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CP violating phaseg from a global fit of rare charmless hadronic B decays
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We study the constraints on theCP violating phaseg in the Kobayashi-Maskawa model using available
experimental data. We first follow the conventional method to update the constraint ong by performing ax2

analysis using data fromueKu, DmBd,s
, anduVub /Vcbu. We also include the recent information on sin 2b in the

analysis. We obtain the best fit forg to be 66° and the 95% C.L. allowed range to be 42° –87°. We then
develop a method to carry out ax2 analysis based onSU(3) symmetry using data fromB→pp and B
→Kp. We also discussSU(3) breaking effects from a model estimate. We find that the present data onB
→pp,Kp can also give some constraint ong although weaker than the earlier method limited by the present
experimental errors. Future improved data will provide a more stringent constraint. Finally we perform a
combined fit using data fromueKu, DmBd,s

, uVub /Vcbu, sin 2b, and rare charmless hadronicB decays. The
combined analysis givesg567° for the best-fit value and 43° –87° as the 95% C.L. allowed range. Several
comments on other methods to determineg based onSU(3) symmetry are also provided.
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I. INTRODUCTION

The origin of CP violation is still a mystery although i
has been observed in neutral kaon mixing for more than
years. One of the most promising models forCP violation is
the model proposed by Kobayashi and Maskawa in 1973@1#.
This is now referred as the standard model~SM! for CP
violation. In this model,CP violation results from a nonre
movable phaseg in the charged current mixing matrix, th
Cabibbo-Kobayashi-Maskawa~CKM! matrix @1,2#, VCKM .
There are also other mechanisms forCP violation. To under-
stand the origin ofCP violation, it is important to study
every detail of a particular mechanism against experime
data. In this paper we carry out a study to constrain theCP
0556-2821/2001/64~3!/034002~14!/$20.00 64 0340
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violating phase in the SM using available experimental da
The CKM matrix VCKM is a 333 unitary matrix and is

usually written as

VCKM5S Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

D . ~1!

In the literature there are several ways to parametrize
CKM matrix. The standard particle data group parametri
tion is given by@3#
VCKM5S c12c13 s12c13 s13e
2 id13

2s12c232c12s23s13e
id13 c12c232s12s23s13e

id13 s23c13

s12s232c12c23s13e
id13 2c12s232s12c23s13e

id13 c23c13

D ~2!
to

a

gle
wheresi j 5sinuij and ci j 5cosuij are the rotation angles. A
nonzero value for sind13 violates CP. Another commonly
used parametrization is the Wolfenstein parametrization@4#
which expands the CKM matrix in terms ofl5uVusu and is
given by

VCKM5S 12
1

2
l2 l Al3~r2 ih!

2l 12
1

2
l2 Al2

Al3~12r2 ih! 2Al2 1

D
1O~l4!. ~3!
The parameters A,r, and h are of order unity. When dis-
cussing theCP violation in a kaon system, it is necessary
keep higher-order terms inl, namely, adding2A2l5(r
1 ih) and2Al4(r1 ih) to Vcd andVts , respectively. The
CP violation in this parametrization is characterized by
nonzero value forh.

Because of the unitarity condition, one has

Vub* Vud1Vcb* Vcd1Vtb* Vtd50. ~4!

In the complex plane the above equation defines a trian
with angles a52Arg(VtdVtb* /VudVub* ), b5

2Arg(VcdVcb* /VtdVtb* ) and g52Arg(VudVub* /VcdVcb* ) as
shown in Fig. 1.
©2001 The American Physical Society02-1
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To a very good approximation the phased13 is equal tog.
In terms ofr andh, the anglesa, b, andg are given by

sin 2a5
2h~r22r1h2!

~~12r!21h2!~r21h2!
,

sin 2b5
2h~12r!

~12r!21h2
, g5tan21

h

r
. ~5!

In this paper we will concentrate on obtaining constra
on the phaseg. Great efforts have been made to constrain
to determine theCP violating phaseg. Previous studies
mainly used experimental data on~i! the CP violating pa-
rametereK in the mixing of neutral kaons,~ii ! the mixing
parametersDmBd

andDmBs
in Bd,s2B̄d,s systems, and~iii !

uVub /Vcbu, which characterizes the strength of the charml
flavor changing and charmed flavor changing semileptonB
decays. The best fit value forg from these considerations i
around 65°@5,6#.

During the last few years, several rare charmless hadr
B decays have been measured@7#. Some of these decays a
sensitive tog and therefore can be used to constrain it@8,9#.
Analysis based on a naive factorization approximation s
gests thatg tends to be larger than 90°, in conflict with th
analysis mentioned earlier@8,9#. If confirmed, it is an indi-
cation of new physics beyond the SM. Of course due
uncertainties in the experimental data and theoretical ca
lations, it is not possible to draw a firm conclusion as
whether this conflict is real at present. To improve the s
ation, in this paper we will carry out an analysis replaci
the naive factorization assumption by more generalSU(3)
flavor symmetry for the rare charmless hadronic decays oB
to two SU(3) octet pseudoscalarsP1 and P2, that is, B
→PP decays.

The SU(3) analysis forB decays has been studied b
many groups and several interesting results, such as rela
between different decay branching ratios, and ways to c
strain and/or to determine the phaseg, have been obtained
@10–14#. SU(3) symmetry is expected to be a good appro
mation for B decays. At present, experimental data fromB
→DK(p) support such an expectation@10#. However, more
tests are needed, especially in rare charmless hadronicB de-
cays. Recently it has been shown that such tests can in

FIG. 1. The KM unitarity triangle.
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be carried out for rare charmless hadronicB decays in an
electroweak model independent way in the future@13#. Be-
fore this can be done, however,SU(3) symmetry can only
be taken as a working hypothesis. In the rest of the paper
will study constraints that can be obtained from rare cha
less hadronicB→PP decays based onSU(3) symmetry. We
will also studySU(3) breaking effects using model calcula
tions.

The paper is arranged as follow. In Sec. II, we will revie
and update the constraint ong using information fromeK ,
DmBd,s

, and uVub /Vcbu, and also information from sin 2b

measurement. In Sec. III we will carry out ax2 analysis ofg
using rare charmless hadronicB→PP decay data based o
SU(3) symmetry. We will also discussSU(3) breaking ef-
fects. In Sec. IV, we will make a combined study using r
sults from Secs. II and III. And in Sec. V, we will discus
some of the implications of the results obtained and draw
conclusions.

II. CONSTRAINT ON g FROM zeKz, DM Bd,s
, zVub ÕVcbz,

AND sin2b

In this section we first review and update the constraint
g using experimental and theoretical information oneK ,
DmBd,s

, anduVub /Vcbu. Such an analysis has been carried o
before. The analysis in this section is an update of the p
vious analyses, which also serves to set up our notations
later use. We then include experimental data from the sinb
measurement into the analysis to obtain the best-fit value
allowed range forg.

There exist quite a lot of information about the CKM
matrix @3#. The value ofVus is known fromKl3 decay and
hyperon decays with good precision:

l50.219660.0023.

