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Possible large directCP violations in charmlessB meson decays:
Summary report on the PQCD method

Y.-Y. Keum and A. I. Sanda
EKEN LAB. Department of Physics, Nagoya University, Nagoya 464-8602 Japan

~Received 5 October 2002; published 19 March 2003!

We discuss the perturbative QCD approach for the exclusive two bodyB meson decays to light mesons. We
briefly review its ingredients and some important theoretical issues on the factorization approach. We show
numerical results which are compatible with present experimental data for charmlessB meson decays. In
particular, we predict the possibility of large directCP violation effects inB0→p1p2 @(2367%)# andB0

→K1p2 @(21765%)#. In the last section we investigate two methods to determine the weak phasesf2 and
f3 from B→pp,Kp processes. We obtain bounds onf2 andf3 from present experimental measurements.
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I. INTRODUCTION

The aim of the study on weak decay inB mesons is two-
fold: ~1! to determine precisely the elements of the Cabib
Kobayashi-Maskawa~CKM! matrix @1,2# and to explore the
origin of CP violation at a low energy scale:~2! to under-
stand the strong interaction physics related to the confi
ment of quarks and gluons within hadrons.

The two tasks complement each other. An understand
of the connection between quarks and hadron properties
necessary prerequisite for a precise determination of
CKM matrix elements and theCP-violating Kobayashi-
Maskawa~KM ! phase@2#.

The theoretical description of hadronic weak decays
difficult since the nonperturbative QCD interaction is i
volved. This makes it difficult to seek the origin ofCP vio-
lation at asymmetricB factories. In the case ofB meson
decays into two light mesons, the factorization approxim
tion @3–6# offers some understanding of branching ratios.
the factorization approximation, it is argued that because
final-state mesons are moving so fast it is difficult to e
change gluons. So soft final-state interactions can be
glected~the color-transparency argument@7,8#!, and we can
express the amplitude in terms of a product of decay c
stants and transition form factors. These amplitudes are
This predicts vanishingCP asymmetries. In this approach
we cannot calculate nonfactorizable contributions and a
hilation contributions.

Recently two different QCD approaches beyond the na
and general factorization assumption were proposed:~1!
QCD-factorization in the heavy quark limit@9,10# in which
nonfactorizable terms andai are calculable in some case
~2! the perturbative~PQCD! approach@11–13# including the
resummation effects of the transverse momentum carried
partons inside the meson. In this article, we discuss so
important theoretical issues in PQCD factorization and
merical results for charmlessB decays.

II. INGREDIENTS OF PQCD

A. Factorization in PQCD

The idea of perturbative QCD is as follows. When
heavy B-meson decays into two light mesons, it can
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shown that the hard process is dominant. A hard gluon
hange is needed to boost the spectator quark~which is almost
at rest! to large momentum so that it can pair up with the fa
moving quark to form a meson. Also, it can be shown th
the final-state interaction, if any, is calculable, i.e., soft glu
exchanges between final-state hadrons are negligible.

So the process is dominated by one hard gluon exchan
between a spectator quark and the quarks involved in
weak decay. It can be shown that all possible diagrams c
tributing to the decay amplitude can be cast into a convo
tion of this hard amplitude and meson wave functions.

Let us start with the lowest-order diagram forB→Kp.
There are diagrams that have infrared divergences. It ca
shown that the divergent parts can be absorbed into the li
cone wave functions. Their finite pieces are absorbed into
hard part. Then in a natural way we can factorize the am
tude into two pieces:G[H(Q,m) ^ F(m,m) where H con-
tains the hard part of the dynamics and is calculable us
perturbation theory.F repesents a product of wave function
which contains all the nonperturbative dynamics.

Based on the perturbative QCD formalism developed
Brodsky and Lepage@15# and Botts and Sterman@16#, the
three-scale factorization theorem can be proved@14#, includ-
ing the transverse momentum components which are car
by partons inside the meson.

We have three different scales: the electroweak sc
MW , the hard interaction scalet;O(L̄mb), and the factor-
ization scale 1/b where b is the conjugate variable of th
parton transverse momenta. The dynamics below 1/b is com-
pletely nonperturbative and can be parametrized into me
wave functions which are universal and process independ
In our analysis we use the results of light-cone distribut
amplitudes~LCDAs! by Ball @17,18# obtained with light-
cone sum rule.

