral and chargedB decays involves SU~3!



-

li-
in

i

t

-

io

le
o
a

b

de

ing
on

r-
to
d

y,
m

the

r

ich
lec-

.

N
d
un-
d by
No.

57 6849WEAK PHASE g FROM THE RATIO OFB→Kp RATES
amplitudes of a specific kind@42#, and can be studied sepa
rately in a way very similar toB→Kp. The amplitudes of
B1→K* 0p1 and B0→K* 1p2 are given in terms ofPP8
and TP8 , whereas those ofB1→K0r1 and B0→K1r2 are
described byPV8 andTV8 . Here the subscript on each amp
tude denotes whether the spectator quark is included
pseudoscalar (P) or a vector (V) meson.

The values of the hadronic parameters,uT8/P8u, d and the
electroweak penguin corrections obtain different values
B→Kp, B→K* p and B→Kr. As noted in Sec. III, the
sensitivity of measuringg increases withuT8/P8u since the
asymmetryA0 and the deviation ofR from 1 are both pro-
portional to this ratio. In Ref.@42# we concluded from recen
CLEO data@43# on B1→K1v and B1→K1f that uPP8 u
,uPV8 u. Model-dependent calculations@18,44# predict uTPu
.uTVu. If this turns out to be the case, namely ifB(B1

→r1p0).B(B1→r0p1) and B(B0→r1p2).B(B0

→r2p1), then one would also conclude thatuTP8 u.uTV8 u.
Hence,uTP8 /PP8 u.uTV8 /PV8 u, implying that in this respect de
cays toK* p are more sensitive to a measurement ofg than
decays toKr.

VI. CONCLUSIONS

By measuring the rates forB0→K1p2, B1→K0p1, and
their charge conjugates, it is possible to extract informat
on the weak phaseg. A useful level of precision (Dg
.610°) requires about 200 times the present data samp
about a dozen events in each channel. This appears t
within the reach of the highest luminosities attainable
e1e2 colliders operating at theY(4S), and may also be
feasible in hadronic production ofB mesons.

A key source of uncertainty in the method appears to
y,

1,

s.
a

n

n

of
be
t

e

the determination of the magnitude of the tree amplitu
(T8) interfering with the dominant penguin amplitude (P8).
This requires one to measure theB0→p1p2 or B1

→p1p0 rate to better than 20% and to make correspond
improvements in the understanding of how well factorizati
applies to the comparison ofB0→p2l 1n l with the tree am-
plitudes of B0→p1p2, B1→p1p0 and B0→K1p2 de-
cays.

Another theoretical error follows from hadronic unce
tainties in calculating electroweak penguin contributions
theB→Kp decay amplitudes. A 5% contribution would lea
to an uncertainty ing of the order of tens of degrees. Finall
we argued that an uncertainty at a similar level follows fro
possible rescattering effects inB1→K0p1. The importance
of such effects may be found by future measurements of
rates forB0→K1K2, B0→K0K̄0 andB1→K1K̄0.

Note added.After the present work was submitted fo
publication there appeared a related study@45# involving a
slightly broader range ofr 50.2060.07. Very recently R.
Fleischer@46# has discussed a set of measurements wh
permit constraints to be placed on rescattering and e
troweak penguin effects.
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