The parameterA depends onl and on the CKM matrix
element uVcbu. Using experimental data fromB→D̄* l 1n

andB→D̄l 1n and inclusiveb→cl n̄, analysis from LEP data
obtainsVcb50.040260.0019, and data from CLEO obtain
Vcb50.040460.0034. The central values of these two me
surements are close to each other. In our analysis we will
the averaged value that leads toA50.83560.034.

The value foruVubu has also been studied using data fro
B→p l n̄ l , B→r l n̄ l , and inclusiveb→ul n̄ l with

uVub /Vcbu5lAr21h250.09060.025. ~6!

To separately determiner and h ~or g), one has to use
information from other data. In the rest of this section w
will carry out ax2 analysis using constraints from the me
surements ofueKu, DmBd,s

and uVub /Vcbu along with other
known experimental and theoretical information.

The parametereK indicatesCP violation in neutral kaon
mixing. The short- and long-lived mass eigenstatesKS and
2-2
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KL of the neutral kaons can be expressed as the linear c
bination of weak interaction eigenstatesK0 and K̄0 as uKS&
5puK0&1quK̄0& and uKL&5puK0&2quK̄0&. p and q are re-
lated to theCP violating parametereK in KL decays by

p

q
5

11eK

12eK
. ~7!

The precise measurements of theKS→pp andKL→pp de-
cay rates imply@3#

ueKu5~2.27160.017!31023.

Evaluating the so-called ‘‘box’’ diagram, one obtains

ueKu5
GF

2 f K
2 mKmW

2

6A2p2DmK

BK~A2l6h!$yc@hctf 3~yc ,yt!2hcc#

1h ttyt f 2~yt!A
2l4~12r!%. ~8!

where h tt50.57460.004, hct50.4760.04 andhcc51.38
60.53 @15# are the QCD correction factors,DmK5mKL

2mKS
5(0.530060.0012)31022ps21, andBK50.9460.15

@16# is the bag factor. The functionsf 2 and f 3 of the vari-
ablesyt5mt

2/mW
2 andyc5mc

2/mW
2 are given by@17#

f 2~x!5
1

4
1

9

4~12x!
2

3

2~12x!2
2

3x2 ln x

2~12x!3
,

f 3~x,y!5 ln
y

x
2

3y

4~12y! S 11
y ln y

12y D . ~9!

Neutral mesonsBd
0 and B̄d

0 show a behavior similar to
neutral kaons. The heavy- and light-mass eigenstates,BL and
BH , are different fromBd

0 and B̄d
0 , and are given by

uBL&5puBd
0&1quB̄d

0&,

uBH&5puBd
0&2quB̄d

0&. ~10!

The mass differenceDmBd
5mBH

2mBL
can be measured

by means of the study of the oscillations of oneCP eigen-
state into the other. The world average value forDmBd

is
@18#

DmBd
50.48760.014 ps21. ~11!

The contribution toDmBd
is from analogous ‘‘box’’ dia-

grams as foreK , but with the dominant contribution from th
top quark in the loop. One obtains
03400
m-
DmBd

5
GF

2

6p2
mW

2 mBd
~ f Bd

ABBd
!2hByt f 2~yt!A

2l6

3@~12r!21h2#, ~12!

where f Bd
ABBd

50.21560.040 GeV @19#, hB50.5560.01

@15#, and the functionf 2 is given by Eq.~9!.
Bs

0 and B̄s
0 mesons are believed to undergo a mixi

analogous to theBd
0 and B̄d

0 . Their larger mass difference
DmBs

is responsible for oscillations that are faster than

Bd
0 and B̄d

0 oscillation, and have thus still eluded direct o
servation. A lower limit has been set by the CERNe1e2

collider LEP, SLAC Large Detector and Collider Detector
Fermilab~CDF! Collaborations, as@18#

DmBs
.14.9 ps21 ~95% C.L.!. ~13!

The expression forDmBs
in the SM is similar to that for

DmBd
. DmBs

can be written as

DmBs
5DmBd

1

l2

mBs

mBd

j2
1

~12r!21h2
, ~14!

where all the theoretical uncertainties are included in a qu
tity j, which is given by@19#

j5
f Bs

ABBs

f Bd
ABBd

51.1460.06. ~15!

The r andh parameters can be determined from a fit
the experimental values of the observables described in
above. In the analysis we will adopt the strategies used
previous analysis in the literature fixing the known para
eters, theoretical or experimental, to their central value
their errors were reasonably small as reported in the left-
of Table I. The quantities affected by large errors will b
used as additional parameters of the fit, but including a c
straint on their value as shown in the right-half of Table I. A
errors will be assumed to be Gaussian. This assumption
result in stringent constraints, more than ours actually can
achieved, because some of the errors may obey different
tributions, for example, those errors that come from theo
ical estimates may obey a flat distribution. Nevertheless,
results provide a good indication for the values of the para
eters involved.

To obtain the best-fit values and certain confidence le
allowed ranges for the relevant parameters, we perform ax2

analysis using the above information. The procedure forx2

analysis here is to minimize the following expression:
2-3



f.

HE, HSIAO, SHI, WU, AND ZHOU PHYSICAL REVIEW D64 034002
TABLE I. Input parameters forx2 analysis using data fromeK , DmBd,s
and uVub /Vcbu.

Fixed values Ref. Varied parameters Re

l50.219660.0023 @3# A50.83560.034 @3#

GF5(1.1663960.00001)31025 GeV22 @3# hct50.4760.04 @15#

f K50.159860.0015 GeV @3# hcc51.3860.53 @15#

DmK5(0.530060.0012)31022 ps21 @3# m̄c(mc)51.2560.10 GeV @3#

mK50.497 67260.000 031 GeV @3# m̄t(mt)5165.065.0 GeV @3#

mW580.41960.056 GeV @3# f Bd
ABBd

50.21560.040 GeV @16#

mBd
55.279460.0005 GeV @3# BK50.9460.15 @16#

mBs
55.369660.0024 GeV @3# j51.1460.06 @16#

h tt50.57460.004 @15# ueKu5(2.27160.017)31023 @3#

hB50.5560.01 @15# DmBd
50.48760.014 ps21 @18#

uVub /Vcbu50.09060.025 @3#
lue
te

n.

o

he

e
-

e

om

L.
nes

the

e
la-
ns
x25
~Â2A!2

sA
2

1
~mĉ2mc!

2

smc

2
1

~mt̂2mt!
2

smt

2
1

~BK̂2BK!2

sBK

2

1
~hcc
ˆ 2hcc!

2

shcc

2
1

~hct
ˆ 2hct!

2

shct

2

1
~ f Bd

ABBd

ˆ
2 f Bd

ABBd
!2

s f Bd
ABBd

2
1

~ ĵ2j!2

sj
2

1
~ uVub
ˆ u/uVcbu2uVubu/uVcbu!2

s uVubu/uVcbu
2

1
~ ueKuˆ 2ueKu!2

s ueKu
2

1
~DmBd
ˆ 2DmBd

!2

snmBd

2
1x2~A~DmBs

!,sA~DmBs
!!.