The ampltitude in PQCD is expressed as

FIG. 1. The diagrams generating double logarithm correcti
for the Sudakov resummation.
©2003 The American Physical Society09-1
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FIG. 2. ~a! Sudakov suppression factor.~b! Fractional contribution to theB→p transition form factorFBp as a function ofas(t)/p.
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A;C~ t !3H~ t !3F~x!3 expF2s~P,b!

22E
1/b

t dm

m
gq@as~m!#G ~1!

where C(t) are Wilson coefficients,F(x) are meson
LCDAs, and the variablet is the hard factorized scale.

B. Sudakov suppression effects

There is a set of diagrams that contain powers of dou
logarithms ln2(Pb) ~See Fig. 1!. They come from the overlap
of the collinear and soft divergence in the radiative corr
tions to the meson wave functions, whereP is the dominant
light-cone component of the meson momentum.

Fortunately they can be summed. The summation of th
double logarithms leads to a Sudakov form factor e
@2s(P,b)# in Eq. ~1!, which suppresses the long distan
contributions in the largeb region, and vanishes asb
.1/LQCD .

The Sudakov factor can be understood as follows. Eve
single gluon emission does not allow the formation of
exclusive final state. So the exclusive two-body decays
proportional to the probability that no gluon is emitted du
ing the hard process. The Sudakov factor leads to this p
ability. When two quarks are far apart~i.e., largeb, thus
small k'), their colors are no longer shielded. So when
quarks undergo hard scattering they cannot help but emit
gluons. Since the Sudakov factor suppresses the smak'

region,k'
2 flowing into the hard amplitudes become large

^k'
2 &;O~L̄MB! ~2!

and the singularities are removed.
In earlier analysis,k' and the Sudakov factor were ne

glected and it was found that the amplitude is infrared s
gular. It is clear that such a naive analysis is in error.

Thanks to the Sudakov effect, all contributions to theB
→p form factor come from the region withas /p,0.3 @12#
as shown in Fig. 2. This indicates that our PQCD results
well within the perturbative region.
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C. Threshold resummation

The other double logarithm isas ln2(1/x) from the end
point region of the momentum fractionx @19#. This double
logarithm is generated by the corrections of the hard par
Fig. 3. This double logarithm can be factored out of the h
amplitude systematically, and its resummation introduce
Sudakov factorSt(x)51.78@x(12x)#c with c;0.3 into the
PQCD factorization formula. The Sudakov factor fro
threshold resummation is universal, independent of the
vors of internal quarks, the twists and topologies of the h
amplitudes, and the decay modes.

Threshold resummation@19# and k' resummation
@16,20,21# arise from different subprocesses in PQCD fact
ization and suppress the end point contributions, mak
PQCD evaluation of exclusiveB meson decays reliable. W
point out that these resummation effects are crucial. With
these resummation effects, the PQCD predictions for thB
→K form factors are infrared divergent. Thek' resumma-
tion renders the amplitudes finite, and suppresses two-pa
twist-3 contributions to reasonable values.

D. Power counting rule in PQCD

The power behaviors of various topologies of diagra
for two-body nonleptonicB meson decays with the Sudako
effects taken into account have been discussed in deta
@22#. The relative importance is summarized below:

emission:annihilation:nonfactorizable51:
2m0

MB
:

L̄

MB
,

~3!

with m0 being the chiral symmetry breaking scale. The sc
m0 appears because the annihilation contributions are do
nated by those from the (V2A)(V1A) penguin operators
which survive under helicity suppression. In the heavy qu

FIG. 3. The diagrams generating double logarithm correcti
for the threshold resummation.
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POSSIBLE LARGE DIRECTCP VIOLATIONS IN . . . PHYSICAL REVIEW D 67, 054009 ~2003!
limit the annihilation and nonfactorizable amplitudes are
deed power suppressed compared to the factorizable e
sion ones. Therefore, the PQCD formalism for two-bo
charmless nonleptonicB meson decays coincides with th
factorization approach asMB→`. However, for the physica
value MB;5 GeV, the annihilation contributions are esse
tial. In Table I and II we can easily check the relative size
the different topologies in Eq.~3! by the penguin contribu-
tion for W emission (f pFP), annihilation (f BFa

P) and non-
factorizable (M P) contributions, as shown in Fig. 4. In pa
ticular, we show the relative size of the different twist
light-cone distribution-amplitudes for each topology. Act
ally the twist-3 contributions are larger than the twist-2 co
tributions.

