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Constraining the CKM angle g and penguin contributions
through combined B˜pK branching ratios

Robert Fleischer and Thomas Mannel
Institut für Theoretische Teilchenphysik, Universita¨t Karlsruhe, D–76128 Karlsruhe, Germany

~Received 5 May 1997; published 10 February 1998!

Motivated by recent CLEO measurements ofB→pK modes, we investigate their implications for the CKM
angleg and a consistent description of these decays within the standard model. Interestingly it turns out that
already the measurement of the combined branching ratiosB6→p6K and Bd→p7K6 allows us to derive
stringent constraints ong which are complementary to the presently allowed range for that angle. This range,
arising from the usual fits of the unitarity triangle, is typically symmetric aroundg590°, while our method can
in principleexcludea range of this kind. Consistency within the standard model implies furthermore bounds on
the ratior[uT8u/uP̃u of the current-current and penguin operator contributions toBd→p7K6, and upper limits
for theCP-violating asymmetry arising in that decay. Commonly accepted means to estimater yield values at
the edge of compatibility with the present CLEO measurements.@S0556-2821~98!01205-3#

PACS number~s!: 12.15.Hh, 11.30.Er, 13.25.Hw, 14.40.Nd
rs

ea
ay

at
ac
m
m
-

—
le
-

de

il
h
he

is
on
e
th
m

ch
on-
s

ng

it
lly
ng

. In
ore

de
nd

ing
I. INTRODUCTION

Recently the CLEO Collaboration has presented a fi
measurement of some exclusiveB→pK modes@1#. These
modes are of particular interest since during the past y
several strategies@2# have been proposed to use such dec
for the extraction of angles of the unitarity triangle@3# of the
Cabibbo-Kobayashi-Maskawa~CKM! matrix @4#, in particu-
lar for the angleg which is an experimental challenge
B-factories. To this end flavor symmetries of strong inter
tions are used. Unfortunately electroweak penguin diagra
play in certain cases an important role and even spoil so
of these methods@5,6#. Because of this feature rather com
plicated strategies@2,6,7# are needed that are in most cases
requiring, e.g., the geometrical construction of quadrang
amongB→pK decay amplitudes—very difficult from an ex
perimental point of view.

A much simpler approach to determineg was proposed in
@8#. It uses the branching ratios for the decaysB1→p1K0,
Bd

0→p2K1, and their charge conjugates. If the magnitu
of the current-current amplitudeT8 contributing to Bd

0

→p2K1 is known~we will discuss this point in more deta
later!, two amplitude triangles can be constructed with t
help of these branching ratios that allow in particular t
extraction ofg.

Since experimental data forB1→p1K0 and Bd
0

→p2K1 are now starting to become available, we think it
an important and interesting issue to analyze the implicati
of these measurements forg and the description of thes
decays within the standard model in general. So far
CLEO Collaboration has presented only results for the co
bined branching ratios

BR~B6→p6K ![
1

2
@ BR~B1→p1K0!

1 BR~B2→p2K̄ 0!#, ~1!
570556-2821/98/57~5!/2752~8!/$15.00
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BR~Bd→p7K6![
1

2
@ BR~Bd

0→p2K1!

1 BR~ B̄ d
0→p1K2!#, ~2!

with rather large uncertainties:

BR~B6→p6K !5~2.321.020.2
11.110.260.2!31025, ~3!

BR~Bd→p7K6!5~1.520.420.1
10.510.160.1!31025. ~4!

At first sight one would think that measurements of su
combined branching ratios are not useful with respect to c
strainingg. However, as we will work out in this paper, thi
is not the case. First, nontrivial bounds ong of the structure

0°<g<g0 ~ 180°2g0<g <180°, ~5!

whereg0 is related to the ratio of the combined branchi
ratios~1! and~2!, can be obtained. Second, the ratior of the
current-current amplitudeuT8u to the penguin amplitudeuP̃ u
contributing toBd→p7K6 can be constrained. Moreover,
is possible to derive a simple formula for the maxima
allowed value of the magnitude of the direct CP-violati
asymmetry,

ACP
dir ~Bd

0→p2K1!

[
BR~Bd

0→p2K1!2 BR~ B̄ d
0→p1K2!