~16!

The symbols with a hat represent the reference va
measured or calculated for given physical quantities, as lis
in Table I, while the correspondings are their errors. The
parameters of the fit arer, h, A, mc , mt , BK , hct , hcc ,
f Bd

ABBd
andj.

The inclusion of theDmBs
data needs some explanatio

The experimental data consists of measured values
A(DmBs

) andsA(DmBs
) for various values ofDmBs

, plot-
ted in Fig. 2. To include this data in the fit, for each set
free parameters (A,r,h,j) we calculate the value ofDmBs

and find the corresponding experimental values ofA andsA
in Fig. 2. A nonzero value ofDmBs

implies thatBs
02B̄s

0 is

mixing, and, if observed, one should haveA51, otherwise
A50 @20#. We follow Ref. @6# to add to the totalx2 in Eq.
~16! a Dx2 for the corresponding set of (A,r,h,j)

Dx25x2@A~DmBs
!,sA~DmBs

!#5S A21

sA
D 2

. ~17!
03400
s
d

of

f

Exp@2Dx2/2# is an indication of how likely a mixing with a
given DmBs

was measured by experiment. The sign of t

deviationA21 should also be carefully treated. Naively th
expression ofDx2 implies that a lower probability is attrib
uted to theDmBs

values withA.1 with respect to theDmBs

values havingA51. To avoid this undesired behavior, w
follow Ref. @6# to setA to unity for the range withA larger
than one in Fig. 2.

We have carried out the analysis using data directly fr
Fig. 2. In this way, the points withA larger than 1 has a
largerDx2, but the final results on the best fit and 95% C.
allowed values of the parameters are very similar to the o
obtained by lettingA51 for the region withA.1 in Fig. 2.
However, for the reasons discussed above, we will use
results by settingA51 for region withA.1.

After r and h are determined, it is easy to obtain th
values of the angles in the unitarity triangle using the re
tions in Eq.~5!. The best-fit values and the allowed regio

FIG. 2. Experimental data onDmBs
@17#.
2-4
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FIG. 3. Constraints onr andh using data fromueKu, DmBd,s
anduVub /Vcbu, and sin2b. In the figure on the left, onlyueKu, DmBd,s

, and
uVub /Vcbu are used. The best-fit value is indicated by the ‘‘1’’ symbol. The region in the dotted curve corresponds to thex22xmin

2 51
allowed region, which is at the 39% C.L. The 68% C.L. allowed region is within the dashed curve and the 95% C.L. allowed region i
the solid curve. The straight ray lines are the results for the direct measurement of sin2b. The thick solid lines are for the central value o
sin2b. There are two allowed regions. The region outside the two thin solid straight lines for each allowed region are excluded by tb
measurement at 95% C.L. The 68% C.L. allowed regions are between the dashed lines. The figure on the right is a fit with sin2b data also
included in thex2.
es

ar
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in the r2h plane are shown in Fig. 3. The best-fit valu
and their 68% C.L. errors are

r50.1820.09
10.11, h50.3420.06

10.07,

sin 2a520.1920.42
10.37, sin 2b50.7020.09

10.14, g562213°
112° .

~18!

The 95% C.L. allowed regions for the above quantities
expressed as

0.03,r,0.38, 0.23,h,0.50,

20.85,sin 2a,0.42, 0.49,sin 2b,0.94, 39°,g,84°.
~19!

These results agree with previous analyses@5#.
The solid line in Fig. 4 is a plot of the minimalx2 as a

FIG. 4. The solid line is thex2 as a function ofg using data
from ueKu, DmBd,s

and uVub /Vcbu. The dashed line is thex2 as a
function of g with sin2b data included in the fit.
03400
e

function ofg for the fit usingueKu, DmBd,s
anduVub /Vcbu. It

is clear thatx2 changes withg dramatically. When going
away from the minimal,x2 raises rapidly indicating a good
determination ofg.

There are also direct measurements of sin 2b by several
groups from the time-dependentCP asymmetry in B
→J/cKS . In the SM this asymmetry is given by

a~ t !5
G~B̄0~ t !→J/cKS!2G~B0~ t !→J/cKS!

G~B̄0~ t !→J/cKS!1G~B0~ t !→J/cKS!

52sin 2bsin~DmBd
t !. ~20!

The values measured by different groups are

sin 2b55
0.3460.2060.05; BaBar@21#

0.5820.3420.10
10.3210.09; Belle @21#

0.7920.44
10.41; CDF @22#

0.8421.04
10.8260.16 ALEPH@23#.

~21!

The averaged value is sin 2b50.4660.16.
For a given sin 2b there are, in general, four solutions fo

g with two of them having negativeh and another two hav-
ing positiveh. To determine which one of them is the righ
solution, one has to use other information. Using the inf
mation from our previous fit, we can rule out some of t
solutions. The allowed ranges forr andh from the averaged
value for sin 2b is shown in the figure on the left in Fig. 3 b
the straight ray lines. Since the fit fromueKu, DmBd,s

and

uVub /Vcbu determinesh.0, only solutions withh.0 are
allowed. It is clear that one of the values forr andh, deter-
mined from the sin 2b measurement, can be consistent w
the fitting results in Eqs.~18! and ~19!.

It is intersting to note that sin 2b data can eliminate a
large allowed range in ther vs h plane at the 95% C.L.
2-5
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level. One can also include the measured sin 2b into thex2

analysis. The results are shown in the figure on the righ
Fig. 3. Thex2 as a function ofg is shown by the dashed lin
in Fig. 4. The best-fit values and their 68% C.L. errors
given by

r50.1320.06
10.10, h50.3020.05

10.05,

sin 2a520.1920.44
10.35, sin 2b50.6120.07

10.09, g566214°
110° .

~22!

The 95% C.L. allowed regions for the above quantit
are

0.01,r,0.30, 0.21,h,0.41,

20.88,sin 2a,0.45, 0.40,sin 2b,0.80, 42°,g,87°.
~23!

III. DETERMINATION OF g FROM CHARMLESS
HADRONIC B DECAYS

In this section we study how the phaseg can be con-
strained from experimental data onB→PP decays, based on
the flavorSU(3) symmetry consideration.

A. The quark level effective Hamiltonian

The quark level effective Hamiltonian, up to one loo
level in electroweak interaction for charmless hadronicB de-
cays, including QCD corrections to the matrix elements,
be written as

He f f
q 5

GF

A2
FVubVuq* ~c1O11c2O2!

2(
i 53

11

~VubVuq* ci
uc1VtbVtq* ci

tc!Oi G . ~24!