Note that all the above topologies are of the same orde
as in PQCD. The nonfactorizable amplitudes are down b

TABLE I. Amplitudes for theBd
0→p1p2 decay whereF(M )

denotes factorizable~nonfactorizable! contributions,P(T) denotes
the penguin~tree! contributions, anda denotes the annihilation con
tributions. Here we adoptedf3580 °, Rb5Ar21h250.38, m0

p

51.4 GeV, andvB50.40 GeV.

Amplitude
Twist-2

contribution
Twist-3

contribution Total

Re(f pFT) 3.4431022 5.0031022 8.4431022

Im( f pFT) 2 2 2

Re(f pFP) 21.2631023 24.7631023 26.0231023

Im( f pFP) 2 2 2

Re(f BFa
P) 2.5231026 23.3331024 23.3031024

Im( f BFa
P) 8.7231027 3.8131023 3.8131023

Re(MT) 7.2631024 21.3931026 27.2531024

Im(MT) 21.6231023 22.9131024 1.3331023

Re(M P) 21.6731025 1.4731027 21.6631025

Im(M P) 23.5231025 6.5631026 22.8731025

Re(Ma
P) 27.3731025 2.5031026 27.1231025

Im(Ma
P) 23.1331025 22.0431025 25.1731025
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power of 1/mb , because of the cancellation between a pair
nonfactorizable diagrams, although each of them is of
same power as the factorizable one. I emphasize that
more appropriate to include the nonfactorizable contributio
in a complete formalism. The factorizable internal-W emis-
sion contributions are strongly suppressed by the vanish

FIG. 4. Feynman diagrams forB→pp andKp decays.
.

TABLE II. Amplitudes for theBd

0→K1p2 decay whereF(M ) denotes factorizable~nonfactorizable!
contributions,P(T) denotes the penguin~tree! contributions, anda denotes the annihilation contributions
Here we adoptedf3580 °, Rb5A(r21h250.38.

Amplitudes Left-handed gluon exchange Right-handed gluon exchange Total

Re(f pFT) 7.0731022 3.1631022 1.0231021

Im( f pFT) 2 2 2

Re(f pFP) 25.5231023 22.4431023 27.9631023

Im( f pFP) 2 2 2

Re(f BFa
P) 4.1331024 26.5131024 22.3831024

Im( f BFa
P) 2.7331023 1.6831023 4.4131023

Re(MT) 7.0631023 27.1731023 21.1131024

Im(MT) 21.1031022 1.3531022 2.5931023

Re(M P) 23.0531024 3.0731024 2.1731026

Im(M P) 4.5031024 25.2931024 27.9231025

Re(Ma
P) 2.0331025 21.3731024 21.1631024

Im(Ma
P) 21.4531025 21.2731024 21.4231024
9-3
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Y.-Y. KEUM AND A. I. SANDA PHYSICAL REVIEW D 67, 054009 ~2003!
Wilson coefficienta2 in theB→J/cK (* ) decays@23#, so that
nonfactorizable contributions become dominant@24#. In the
B→Dp decays, there is no soft cancellation between a p
of nonfactorizable diagrams, and nonfactorizable contri
tions are significant@23,25#.

In QCD factorizaion~QCDF! the factorizable and nonfac
torizable amplitudes are of the same power in 1/mb , but the
latter is of next-to-leading order inas compared to the
former. Hence, QCDF approaches the factorization appro
~FA! in the heavy quark limit in the sense ofas→0. Briefly
speaking, QCDF and PQCD have different counting ru
both inas and in 1/mb . The former approaches FA logarith
mically (as}1/lnmb→0), while the latter approaches lin
early (1/mb→0).