BR~Bd
0→p2K1!1 BR~ B̄ d

0→p1K2!
, ~6!

which can be accommodated within the standard model
the future, when the CLEO measurements will become m
accurate, these constraints ong, r , and uACP

dir (Bd
0→p2K1)u

should become more and more restrictive. If the amplitu
ratio r should lie far off its standard model expectation a
CLEO should measure aCP-violating asymmetry inBd
→p7K6 that is considerably larger than the correspond
2752 © 1998 The American Physical Society
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57 2753CONSTRAINING THE CKM ANGLE g AND PENGUIN . . .
bounds on that observable obtained along the lines prop
in our paper, one would have indications for physics beyo
the standard model.

In Sec. II we set the stage for our discussion by giving
formulas for the decay amplitudes ofB1→p1K0 and Bd

0

→p2K1 within the standard model. Quantitative estima
for the branching ratios of these decays are presented in
III. There we also emphasize the importance of penguin d
grams with internal charm quarks to get results of the sa
order of magnitude as the recent CLEO measurements.
formula forg0 constrainingg through Eq.~5! is then derived
in Sec. IV, where we also give analytical expressions
bounds onr anduACP

dir (Bd
0→p2K1)u following from a mea-

surement of the combined branching ratios~1! and ~2!. In
Sec. V we analyze the corresponding constraints arising f
the present CLEO results and conclude our paper with a b
outlook in Sec. VI.

II. DESCRIPTION OF B1
˜p1K0 AND Bd

0
˜p2K1

WITHIN THE STANDARD MODEL

Using a similar notation as in@6,9#, the amplitudes for the
decays under consideration can be written as@8#

A~B1→p1K0!5P81cdPEW8C , ~7!

A~Bd
0→p2K1!52@~P81cuPEW8C !1T8#[2@ P̃1T8#,

~8!

whereP8, P8 denote QCD penguin amplitudes,PEW8C , PEW8C

correspond to color-suppressed electroweak penguin co
butions, andT8 is the color-allowed b̄→ ūu s̄ current-
current amplitude.1 The primes remind us that we are deali
with b̄→ s̄ modes, the minus sign in Eq.~8! is due to our
definition of meson states@9#, andcu512/3 andcd521/3
are the up- and down-type quark charges, respectively.
amplitudeP̃ in Eq. ~8! is a shorthand notation for the pen
guin contributions toBd

0→p2K1, i.e.

P̃[P81cuPEW8C . ~9!

Whereas it is straightforward to show that the curre
current amplitudeT8 can be written in the standard model

T85eigeidT8uT8u, ~10!

wheredT8 is a CP-conserving strong phase andg the usual
angle of the unitarity triangle, the penguin amplitudeP̃ is
more involved. Here one has to deal with three differe
contributions corresponding to penguin diagrams with int
nal up-, charm-, and top-quark exchanges. Taking into
count all three of these contributions andnot assuming domi-
nance of internal top quarks as is frequently done in

1Let us note that we have neglected a highly suppressed ann
tion contribution in Eq.~7! which is expected to play an even le
important role than the color-suppressed electroweak penguin
grams@6#.
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literature~we will comment on this point in Sec. III!, it can
be shown that theb̄→ s̄ penguin amplitudeP̃ takes the fol-
lowing form @2,10#:

P̃5eipeid P̃uP̃u. ~11!

Hered P̃ is again aCP-conserving strong phase arising fro
final state interactions, while only a trivialCP-violating
weak phase appears in Eq.~11! aseip521. The amplitude
structure of Eq.~7! is analogous.

Consequently the amplitude for the decay of the neu
Bd

0 meson is given by

A~Bd
0→p2K1!5eid P̃uP̃u@12eigeidr #, ~12!

where

r[
uT8u

uP̃u
~13!

andd is defined as the difference of the strong phases ofT8

and P̃ through

d[dT82d P̃ . ~14!

Taking into account phase space, the branching ratio forBd
0

→p2K1 is given by

BR~Bd
0→p2K1!

5
tB

d
0

16pMB
d
0
F~Mp2/MB

d
0,MK1 /MB

d
0!uA~Bd

0→p2K1!u2,

~15!

wheretB
d
0 is theBd

0 lifetime and

F~x,y!5A@12~x1y!2#@12~x2y!2# ~16!

the usual two-body phase space function. Using Eq.~12!
gives

uA~Bd
0→p2K1!u25uP̃u2@122rcos~d1g!1r 2#, ~17!

while we have, for theCP-conjugate process,

uA~ B̄ d
0→p1K2!u25uP̃u2@122rcos~d2g!1r 2#, ~18!

corresponding to the replacementg→2g. The present data
~4! reported recently by CLEO is an average overBd

0 andB̄ d
0

decays that is given by

BR~Bd→p7K6!5
tBd

16pMBd

F~Mp /MBd
,MKu

/MBd
!