The coefficientsc1,2 and ci
jk5ci

j2ci
k , with j indicating the

internal quark, are the Wilson coefficients~WC!. These
WC’s have been evaluated by several groups@24#, with
uc1,2u@uci

j u. In the above the factor,VcbVcq* has been elimi-
nated using the unitarity property of the CKM matrix. Th
operatorsOi are defined as@24#

O15~ q̄iuj !V2A~ ū jbi !V2A , O25~ q̄u!V2A~ ūb!V2A ,

O3,55~ q̄b!V2A(
q8

~ q̄8q8!V7A ,

O4,65~ q̄ibj !V2A(
q8

~ q̄ j8qi8!V7A ,

O7,95
3

2
~ q̄b!V2A(

q8
eq8~ q̄8q8!V6A ,
03400
f
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n

O8,105
3

2
~ q̄ibj !V2A(

q8
eq8~ q̄ j8qi8!V6A , ~25!

O115
gs

8p2q̄smnGmn~11g5!b,

where (q̄1q2)V2A5q̄1gm(12g5)q2 , Gmn are the field
strengths of the gluon, respectively. We have neglected
photonic dipole penguin term whose contribution to hadro
charmless B decays is small. The usual tree-lev
W-exchange contribution in the effective Hamiltonian corr
sponds toO2 . O1 emerges due to the QCD corrections. T
operatorsO3,4,5,6 are from the QCD-penguin diagrams. Th
operatorsO7, . . . , O10 arise from the electroweak-pengu
diagrams.O11 is the gluonic dipole penguin operator.

The WC’s atm55 GeV withas(mZ)50.118, in the regu-
larization independent scheme in Ref.@25# are

c1520.313, c251.150,

c3
t 50.017, c4

t 520.037,

c5
t 50.010, c6

t 520.046, ~26!

c7
t 520.001aem, c8

t 50.049aem,

c9
t 521.321aem, c10

t 50.267aem

c11
t 520.143,

whereaem51/128. ci
c,u are given in Ref.@25#

B. SU„3… Structure of the effective Hamiltonian

To obtain B decay amplitudes, one has to calculate t
hadronic matrix elements from quark operators. At pres
there are no reliable methods to calculate these matrix
ments, although simple factorization calculations prov
some reasonable results for some decays, but not all of t
@26#. It motivates us to carry out model independent analy
by studying properties of the effective Hamiltonian und
SU(3) flavor symmetry and use them to obtain informati
about related decays.

In general the decay amplitudes forB→PP can be writ-
ten as

A~B→PP!5^PPuHe f f
q uB&

5
GF

A2
@VubVuq* T~q!1VtbVtq* P~q!#, ~27!

whereT(q) contains contributions from thetree operators
O1,2, as well aspenguinoperatorsO3211, due to charm and
up quark loop corrections to the matrix elements, whileP(q)
contains contributions purely from thepenguindue to top
and charm quarks in loops. The amplitudeT in Eq. ~27! is
usually called the ‘‘tree’’ amplitude, which will also be re
ferred to later on in this paper. One should, however, kee
mind that it contains the usual tree current-current contri
2-6
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tions proportional toc1,2, and also theu andc penguin con-
tributions proportional toci

uc , with i 53211. Also, in gen-
eral, it contains long-distance contributions corresponding
internalu andc generated intermediate hadron states. In
later analysis, we do not distinguish between the tree and
penguin contributions in the amplitudeT.

The relative strength of the amplitudesT and P is pre-
dominantly determined by their corresponding WC’s in t
effective Hamiltonian. ForDS50 charmless decays, th
dominant contributions are due to the tree operatorsO1,2,
and the penguin operators are suppressed by smaller W
Whereas forDS521 decays, because the penguin contrib
tions are enhanced by a factor ofVtbVts* /VubVus* '50 @3#
compared with the tree contributions, penguin effects do
nate the decay amplitudes. In this case the electroweak
guins can also play a very important role@27#.

The operatorsO1,2, O326,11, andO7210 transform under
SU(3) symmetry as 3̄13̄816115, 3̄, and 3̄13̄816115,
respectively. We now give details for the decomposition u
derSU(3) for some operators. ForDS50 decays,O2 can be
written, omitting the Lorentz-Dirac structure, as@13#

O252 1
8 $~ ūu!~ d̄b!1~ d̄d!~ d̄b!1~ s̄s!~ d̄b!% 3̄1 3

8 $~ d̄u!

3~ ūb!1~ d̄d!~ d̄b!1~ d̄s!~ s̄b!% 3̄82
1
4 $~ ūu!~ d̄b!

2~ d̄u!~ ūb!1~ d̄s!~ s̄b!2~ s̄s!~ d̄b!%61 1
8 $3~ ūu!~ d̄b!

13~ d̄u!~ ūb!2~ d̄s!~ s̄b!2~ s̄s!~ d̄b!22~ d̄d!~ d̄b!%15

52 1
8 H~ 3̄!1

3

8
H~ 3̄8!2 1

4 H~6!1 1
8 H~15!. ~28!

The 3̄, 6, and15 indicate theSU(3) irreducible representa
tions. The nonzero entries of the matricesH(i) in flavor
space are@10#

H~ 3̄!25H~ 3̄8!251, H~6!1
125H~6!3

2351,

H~6!1
215H~6!3

32521,

H~15!1
125H~15!1

2153, H~15!2
22522,

H~15!3
325H~15!3

23521. ~29!

Here 15u, 25d, and 35s with the upper indices indicating
antiquarks and the lower ones indicating quarks.

For DS51 decays, one has

O252 1
8 $~ ūu!~ s̄b!1~ d̄d!~ s̄b!1~ s̄s!~ s̄b!% 3̄1 3

8 $~ s̄u!~ ūb!

1~ s̄d!~ d̄b!1~ s̄s!~ s̄b!% 3̄82
1
4 $~ ūu!~ s̄b!2~ s̄u!~ ūb!

1~ s̄d!~ d̄b!2~ d̄d!~ s̄b!%61 1
8 $3~ ūu!~ s̄b!13~ s̄u!~ ūb!

2~ s̄s!~ s̄b!2~ s̄d!~ d̄b!22~ d̄d!~ s̄b!%15

52 1
8 H~ 3̄!1 3

8 H~ 3̄8!2 1
4 H~6!1 1

8 H~15!. ~30!
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The nonzero entries are@10#

H~ 3̄!35H~ 3̄8!351, H~6!1
135H~6!2

3251,

H~6!1
315H~6!2

23521,

H~15!1
135H~15!1

3153, H~15!3
33522,

H~15!2
325H~15!2

23521. ~31!

For DS50, the operatorsO1,2, O326, andO7210 can be
decomposed as

O15 3
8 O3̄2 1

8 O3̄81
1
4 O61 1

8 O15,

O252 1
8 O3̄1 3

8 O3̄82
1
4 O61 1

8 O15,

O35O3̄ , O45O3̄8 ,

O95 3
2 O12 1

2 O3 , O105
3
2 O22 1

2 O4 ,
~32!

where

O3̄5~ ūu!V2A~ d̄b!V2A1~ d̄d!V2A~ d̄b!V2A

1~ s̄s!V2A~ d̄b!V2A ,

O3̄85~ d̄u!V2A~ ūb!V2A1~ d̄d!V2A~ d̄b!V2A

1~ d̄s!V2A~ s̄b!V2A ,

O65~ ūu!V2A~ d̄b!V2A2~ d̄u!V2A~ ūb!V2A

1~ d̄s!V2A~ s̄b!V2A2~ s̄s!V2A~ d̄b!V2A ,

O1553~ ūu!V2A~ d̄b!V2A13~ d̄u!V2A~ ūb!V2A

2~ d̄s!V2A~ s̄b!V2A2~ s̄s!V2A~ d̄b!V2A

22~ d̄d!V2A~ d̄b!V2A . ~33!