III. THE COMPARISON OF PQCD AND QCDF

A. End point singularity and form factors

If calculating theB→p form factor FBp at large recoil
using the Brodsky-Lepage formalism@15,26#, a difficulty im-
mediately occurs. The lowest-order diagram for the hard a
plitude is proportional to 1/(x1x3

2), x1 being the momentum
fraction associated with the spectator quark on theB-meson
side. If the pion distribution amplitude vanishes likex3 as
x3→0 ~in the leading-twist, i.e., twist-2 case!, FBp is loga-
rithmically divergent. If the pion distribution amplitude is
constant asx3→0 ~in the next-to-leading-twist, i.e., twist-3
case!, FBp even becomes linearly divergent. These end po
singularities also appeared in the evaluation of the nonfac
izable and annihilation amplitudes in QCDF mention
above.

When we include small parton transverse momentak' ,
we have

1

x1x3
2MB

4 → 1

~x3MB
21k3'

2 !@x1x3MB
21~k1'2k3'!2#

~4!

and the end point singularity is smeared out.
In PQCD, we can calculate analytically spacelike fo

factors for theB→P,V transition and also timelike form
factors for the annihilation process@22,27#.

B. Strong phases

While strong phases in FA and QCDF come from t
Bander-Silverman-Soni mechanism@28# and from the final-
state interaction, the dominant strong phase in PQCD co
from the factorizable annihilation diagram@11–13# ~see Fig.
5!. In fact, the two sources of strong phases in the FA a
QCDF approaches are strongly suppressed by the ch
mass threshold and by the end point behavior of meson w
functions. So the strong phase in QCDF is almost zero w
out soft annihilation contributions.

C. Dynamical penguin enhancement vs chiral enhancement

As explained before, the hard scale is about 1.5 G
Since the renormalization group evolution of the Wilson c
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efficientsC4,6(t) increases drastically ast,MB/2, while that
of C1,2(t) remains almost constant, we can get large
hancement effects from both Wilson coefficents and ma
elements in PQCD.

In general the amplitude can be expressed as

Amp;@a1,26a46m0
P,V~m!a6#•^KpuOuB& ~5!

with the chiral factorsm0
P(m)5mP

2 /@m1(m)1m2(m)# for
pseudoscalr mesons andm0

V5mV for vector mesons. To ac
commodate theB→Kp data in the factorization and QCD
factorization approaches, one relies on chiral enhancem
by increasing the massm0 to values as large as about 3 Ge
at them5mb scale. So the two methods accommodate la
branching ratios ofB→Kp and it is difficult for us to dis-
tinguish between the two different methods inB→PP de-
cays. However we can do it inB→PV because there is no
chiral factor in the LCDAs of the vector meson.

We can test whether dynamical enhancement or chiral
hancement is responsible for the largeB→Kp branching
ratios by measuring theB→fK modes. In these modes pen
guin contributions dominate, such that their branching rat
are insensitive to the variation of the unitarity anglef3.
According to recent work by Chenget al. @29#, the branching
ratio of B→fK is (227)31026 including 30% annihila-
tion contributions in the QCD factorization approach. Ho
ever, PQCD predicts 1031026 @22,34#. For B→fK* de-
cays, QCDF gets about 931026 @30#, but PQCD has 15
31026 @35#. Because of these small branching ratios forB
→PV and VV decays in the QCD factorization approac
they cannot globally fit the experimental data forB→PP,
VP, and VV modes simultaneously with the same sets
free parameters (rH ,fH) and (rA ,fA) @31#.

FIG. 5. Different sources of the strong phase:~a! Factorizable
annihilation,~b! BSS mechanism, and~c! final-state interaction.
9-4
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POSSIBLE LARGE DIRECTCP VIOLATIONS IN . . . PHYSICAL REVIEW D 67, 054009 ~2003!
D. Fat imaginary penguin in annihilation

There is a folklore that the annihilation contribution
negligible compared to that ofW emission. For this nonrea
son the annihilation contribution was not included in the g
eral factorization approach and the first paper on QCD f
torization by Benekeet al. @9#. In fact there is a suppressio
effect for the operators with structure (V2A)(V2A) be-
cause of a mechanism similar to the helicity suppression
p→mnm . However, annihilation effects from the operato
O5,6,7,8 with the structure (S2P)(S1P) via Fierz transfor-
mation possess no such helicity suppression, and in add
they lead to large imaginary values. The real part of
factorized annihilation contribution becomes small beca
there is a cancellation between the left- and right-hand-s
gluon effects as shown in Table I. This mostly purely ima
nary annihilation amplitude is a main source of largeCP
asymmetry inB→p1p2 andK1p2. In Table VII below we
summarize theCP asymmetry inB→K(p)p decays.