3^uA~Bd→p7K6!u2&, ~19!

with

la-

ia-
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^uA~Bd→p7K6!u2&[
1

2
@ uA~Bd

0→p2K1!u2

1uA~ B̄ d
0→p1K2!u2#. ~20!

Combining Eqs.~17! and ~18! yields

^uA~Bd→p7K6!u2&5uP̃u2@122rcosdcosg1r 2#,
~21!

whereas the directCP-violating asymmetry~6! can be ex-
pressed as

ACP
dir ~Bd

0→p2K1!52
uP̃u2

^uA~Bd→p7K6!u2&
rsindsing.

~22!

Taking into account that no nontrivialCP-violating weak
phase is present in Eq.~7! implies

A~B1→p1K0!5A~B2→p2K̄ 0!, ~23!

so that we get

BR~B6→p6K !5
tBu

16pMBu

F~Mp /MBu
,MKd

/MBu
!

3uA~B1→p1K0!u2. ~24!

The color-suppressed electroweak penguin contributi
PEW8C andPEW8C in Eq. ~7! and~8! are expected to play a ver
minor role with respect to the QCD penguin amplitudesP8
and P8 as we will see explicitly in Sec. III@2#. Neglecting
these contributions and using theSU(2) isospin symmetry
of strong interactions allows us to relate the penguin am
tude P̃ relevant for Bd→p7K6 to the B6→p6K decay
amplitude through

P̃5P85P85A~B1→p1K0!. ~25!

The magnitude of the right-hand side of this equation can
obtained from the measuredB6→p6K branching ratio with
the help of Eq.~24!. Consequently we get the following re
lation:

ACP
dir ~Bd

0→p2K1!52
BR~B6→p6K !

BR~Bd→p7K6!
rsindsing,

~26!

where the very small phase space difference betweenB6

→p6K andBd→p7K6 has been neglected and the releva
B lifetime and mass ratios have been set to unity.

III. SEMIQUANTITATIVE ESTIMATES

Let us have a brief look at the theoretical framework
describe theB→pK decays relevant for our analysis. The
are described by low energy effective Hamiltonians tak
the following form:
s

i-

e

t

g

Heff~DB521!

5
GF

A2
FVus* Vub(

k51

2

Qk
uCk~m!1Vcs* Vcb(

k51

2

Qk
cCk~m!

2Vts* Vtb(
k53

10

QkCk~m!G , ~27!

whereQk are local four-quark operators andCk(m) denote
Wilson coefficient functions calculated at a renormalizati
scalem5O(mb). The technical details of the evaluation o
such Hamiltonians beyond the leading logarithmic appro
mation has been reviewed recently in@11#, where the exact
definitions of the current-current operatorsQ1,2

u , Q1,2
c , the

QCD penguin operatorsQ3 ,...,Q6, the electroweak penguin
operatorsQ7 ,...,Q10, and numerical values of their Wilso
coefficients can be found. Note that the operatorsQ1,2

c con-
tribute to B→pK modes only through penguinlike matri
elements~see, e.g.,@12,13#! that are included by definition in
the penguin amplitudes. A similar comment applies to effe
of inelastic final state interactions that originate, e.g., fro
the rescattering processBd

0→$Ds
1D2%→p2K1. In our no-

tation these contributions are related to penguin like ma
elements of the current-current operators and are also
cluded inP8.

The color-allowed amplitudeT̄85e22igT8 contributing
to B̄ d

0→p1K2 is related to hadronic matrix elements of th
current-current operatorsQ1

u andQ2
u given by @8#

^K2p1uQ1
uuB̄ d

0&5^K2p1u~ s̄aub! V-A~ ūbba! V-AuB̄ d
0&,
~28!