The operatorsO5 andO6 have the sameSU(3) structure
asO3 andO4 but different Lorentz-Dirac structures.O7 and
O8 have the sameSU(3) structure asO9 andO10, but again
have different Lorentz-Dirac structures. Similarly one c
obtain the decomposition of the operators forDS51 case.

Since we are only concerned with flavor structure
SU(3), operators with different Lorentz-Dirac structures a
different color structures can be grouped together accord
to their flavor SU(3) representations without affecting th
results. As long as the flavor structure is concerned, the
fective Hamiltonian contains only 3,̄ 6, and15. These prop-
erties enable us to write the decay amplitudes forB→PP in
only a fewSU(3) invariant amplitudes.
2-7
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TABLE II. SU(3) decay amplitudes forB→PP decays.

DS50 DS521

T
p2p0

Bu (d)5
8

A2
C15

T , T
p2K̄0

Bu (s)5C3̄
T
2C6

T13A15
T

2C15
T ,

T
p2h8

Bu (d)5
2

A6
(C3̄

T
2C6

T13A15
T

13C15
T ), T

p0K2

Bu (s)5
1

A2
(C3̄

T
2C6

T13A15
T

17C15
T ),

T
K2K0

Bu (d)5C3̄
T
2C6

T13A15
T

2C15
T , T

h8K2

Bu (s)5
1

A6
(2C3̄

T
1C6

T23A15
T

19C15
T ),

T
p1p2

Bd (d)52A3̄
T
1C3̄

T
1C6

T1A15
T

13C15
T , T

p1K2

Bd (s)5C3̄
T
1C6

T2A15
T

13C15
T ,

T
p0p0

Bd (d)5
1

A2
(2A3̄

T
1C3̄

T
1C6

T1A15
T

25C15
T ), T

p0K̄0

Bd (s)52
1

A2
(C3̄

T
1C6

T2A15
T

25C15
T ),

T
K2K1

Bd (d)52(A3̄
T
1A15

T ), T
h8K̄0

Bd (s)52
1

A6
(C3̄

T
1C6

T2A15
T

25C15
T ),

T
K̄0K0

Bd (d)52A3̄
T
1C3̄

T
2C6

T23A15
T

2C15
T , T

p1p2

Bs (s)52(A3̄
T
1A15

T ),

T
p0h8

Bd (d)5
1

A3
(2C3̄

T
1C6

T15A15
T

1C15
T ), T

p0p0

Bs (s)5A2(A3̄
T
1A15

T ),

Th8h8

Bd (d)5
1

A2
(2A3̄

T
1

1
3 C3̄

T
2C6

T2A15
T

1C15
T ), T

K1K2

Bs (s)52A3̄
T
1C3̄

T
1C6

T1A15
T

13C15
T ,

T
K1p2

Bs (d)5C3̄
T
1C6

T2A15
T

13C15
T , T

K0K̄0

Bs (s)52A3̄
T
1C3̄

T
2C6

T23A15
T

2C15
T ,

T
K0p0

Bs (d)52
1

A2
(C3̄

T
1C6

T2A15
T

25C15
T ), T

p0h8

Bs (s)5
2

A3
(C6

T12A15
T

22C15
T ),

T
K0h8

Bs (d)52
1

A6
(C3̄

T
1C6

T2A15
T

25C15
T ), Th8h8

Bs (s)5A2(A3̄
T
1

2
3 C3̄

T
2A15

T
22C15

T ).
pe

.

s-

a-

e-

ove

ns
this
n
en
:

C. SU„3… decay amplitudes forB\PP decays

We will use Bi5(Bu ,Bd ,Bs)5(B2,B̄0,B̄s
0) to indicate

the SU(3) triplet for the threeB mesons, andM to indicate
the pseudoscalar octetM, which contains one of theP in the
final state with

M5S p0

A2
1

h8

A6
p1 K1

p2
2

p0

A2
1

h8

A6
K0

K2 K̄0 22
h8

A6

D . ~34!

One can write theT amplitude forB→PP as @10#

T5A3̄
T
BiH~ 3̄! i~Ml

kMk
l !1C3̄

T
BiMk

i M j
kH~ 3̄! j

1A6
TBiH~6!k

i j M j
l M l

k1C6
TBiM j

i H~6! l
jkMk

l

1A15
T BiH~15!k

i j M j
l M l

k1C15
T BiM j

i H~15! l
jkMk

l ,

~35!

due to the anti-symmetric nature in exchanging the up
two indices ofHk

i j (6), and thesymmetric structure of the
two mesons in the final states,C62A6 always appear to-
gether@10#. We will just useC6 to indicate this combination
There are five complex independentSU(3) invariant ampli-
tudes. The results for each individualB decay mode are
03400
r

shown in Table II. Similarly one can write down the expre
sions for the penguin induced decay amplitudesP.

Since there are both tree and penguin amplitudesCi
T , Ai

T

and Ci
P , Ai

P , there is, in general, 10 complex hadronic p
rameters~20 real parameters!. However simplications can be
made by noticing thatc7,8 are very small compared with
other Wilson coefficients, their contributions can be n
glected to a very good precision. In that case, from Eq.~32!,
we obtain

C6
P~A6

P!52
3

2

c9
tc2c10

tc

c12c223~c9
uc2c10

uc!/2
C6

T~A6
T!

'2
3

2

c9
t 2c10

t

c12c2
C6

T~A6
T!,

C15
P

~A15
P

!52
3

2

c9
tc1c10

tc

c11c223~c9
uc1c10

uc!/2
C15

T
~A15

T
!

'2
3

2

c9
t 1c10

t

c11c2
C15

T
~A15

T
!. ~36!

We have checked that the approximation signs in the ab
are good to 1024.

At the leading order QCD correction, the above relatio
are renormalization scale independent, and therefore to
order, the coefficientsCi and Ai are also. This can be see
from the fact that when keeping terms that mix only betwe
O1(O9) and O2(O10), the dominant QCD correction gives
2-8
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c1(9)(m)1c2(10)(m)5h2/b@c1(9)(mW)1c2(10)(mW)# and
c1(9)(m)2c2(10)(m)5h24/b@c1(9)(mW)2c2(10)(mW)#. Here
c1,2,9,10(mW) are the initial values for the WC’s at theW mass
scale with c1(10)(mW)50, h5as(mW)/as(m) and b511
22 f /3 ( f is the number of quark flavors with mass smal
than m). These relations lead to@c9(m)6c10(m)#/@c1(m)
6c2(m)#56c9(mW)/c2(mW) independent ofm. Mixings
with other operators and higher-order corrections introd
dependence on renormalization schemes. We have che
with different renormalization schemes and find that num
cally the changes are less than 15% for different schem
Although the changes are not sizable, there is scheme de
dence. The total decay amplitudes are not renormaliza
scheme dependent, therefore the hadronic matrix elem
determined depend on the renormalization scheme use
determine the ratios, (c96c10)/(c16c2). One should consis
tently use the same scheme.