IV. NUMERICAL RESULTS

A. Branching ratios and ratios of CP-averaged rates

The PQCD approach allows us to calculate the amplitu
for charmlessB-meson decays in terms of light-cone dist
bution amplitudes up to twist 3. We focus on decays wh
branching ratios have already been measured. We take

TABLE III. Branching ratios ofB→pp, Kp, andKK̄ decays
with f3580 °, Rb5Ar21h250.38. Here we adoptedm0

p

51.3 GeV andm0
K51.7 GeV. Unit is 1026. ~07/2002 data!.

Decay
channel Cleo Belle BaBar PQCD

p1p2 4.321.4
11.660.5 5.461.260.5 4.760.660.2 7.021.5

12.0

p1p0 5.422.0
12.161.5 7.462.360.9 5.520.9

11.060.6 3.721.1
11.3

p0p0 ,5.2 ,6.4 ,3.4 0.360.1
K6p7 17.222.4

12.561.2 22.561.961.8 17.960.960.7 15.522.5
13.1

K0p7 18.224.0
14.661.6 19.463.161.6 17.521.7

11.861.3 16.422.7
13.3

K6p0 11.622.721.3
13.011.4 13.062.561.3 12.821.1

11.261.0 9.121.5
11.9

K0p0 14.625.123.3
15.912.4 8.063.261.6 8.222.7

13.161.2 8.660.3
K6K7 ,1.9 ,0.9 ,0.6 0.06

K6K̄0 ,5.1 ,2.0 ,1.3 1.4

K0K̄0 ,13 ,4.1 ,7.3 1.4

TABLE IV. Branching ratios ofB→rp and vp decays with
f2575 °, Rb5Ar21h250.38. Here we adoptedm0

p51.3 GeV
andvB50.4 GeV. Unit is 1026. ~07/2002 data!.

Decay
Channel

Cleo Belle BaBar PQCD

r6p7 27.627.4
18.464.2 20.826.323.1

16.012.8 28.965.464.3 27.0
r0p6 10.423.4

13.362.1 8.022.020.7
12.310.7 246863 5.4

r0p0 2 ,5.3 ,10.6 0.02
vp6 11.322.9

13.361.4 4.221.8
12.060.5 6.621.8

12.160.7 5.5
vp0 2 2 ,3.0 0.01
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allowed range of the shape parameter for theB-meson wave
function asvB50.36–0.44, which accommodates reasona
form factors FBp(0)50.27–0.33 andFBK(0)50.31–0.40.
We use values of the chiral factor withm0

p51.3 GeV and
m0

K51.7 GeV. It can be seen that the branching ratios
B→K(p)p @11–13,32#, r(v)p @33#, Kf @22,34# K* f @35#
andK* p @36# are in reasonable agreement with present
perimental data~see Tables III–VI!.

In order to reduce theoretical uncertainties from the de
constant of theB meson and from light-cone distributio
amplitudes, we consider rates ofCP-averaged branching ra
tios, which are presented in Table VII.

B. CP Asymmetry of B\pp,Kp

Because we have a large imaginary contribution from f
torized annihilation diagrams in the PQCD approach, we p
dict large CP asymmetry (;25%) in B0→p1p2 decays
and about215% CP violation effects inB0→K1p2. The
detailed prediction is given in Table VIII. The precise me
surement of directCP asymmetry~both magnitude and sign!
is a crucial way to test factorization models which have d
ferent sources of strong phases. Our predictions
CP-asymmetry onB→K(p)p have a totally opposite sign
from those of QCD factorization.

V. DETERMINATION OF f2 AND f3 IN B\pp,Kp

One of the most exciting aspects of present-day hi
energy physics is the exploration ofCP violation inB-meson
decays, allowing us to overconstrain both sides and th
weak phasesf1 (5b), f2 (5a), andf3 (5g) of the uni-
tarity triangle of the CKM matrix and to check the possibili
of new physics.

TABLE V. Branching ratios ofB→fK (* ) decays withf3

580 °, Rb5Ar21h250.38. Here we adoptedm0
p51.3 GeV and

m0
K51.7 GeV. Unit is 1026. ~07/2002 data!.