^K2p1uQ2
uuB̄ d

0&5^K2p1u~ s̄u! V-A~ ūb! V-AuB̄ d
0&, ~29!

wherea andb denoteSU(3)C color indices and V-A refers
to the Lorentz structuregm(12g5). As in the case ofQ1,2

c ,
penguin like matrix elements of the current-current operat
Q1,2

u with up quarks runing as a virtual particles in the loo
@12,13# contribute by definition to the penguin amplitude
P̄ 85P8, P̄ EW8C 5PEW8C and not toT̄ 8. Introducing nonpertur-
bativeB parameters, Eqs.~28! and ~29! can be written as

^K2p1uQ1
u~m!uB̄ d

0&5
1

3
B1~m!F, ~30!

^K2p1uQ2
u~m!uB̄ d

0&5B2~m!F, ~31!

where F corresponds to the ‘‘factorized’’ matrix elemen

^K2u(sū) V-Au0&^p1u(ub̄) V-AuB̄ d
0& and Bk(m)Þ1 param-

etrizes deviations from factorization. Consequently we ge

T̄852
GF

A2
Vus* VubF1

3

B1~m!

B2~m!
C1~m!1C2~m!GB2~m!F,

~32!

which can be written by introducing the phenomenologi
color factora1 @14,15# as
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T̄852
GF

A2
Vus* Vuba1F. ~33!

The minus sign is due to our definition of meson states@see
also the remark after Eq.~8!#.

For the following discussionuT8u plays an important role
and can be written with the help of the ‘‘factorization’’ a
sumption as

uT8uu fact5
GF

A2
luVubua1~MBd

2 2Mp
2 ! f KFBp~MK

2 ;01!,

~34!

wherel50.22 is the Wolfenstein parameter@16# andF has
been expressed in terms of quark-current form factors@14#.
The presently allowed range foruVubu is given by
(3.260.8)31023 @17#. Data from B̄ d

0→D (* )1p2 and B̄ d
0

→D (* )1r2 decays implya151.0660.0360.06 @18#. From
a theoretical point of view,a1 is very stable forB decays and
lies within the rangea151.0160.02 @19#. Although the
‘‘factorization’’ hypothesis@20# is in general questionable,
may work with reasonable accuracy for the color-allow
current-current amplitudeT8 @21#. Using the form factor
FBp(MK

2 ;01)50.3 as obtained in the Bauer-Stech-Wirb
~BSW! model @14# yields

uT8uu fact5a1F uVubu

3.231023G37.831029 GeV. ~35!

In contrast to the case ofT8, the use of the factorization
assumption is questionable for the penguin amplitudeP̃. Let
us nevertheless use that approach to get some feeling fo
expected orders of magnitudes. Following the formalism
veloped in@12,13,22# and using the Wolfenstein expansio
@16# with A50.81060.058 and Rb[uVubu/(luVcbu)
50.36360.073 @23#, the b̄→ s̄ penguin amplitude~9! can
be expressed as

P̃u fact52
GF

A2
Al2F1

3
C̄31C̄41

1

3
C̄91C̄101

2MK
2

msmb

3S 1

3
C̄51C̄61

1

3
C̄71C̄8D 1

as~mb!

9p

3H 10

9
2G~mc ,k,mb!J S 11

2MK
2

msmb
D

3H C̄21
aQED

as~mb!
S C̄11

1

3
C̄2D J GF, ~36!

where we have used in addition to the factorization appro
mation the equations of motion for the quark fields leading
the terms proportional toMK

2 /(msmb). The C̄k’s refer to
m5mb and denote the next-to-leading order schem
independent Wilson coefficient functions introduced by B
ras et al. in @24#. The functionG(mc ,k,mb) is related to
one-loop penguin matrix elements of the current-current
eratorsQ1,2

c with internal charm quarks and is given by
l

the
-

i-
o

-
-

-

G~mc ,k,mb!52 4E
0

1

dxx~12x!lnFmc
22k2x~12x!

mb
2 G ,

~37!

wheremc is the charm quark mass andk denotes some av
erage four-momentum of the virtual gluons and photons
pearing in corresponding penguin diagrams@12,13#. Simple
kinematical considerations at the quark level imply the f
lowing ‘‘physical’’ range for this parameter@25,26#:

1

4
&

k2

mb
2

&
1

2
. ~38!

In the case of theb→s penguin processes considered he
the penguin like matrix elements ofQ1,2

u are highly sup-
pressed with respect to those ofQ1,2

c by the CKM factor
uVus* Vubu/uVcs* Vcbu5l2Rb5O(0.02) and have been ne
glected in Eq.~36!. These terms may lead toCP asymme-
tries in B6→p6K that are at most ofO(1%) andconse-
quently affect the relation~23! to a very small extent@12,22#.