Using relations in Eq.~36!, one finds that there are les
independent parameters which we choose to beC3̄

T,P(A3̄
T,P),

C6
T , andC15

T (A15
T ). Using the fact that an overall phase c

be removed without loss of generality, we will setC3̄
P to be

real. There are in fact only 13 real independent parame
for B→PP in the SM.

One can further reduce the parameters with some dyna
considerations. To this end we note that the amplitudesAi
correspond to annihilation contributions, as can be seen f
Eq. ~35!, whereBi mesons are contracted with one of t
indices inH( j ), and are small compared with the amplitud
Ci from model calculations and are often neglected in f
torization calculations@8,26#. Neglecting all annihilation
contributions, we then have just seven independent hadr
parameters in the amplitudes

C3̄
P , C3̄

T
eid 3̄, C6

Teid6, C15
T eid15. ~37!

The phases in the above are defined in such a way tha
Ci

T,P are real positive numbers.
We will make the assumption that annihilation amplitud

are negligibly small in our later analysis and leave the ve
fication of this assumption for future experimental data.
point out that this assumption can be tested usingBd
→K2K1, Bs→p1p2, and p0p0 in B→PP decays, be-
cause these decays have only annihilation contribution
can be seen from Table II@12,13#.

D. Constraint on g from B\PP decays

We are now ready to carry out ax2 analysis using data
from B→pp andB→Kp. The experimental data to be use
are shown in Table III.

In general the errors for the experimental data in Table
are correlated. Due to the lack of knowledge of the er
correlation from experiments, in our analysis, for simplici
we take them to be uncorrelated and assume the errors
Gaussian distribution taking the larger one betweens1 and
s2 to be on the conservative side. When combining fro
different measurements, we take the weighted average.
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the data which only presented as upper bounds, we ass
them to obey Gaussian distribution and take the errors ac-
cordingly.

Thex2 analysis in this case is to minimize thex2 given as

x25(
i

@B̂r ~ i !2Br~ i !#2

sBr
2 ~ i !

1(
i

@ÂCP~ i !2ACP~ i !#2

sCP
2 ~ i !

1x2~A,uVub /Vcbu!, ~38!

where the summation oni is for the available decay branch
ing ratios and theCP asymmetries are listed in Table III
sBr,CP are the corresponding errors. Herex2(A,uVub /Vcbu)
is thex2 due to uncertainties inA and uVub /Vcbu in Sec. II.
The branching ratios Br(i ) and theCP asymmetriesACP( i ),
expressed in terms of the decay amplitudeA( i )5(GF /
A2)@VubVuq* T( i )1VtbVtq* P( i )# for a particularB→P1P2,
are given by

Br~ i !5
1

32pmBGB
~ uA~ i !u21uĀ~ i !u2!lP1P2

,

ACP~ i !5
uA~ i !u22uĀ~ i !u2

uA~ i !u21uĀ~ i !u2
, ~39!

TABLE III. Rare hadronic charmlessB→pp andB→Kp data.
The branching ratios are in units of 1026.

Br andACP Data
Value used from
combined data

Br(B→p1p2) 4.321.4
11.660.5 @7,28# 4.460.9

5.922.1
12.460.5 @29#

4.161.060.7 @30#

Br(B→p2p0) 5.622.3
12.661.7 @7,28# 6.262.4

7.123.021.2
13.610.9 @29#

Br(B→K1p2) 17.222.4
12.561.2 @7,28# 17.361.6

18.723.0
13.361.6 @29#

16.761.621.7
11.2 @30#

Br(B→K2p0) 11.622.721.3
13.011.4 @7,28# 13.762.6

17.023.022.2
13.712.0 @29#

Br(B→K̄0p2) 18.224.0
14.661.6 @7,28# 16.263.8

13.124.6
15.562.6 @29#

Br(B→K0p0) 14.625.123.3
15.912.4 @7,28# 14.664.6

14.625.1
16.162.7 @29#

Br(B→K2K0) ,5.1(90% C.L.)@7,28# 0.661.9

,5.0(90% C.L.)@29#

Br(B→p0p0) 2.121.320.6
11.710.7 @28# 2.161.8

ACP(B→K2p0) 20.2960.23 @31# 20.1360.16

0.01920.191
10.219 @29#

ACP(B→K1p2) 20.0460.16 @31# 20.00360.12

0.04360.17560.021@29#

ACP(B→K̄0p2) 0.1860.24 @31# 0.1860.24
2-9



e

al-
asi-

e

and
in-
By
re

ent
. 6

%

less
re
ies
. 5

. To

er,

lts.

l
s
d
ent
ues
seen
es

lid
e
we

t

al

HE, HSIAO, SHI, WU, AND ZHOU PHYSICAL REVIEW D64 034002
where l i j 5$@12(mi1mj )
2/mB

2 #@12(mi2mj )
2/mB

2 #%1/2.
The amplitudesT( i ) andP( i ) for each individual decay can
be read off from Table II.

We use Vcb50.040260.0019 and uVub /Vcbu50.090
60.025 in the fitting. The results with exactSU(3) symme-
try are shown in Figs. 5 and 6 by the solid curves. The b
fit values for the hadronic parameters are

C3̄
P
50.13, C3̄

T
50.34, C6

T50.13, C15
T

50.16,

d 3̄5227°, d65220°, d15535°. ~40!

And the best-fit values forr, h andg are

FIG. 5. The constraints forr andh using data fromuVub /Vcbu
and rareB→pp and B→Kp. For the fit with exactSU(3), the
best-fit value is indicated by the ‘‘1’’ symbol and thex22xmin

2

51 ~39% C.L.! allowed regions are inside the region in the so
curve. For the case withSU(3) breaking effects, the best-fit valu
is indicated by a diamond shaped symbol and the 39% C.L. allo
region is inside the dashed curve.

FIG. 6. x2 as a function ofg using data fromuVub /Vcbu and rare
B→pp and B→Kp. The curve~a! is for the case with exac
SU(3), and thecurve ~b! is for the one withSU(3) breaking ef-
fects. The curves~a1! and~b1! are for the cases with the addition
conditionC3̄

T
eid 3̄2C6

Teid62C15
T eid1550 with exactSU(3) and with

SU(3) breaking effects, respectively.
03400
st

r50.02, h50.40, g587°. ~41!

The constraint is weak. We have not given the 68%
lowed ranges because to that level, the constraints are b
cally given byuVub /Vcbu. We have to wait for more accurat
data to obtain a more restrictive constraints.

At present the errors on the asymmetries are too large
do not really provide stringent constraints. However, we
clude them here hoping that they will be measured soon.
then one can easily include them in the fit to obtain mo
stringent constraint ong.

In Fig. 5, we show the regions allowed byx22xmin
2 51 in

the r2h plane by the solid curve. As mentioned, at pres
the constraint is weak, which can also be seen from Fig
where the minimalx2 as a function ofg is shown by the
curve~a! for the case with exactSU(3) symmetry, although
the xmin

2 per degree of freedom is smaller than 1. The 68
allowed region is actually the same as that fromuVub /Vcbu
alone. However, when more precision data for rare charm
B→PP become available, the restriction will become mo
stringent. For example, if the error bars for all the quantit
are reduced by a factor of 2.45, then the regions in Fig
correspond to 95% C.L. allowed regions.

SU(3) may not be an exact symmetry forB→PP. We
now estimateSU(3) breaking effects. The amplitudesCi for
B→pp andB→Kp will be different if SU(3) is broken. At
present it is not possible to calculate the breaking effects
have some idea about the size of theSU(3) breaking effects,
we work with the factorization estimate. To leading ord
the relation between the amplitudes forB→pp decays
Ci(pp) and the amplitudes forB→Kp decaysCi(Kp), can
be parametrized asCi(Kp)5rCi(pp), and r is approxi-
mately given by

r'
f K

f p
51.22. ~42!

Here we have assumed that theSU(3) breaking effects inf i

and F0
B→ i are similar in magnitudes, that is,f K / f p

'F0
B→K/F0

B→p @32#. Using the above to represent theSU(3)
breaking effect, we can obtain another set of fitting resu
They are shown in Figs. 5~dashed curve! and 6@curve~b!#.
The best-fit values for the amplitudes are

C3̄
P
50.11, C3̄

T
50.33, C6

T50.22, C15
T

50.18,

d 3̄557°, d65200°, d15585°. ~43!

The best-fit values forr, h andg are given by

r520.39, h50.07, g5170°. ~44!

In both exact and brokenSU(3) cases, there are two loca
minimum in thex2 vs g diagrams. The corresponding value
of g are very different with one of them around 87° an
another 170°. These best-fit values are dramatically differ
than those obtained in Sec. II. However, the best-fit val
here can not be taken too seriously because, as can be
from Fig. 5, at the 39% C.L. level, almost all allowed rang

d

2-10
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FIG. 7. Constraints onr andh using combined data fromueKu, DmBd,s
, uVub /Vcbu, sin2b, andB→pp andB→Kp. The three regions,

from smaller to larger, corresponds to thex22xmin
2 51 allowed region, which is at the 39% C.L., the 68% C.L. allowed region, and the

C.L. allowed region, respectively. The figure on the left is for the case with exactSU(3) and the one on the right is for the case withSU(3)
breaking effects. The dotted curves are for fit in Sec. II and the solid curves are for the combined fit.
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II.

from
by uVub /Vcbu are allowed byB→PP data. At the 68% C.L.
level, all allowed regions byuVub /Vcbu are allowed by data
from theB→PP decays. Inconsistence betweeng obtained
in Sec. II and this section cannot be established. We hav
wait for more precise data onB→PP to decide.

In the literature it has often been quoted thatO1,2 do not
contribute to B2→K̄0p2, and therefore Br(B2→K̄0p2)
5Br(B1→K0p1). In the SU(3) language used here, th
implies C5C3̄

T
eid 3̄2C6

Teid62C15
T eid 1550. This result has

been used to derive several methods to determine the p
g. We stress that this is not a result from theSU(3) consid-
eration and needs to be checked. For this reason, we
carried out analyses with the conditionC50. For this case,
the minimalx2 as a function ofg, are also shown in Fig. 6
@curves~a1! and ~b1!# with exact SU(3) and with SU(3)
breaking effects, respectively. The best-fit values with ex
SU(3) symmetry are

r50.05, h50.41, g583°,

C3̄
P
50.13, C3̄

T
50.26, C6

T50.17, C15
T

50.16,

d 3̄5213°, d65249°, d15527°. ~45!

And the best-fit values withSU(3) breaking effects are

r50.12, h50.39, g573°,

C3̄
P
50.11, C3̄

T
50.24, C6

T50.15, C15
T

50.16,

d 3̄5215°, d65256°, d15523°. ~46!

The imposition ofC50 does not force these coefficien
to be real. In order to getC to be zero, the real and imaginar
parts both have to cancel to satisfy the condition. The im
cations of this analysis will be discussed later.
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IV. COMBINED FIT

In this section we carry out a combined fit of Secs. II a
III. The total x2(total) is the sum of thex2(II) with the
sin 2b data included from Sec. II plus thex2(III). Here
x2(III) is the x2 in Eq. ~36! of Sec. III with
x2(A,uVub /Vcbu) subtracted. This is becausex2(II) already
includes information fromA and uVub /Vcbu. The results are
shown in Figs. 7 and 8. Sincex2(II) has a sharper depen
dence ong compared withx2(III), the best-fit values and
errors are dominantly determined by constraints in Sec.

The best combined fit values with exactSU(3) symmetry
for the hadronic parameters are

C3̄
P
50.13, C3̄

T
50.29, C6

T50.16, C15
T

50.20,

d 3̄5242°, d65220°, d15535°. ~47!

FIG. 8. x2 as a function ofg using combined data fromueKu,
DmBd,s

, uVub /Vcbu, sin 2b, and rareB→PP data. The dotted and
solid curves are for the fit with exactSU(3) and withSU(3) break-
ing effects, respectively. The dashed curve is the same as that
Sec. II with sin 2b included.
2-11
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In the above, we have not given errors for the hadronic
rameters because the constraints on them are weak.

The best-fit values forr, h, and g and their 68% C.L.
errors are given by

r50.1220.05
10.09, h50.2920.04

10.06, g567213°
110° , ~48!

and the 95% C.L. allowed ranges forr, h, andg are

0.01,r,0.29, 0.21,h,0.40,

20.86,sin 2a,0.45, 0.45,sin 2b,0.79,

43°,g,87°. ~49!

The best combined fit values withSU(3) breaking effects
for the hadronic parameters are

C3̄
P
50.11, C3̄

T
50.29, C6

T50.16, C15
T

50.20,

d 3̄5233°, d65240°, d15531°, ~50!

r50.1320.06
10.09, h50.2920.04

10.06, g566213°
110° ,

~51!

and the 95% C.L. allowed ranges forr, h, andg are

0.01,r,0.30, 0.21,h,0.41,

20.87,sin 2a,0.44, 0.46,sin 2b,0.80,

42°,g,87°. ~52!