As was stressed in@12#, a consistent calculation usin
next-to-leading order~NLO! Wilson coefficients requires the
inclusion of the penguinlike matrix elements of the curre
current operators discussed above. The point is that
renormalization scheme dependences of these matrix
ments cancel those of theCk’s leading to the scheme inde
pendent Wilson coefficientsC̄k . On the other hand, using
leading order~LO! Wilson coefficientsCk

LO , these matrix
elements have to be dropped so that we have, in this ca

P̃u fact
LO 52

GF

A2
Al2F1

3
C3

LO1C4
LO1

1

3
C9

LO1C10
LO

1
2MK

2

msmb
S 1

3
C5

LO1C6
LO1

1

3
C7

LO1C8
LOD GF. ~39!

Using numerical values for the Wilson coefficients, w
find that the contribution of the electroweak penguin ope
tors toP̃ is below theO(1%) level so that the approximation
of neglecting thePEW8C contributions@see the comment befor
Eq. ~25!# seems to be on solid ground. Evaluating t
branching ratios for the penguin modeB6→p6K corre-
sponding to Eqs.~36! and ~39!, we find ~as can be seen
already in the tables given in@12#; see also@27#! that the
penguins with internal charm quarks lead to a dramatic
hancement. This feature can be seen in Fig. 1, where
show the dependence of BR(B6→p6K)u fact on k2 for
A50.81, FBp(MK

2 ;01)50.3, andtBu
51.6 ps. Using Eq.

~33! with a151, these branching ratios correspond to t
amplitude ratiosr shown in Fig. 2, where we have chose
Rb50.36 to evaluate these plots. Consequently in this ra
simple model calculation the penguin matrix elements w
internal charm quarks lead to an enhancement of BR(B6

→p6K) by a factor of;3 and to a reduction ofr by ;2.
Interestingly the CLEO result~3! does already rule out the
LO curve in Fig. 1. The NLO result, however, still has som
dependence onk2 which will disappear once a nonperturb
tive calculation of the matrix elements becomes availab
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Still the agreement with the present CLEO data is rema
able although it is a bit on the lower side.

In a similar spirit we can arrive at some estimate of t
CP-conserving strong phase defined in Eq.~14!. We obtain
d50° if we use Eq.~39! for P̃. Including the important
penguin matrix elements with internal charm quarks throu
Eq. ~36! gives values ofd within the range230°&d&0°. In
spite of all the caveats connected with factorization we s
consider it safe to extract the sign of cosd from this discus-
sion. Hence we have very probably cosd.0.

Finally we want to stress that none of the crude estima
discussed above are needed for the analysis presented in
V. The only purpose to include these results in our pape
to update previous theoretical work given the new input fr
CLEO.

IV. CONSTRAINTS ON g, r , AND zACP
dir

„BD
0
˜p2K1

…z

In this section we will derive some simple relations allo
ing to constrain the CKM angleg by measuring the com

FIG. 1. The dependence of BR(B6→p6K)u fact on k2 for
LMS̄

(4)
50.3 GeV. The difference between the NLO and LO curves

explained in the text.

FIG. 2. The dependence ofr u fact on k2 for LMS̄
(4)

50.3 GeV. The
difference between the NLO and LO curves is explained in the t
-

h

ll

s
ec.

is

bined branching ratios BR(B6→p6K) and BR(Bd
→p7K6) specified in Eqs.~1! and ~2!, respectively. Such
measurements allow us moreover to restrict the ranger
and to give upper bounds for the directCP asymmetry
uACP

dir (Bd
0→p2K1)u. To this end the quantity

R[
^uA~Bd→p7K6!u2&

uP̃u 2
~40!

turns out to be very useful. Neglecting the small phase sp
difference betweenBd→p7K6 and B6→p6K and using
Eqs.~19!, ~24!, and~25! yields

R5
BR~Bd→p7K6!

BR~B6→p6K !
, ~41!

where the ratio of the relevantB-meson lifetimes and masse
has been set to unity as in Eq.~26!. ConsequentlyR can be
fixed through the measured branching ratios~3! and~4!. Us-
ing Eq. ~21! gives

C[cosdcosg5
12R

2r
1

1

2
r . ~42!