V. DISCUSSIONS AND CONCLUSIONS

At present, the rare charmless hadronicB decay data have
large error bars. The main contribution to thex2 for the
analysis in Secs. III and IV, come from the branching ra
for B̄0→K̄0p0. In the cases discussed, this mode alone c
tributes about 2.5 to thex2. The best-fit value of the branch
ing ratio is only about half of the experimental central valu
We suspect that there may be some systematic errors in
measurement of this branching ratio. If the present cen
value persists, it may be an indication of badly brok
SU(3) symmetry or new physics beyond the SM. It is im
portant to improve the precision of experimental data to
cide whether new physics is needed.

Because of the large error bars associated with theB
→PP data, the ranges determined for the related parame
have large error bars. Theg phase has a large range allow
by using theB→PP data alone. However, the fit shows n
conflict between the fit from the consideration usingueKu,
DmBd,s

, uVub /Vcbu and sin 2b data. Future experimental da
will be able to provide a more accurate determination of
g phase.

Before closing we would like to make a few commen
about our analysis and some other related calculations.
first comment concerns the generalSU(3) analysis and fac-
torization calculations.

Assuming factorization and theSU(3) symmetry, that is
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the decay constants for all octet pseudoscalarsP are equal,
and the form factors forB→P are also equal, one obtain
@26#

C3̄
T
5H 3a22a1

8
2F ~a4

uc1a6
ucR!1

3

16
~a7

uc2a9
uc!

1
1

16
~a10

uc1a8
ucR!G J X,

C6
T5H a22a1

4
2

3

8
~a10

uc2a9
uc1a7

uc1a8
ucR!J X,

C15
T

5H a11a2

8
2

3

16
~a9

uc1a10
uc2a7

uc1a8
ucR!J X,

~53!

where

X5 f pF0
B→p~mp

2 !~mB
22mp

2 !

and

R5mK
2 /~mb2mq!~ms1mq!.

These amplitudes are related to the ‘‘tree’’ contribution
ai

uc5ai
u2ai

c with a2i5c2i1c2i 21 /N and a2i 215c2i 21

1c2i /N.
The penguin amplitudes are given by@26#

C3̄
P
52@~a4

tc1a6
tcR!1 3

16 ~a7
tc2a9

tc!1 1
16 ~a10

tc1a8
tcR!#X,

C6
P52 3

8 ~a10
tc2a9

tc1a7
tc1a8

tcR!X,

C15
P

52 3
16 ~a9

tc1a10
tc2a7

tc1a8
tcR!X, ~54!

where ai
tc5ai

t2ai
c . When small contributions froma7,8

i j

terms are neglected, one recovers the relations in Eq.~36!.
Numerically, we have

C3̄
P
50.09, C3̄

T
50.42, C6

T50.26, C15
T

50.15,

d 3̄5215.7°, d65214.5°, d155214.5°.
~55!

In the above we have used the convention withC3̄
P to be real.

The amplitudes are in the same order of magnitude as
best-fit values in Secs. III and IV, but the phase can be v
different. In the factorization approximation calculation he
phases are only due to short-distance interaction, rescatte
of quarks. Long-distance contributions can change th
phases. The results of the best-fit values for the phases
cate that there may be large long-distance rescattering
fects.

Our second comments concern the combination of
SU(3) invariant decay amplitudeC5C3̄

T
eid 3̄2C6

Teid6

2C15
T ed15. It has been usually assumed in the literature t

C50. This leads to Br(B1→K0p1)5Br(B2→K̄0p2).
This result played a crucial role in several methods to c
2-12



l-
en
-

he

b

to

h
d
u
.

et
w

th
th

ns
rs
-
If
io
io
si

an

ntal

-

of
ore
e
ide
nd

od
r

ady
-

om
s

the
eful
re

s-
a-

9-
Z.
o.

CP VIOLATING PHASE g FROM A GLOBAL FIT OF . . . PHYSICAL REVIEW D 64 034002
strain and to determine the phaseg, for example, using@9#

B2→K2p0, K̄0p2,p2p2, B̄0(B2)→K1p2,
p1p2(K̄0p2), andB2→K2p0,K̄0p2,K2h.

We point out thatC50 is based on the factorization ca
culation neglecting annihilation contributions and also p
guin contributions@26#. In fact, using factorization calcula
tions when penguin contributions are included,C does not
equal zero, butC5C3̄

T
~penguin!. C3̄

T
~penguin! can be ob-

tained from Eq.~53! ~the terms proportional toci
uc in C3̄

T). In
the factorization framework, we can easily check whet
C50 is a good approximation. Using the result in Eq.~53!,
we find that theuC3̄

T(penguin)/C3̄
Tu is of order 5%. It is there-

fore reasonable to assume the penguin contribution to
small andC'0.

One should also be aware that when going beyond fac
ization approximation and include rescattering effects,C
may deviate from zero, however, it should be tested. T
fitting program proposed in this paper can be easily use
achieve this goal. From the best-fit values in the previo
sections, we clearly see thatC can easily deviate from zero
For example, in the case with exactSU(3), thebest-fit value
using rareB decay dataC is C50.052 i0.20, and with
SU(3) breaking effectsC is C50.371 i0.18, which are the
same order of magnitude as individualCi

T . One needs more
data to achieve a better test. Until then, the use of the m
ods based on the above equation have to be treated
caution.

Our final comments concern the uncertainties in
present analysis. In this paper we have developed a me
based onSU(3) flavor symmetry to determine theCP vio-
lating g phase. We find that when annihilation contributio
are neglected, there are only seven hadronic paramete
the SM related toB→PP decays. The annihilation contribu
tions are small based on the factorization approximation.
turns out that they are not small, as some model calculat
indicated that the penguin related annihilation contribut
A3̄

P may be sizeable, one needs to include it in the analy
; C
-F
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However, from Table II one can see thatA3̄
P does not show

up in theB→Kp decays, but only in theB→pp decays,
which is suppressed by small Wilson coefficients. One c
also carry out an analysis includingA3̄

P in the fit when more
experimental data become available. Future experime
data with better accuracy will provide more information.

In the estimate ofSU(3) breaking effects, we have pa
rametrized theSU(3) breaking effects in a simple form with
Ci(Kp)5( f K / f p)Ci(pp). In general, theSU(3) breaking
effects may be more complicated. More systematic study
SU(3) breaking effects are needed in order to obtain m
accurate determination of theg phase. But, at any rate, w
hope that the method developed here will help to prov
useful information about the hadronic matrix elements a
also theCP violating g phase.

In conclusion, in this paper we have developed a meth
to determine theCP violating g phase based on the flavo
SU(3) symmetry. We find that the present data can alre
give some constraint ong and it is consistent with the con
straint obtained by usingueKu, DmBd,s

, uVub /Vcbu, and sin 2b
data. We also carried out an analysis combining data fr
eK , DmBd,s

, uVub /Vcbu, sin 2b, and data from rare charmles

hadronicB decays. The combined analysis givesg567° for
the best-fit value and 43°;87° as the 95% C.L. allowed
range. Although there are uncertainties in the fit program,
method developed in the present paper can provide us
information about the hadronic matrix elements for ra
charmless hadronicB decays and theCP violating phaseg.
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