In the following considerations we will keepd as a free
parameter leading to the relationucosgu>uCu which implies

g05arccos~ uCu! ~43!

for the range~5!. SinceC is given by the product of two
cosines, it has to lie within the range21<C<11. As R is
fixed through Eq.~41!, this range has the following implica
tion for r :

u12ARu<r<11AR. ~44!

The magnitude of the directCP-violating asymmetry~22! in
Bd

0→p2K1 can be expressed with the help ofR andC as

uACP
dir ~Bd

0→p2K1!u52
r

R
Asin2g2C2tan2g. ~45!

Keepingr andR fixed, thisCP asymmetry takes its maxima
value

uACP
dir ~Bd

0→p2K1!umax52
r

R
~12uCu! ~46!

for

gmax5arccos~AuCu!~gmax5180°2arccos~AuCu!,
~47!

whereC is expressed in terms ofr andR in Eq. ~42!.

V. IMPLICATIONS OF THE CLEO MEASUREMENTS

In this section we shall discuss the implications of t
recent CLEO measurements using the relations derive
the last section. In particular it will become clear that
experimental improvement will make these constraints m
more stringent as they appear using present data.

The recent CLEO measurements given in Eqs.~3! and~4!
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allow us to determine the value ofR. Putting the numbers
and adding the errors in quadrature gives

R50.6560.40 . ~48!

In Fig. 3 we show the dependence of the quantityC defined
by Eq. ~42! on the amplitude ratior 5uT8u/uP̃ u for various
values ofR within that experimentally fixed range. This fig
ure illustrates nicely the constraints onr given in Eq.~44!
arising from the fact thatC has to lie within the range
21<C<11.

As is obvious from the discussions in Sec. II and III,r can
in principle be determined in a direct way. Using Eq.~25!,
the denominator is fixed by the penguin decayB6→p6K.
The numerator is more difficult to obtain. One possibility
to use Eq.~35!, leading to

r 50.163a13F uVubu

3.231023GAF 2.331025

BR~B6→p6K !
G F tBu

1.6 ps
G .

~49!

However, this expression relies on factorization and unc
tainties become hard to estimate. Another way would be
relate uT8u to some current-current-dominated process. A
suming flavorSU(3), a possible mode isB6→p6p0 which
receives only color-allowed and color-suppressed curr
current and negligibly small electroweak penguin contrib
tions. Including factorizableSU(3) breaking we obtain@8#

uT8u5l
f K

f p
A2uA~B6→p6p0!u, ~50!

where we have neglected the color-suppressed curr
current contributions. An interesting experimental cons
tency check would be the comparison of Eqs.~35! with ~50!.
Unfortunately theB6→p6p0 mode has not yet been me
sured. However, recently the CLEO Collaboration has
ported the following upper limit for the correspondin
branching ratio@1#:

BR~B6→p6p0!,2.031025, ~51!

FIG. 3. The dependence ofC on the amplitude ratior for vari-
ous values ofR.
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which can be translated easily into an upper bound onr .
Using the minimal and central values 1.131025 and
2.331025 of the branching ratio in Eqs.~3!, ~50! leads to

r & 0.51 and r & 0.35 , ~52!

respectively. However, given all the assumptions leading
these bounds, we shall not exclude the possibility of havin
larger value ofr within the limits ~44! in what follows and
consider all quantities as functions ofr .

In Fig. 4 we plot the constraint ong as a function ofr . As
usual we shall assume thatg ranges between 0° and 180
which is determined fromCP violation in the kaon system
@17#. Because of the two possibilities for the sign of cosd, we
have to discuss two cases. For positive cosd the sign of cosg
is the same as the one ofC. Thus forR,1 we can constrain
the angleg between 0° andg0,90°. For the small window
R.1, which is still allowed due to the large experiment

uncertainty,C becomes negative forr ,AR21, implying
thatg lies within the range 90°,180°2g0<g<180° in that
case. If cosd is negative, the situation reverses.

It is obvious that the constraint ong becomes more re
strictive the smaller the value ofR is. As can be seen from
Fig. 4, R51 is an important special case. The point is th
for R,1 one can always constraing independent ofr , while
R.1 requires some knowledge aboutr . For R,1 the maxi-
mal value ofg0 is given by

g0
max5arccos~A12R!. ~53!

In particular, if R is significantly smaller than 1, we ma
place stringent restrictions ong. For instance, taking the cen
tral value of the CLEO measurement we haveg0

max554°; for
a value at the lower end of Eq.~48! we have eveng0

max530°.
If one is to take the lower limit in Eq.~52! corresponding to
R50.65 serious, one findsg0,48°.

In Fig. 5 we show the dependence ofuACP
dir (Bd

0

→p2K1)u on r for various values ofR within the experi-
mental range~48!. In contrast to the case ofg it is impossible
to constrain thatCP asymmetry without any knowledge ofr .

FIG. 4. The dependence ofg0 constraining the CKM angleg
through Eq.~5! on the amplitude ratior for various values ofR.
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Coming back to the previous example, we haveuACP
dir (Bd

0

→p2K1)u<0.35 for R50.65 andr bounded by the lower
value of Eq.~52!.

VI. CONCLUSIONS AND OUTLOOK

In the present paper we have shown that a measurem
of the combined branching ratios~1! and ~2! allows one to
obtain useful constraints ong and directCP violation in
Bd→p7K6 even with rather large experimental uncerta
ties. Needless to say, an improvement on the experime
side will sharpen the bounds ong substantially; in particular
it would be useful to further constrainR to the regionR,1.
Obviously another important step would be a separate m
surement of theB1→p1K0, B2→p2K̄ 0 andBd

0→p2K1,

B̄ d
0→p1K2 branching ratios which may lead to a determ

nation ofg as proposed in@8#.
Looking at the bounds ong we have derived in the

present paper, they are complementary to what is obta
from a global fit of the unitarity triangle using experiment
data onuVcbu, uVubu/uVcbu, Bd

0–B̄ d
0 mixing, andCP violation

in the neutralK-meson system@17,23#. Typically that range
for g using present data is

40°&g&140°. ~54!

Note that the allowed range is symmetric aroundg590°,
while in our approach weexcludea range symmetric with
respect to 90° forR,1. For instance, taking the centr
value R50.65, we have 0<g<g0

max554° or
126°<g<180° depending on the sign of cosd. In order to be

FIG. 5. The dependence of the maximal value~46! of
uACP

dir (Bd
0→p2K1)u on the amplitude ratior for various values of

R.
nt

-
tal

a-

ed

compatible, this means thatg has to be either between 40
and 54° or between 126° and 140°. Based on the discus
of Sec. III we conclude that the former range is the prefer
one since most probably cosd.0. In the case of the centra
value of Eq.~54!, i.e.,g590°, we haveC50 and get there-
fore the relationr 5AR21 betweenr andR independent of
the value ofd. Note that in this case necessarilyR.1. Using
our bound~52! on r implies thus 1,R& 1.25 forg590°. If
r should be ofO(0.2) as expected, we would practically fi
R to be 1,R& 1.04. However, this corresponds to the upp
end of the present CLEO range. Ifg is close to 90°, future
measurements either have a value ofR close to unity or it
will become increasingly difficult to accommodate the sit
ation within the standard model.

Although some of our bounds are independent of the ra
r , this quantity is still one of the main ingredients of th
presented approach. The range implied by pure consiste
given in Eq. ~44! is quite generous. Using other input t
accessuT8u and uP̃u, such as factorization for the color
allowed current-current amplitude or data onB6→p6p0,
consistently indicates small values ofr . It is interesting to
note that these smallish values are already at the edg
compatibility with the CLEO measurements.

Another important experimental task is to search for
rect CP violation in Bd→p7K6 which would immediately
rule out ‘‘superweak’’ models ofCP violation @28#. Ruling
out these scenarios with the help of thatCP asymmetry is,
however, not the only possibility; if one should measu
CP-violating effects in Bd→p7K6 that are inconsisten
with the upper limits onuACP

dir (Bd
0→p2K1)u obtained along

the lines proposed in our paper, one would also have ind
tions for physics beyond the standard model.

In conclusion, we have demonstrated that the combi
B→pK branching ratios reported recently by the CLE
Collaboration may lead to stringent constraints ong that are
complementary to the presently allowed region of that an
obtained with the help of the usual indirect methods to
termine the unitarity triangle. These measurements prov
in addition a powerful tool to check the consistency of t
standard model description of these decays and to searc
‘‘new physics.’’ In this respect directCP violation in Bd
→p7K6 is also expected to play an important role. On
more data come in confirming values ofR,1, theB→pK
modes discussed in our paper may put the standard mod
a decisive test and could open a window to ‘‘new physics
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