Decay
channel

Cleo Belle BaBar PQCD

fK6 5.521.8
12.160.6 11.222.0

12.260.14 7.721.4
11.660.8 10.222.1

13.9

fK0 ,12.3 8.922.7
13.461.0 8.122.5

13.160.8 9.622.0
13.7

fK* 6 10.624.921.6
16.411.8 ,36 9.723.4

14.261.7 16.023.4
15.2

fK* 0 11.523.721.7
14.511.8 1526

1863 8.622.4
12.861.1 14.923.4

14.9

TABLE VI. Branching ratios of B→K* p decays with f3

580 °, Rb5Ar21h250.38. Here we adopted m0
p

51.2– 1.6 GeV andvB50.36– 0.44 GeV. Unit is 1026. ~07/2002
data!.

Decay
channel Cleo Belle BaBar PQCD

K* 0p6 7.623.0
13.561.6 16.223.8

14.162.4 15.563.461.8 10.023.5
15.3

K* 6p7 1625
1662 2 2 9.123.2

14.9

K* 6p0 2 2 2 3.221.2
11.9

K* 0p0 2 2 2 2.821.0
11.6
9-5
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The ‘‘gold-plated’’ modeBd→J/cKs @39# which allows
us to determinef1 without any hadron uncertainty was re
cently measured by the BaBar and Belle Collaborations@40#:
f25(25.564.0) °. There are many other interesting cha
nels with which we may achieve this goal by determiningf2
andf3 @41#.

In this paper, we focus on theB→p1p2 and Kp pro-
cesses, providing promising strategies to determine the w
phases off2 and f3, by using the perturbative QCD
method.

A. Extraction of f2 from B\p¿pÀ

Even though isospin analysis ofB→pp can provide a
clean way to determinef2, it might be difficult in practice
because of the small branching ratio ofB0→p0p0. In reality
in order to determinef2, we can use the time-dependent ra
of B0(t)→p1p2 including sizable penguin contributions
The amplitude can be written by using thec-convention no-
tation:

A~B0→p1p2!5Vub* VudAu1Vcb* VcdAc1Vtb* VtdAt ,

5Vub* Vud~Au2At!1Vcb* Vcd~Ac2At!,

52~ uTcueidTeif31uPcueidP!. ~6!

TABLE VII. Ratios of CP-averaged rates inB→Kp,pp de-
cays with f3580 °, Rb50.38. Here we adoptedm0

p51.3 GeV
andm0

K51.7 GeV.

Quantity Experiment PQCD QCDF@37#

Br~p1p2!

Br~p6K7!
0.2560.04 0.30–0.69 0.5–1.9

Br~p6K7!

2Br~p0K0!
1.0560.27 0.78–1.05 0.9–1.4

2 Br~p0K6!

Br~p6K0!
1.2560.22 0.77–1.60 0.9–1.3

t~B1!

t~B0!

Br~p7K6!

Br~p6K0!
1.0760.14 0.70–1.45 0.6–1.0

TABLE VIII. CP asymmetry inB→Kp,pp decays withf3

540 ° –90 °, Rb50.38. Here we adoptedm0
p51.3 GeV andm0

K

51.7 GeV.

Direct
ACP(%)

Belle
~07/02!

BaBar
~07/02! PQCD

QCDF
@38#

p1K2 266922
16 210.265.061.6 212.9;221.9 569

p0K2 2261962 29.069.061.0 210.0;217.3 769

p2K̄0 4661562 24.7613.9 20.6;21.5 161

p1p2 94231
12569 3062564 16.0;30.0 26612

p1p0 3063024
16 2361862 0.0 0.0
05400
-

ak

The penguin term carries a different weak phase from
dominant tree amplitude, which leads to a generalized fo
of the time-dependent asymmetry:

A~ t ![
G~B̄0~ t !→p1p2!2G~B0~ t !→p1p2!

G~B̄0~ t !→p1p2!1G~B0~ t !→p1p2!

5Spp sin~Dmt!2Cpp cos~Dmt! ~7!

where

Cpp5
12ulppu2

11ulppu2
, Spp5

2 Im~lpp!

11ulppu2
~8!

satisfy the relationCpp
2 1Spp

2 <1. Here

lpp5ulppue2i (f21Df2)5e2if2F 11Rce
ideif3

11Rce
ide2 if3

G ~9!

with Rc5uPc /Tcu and the strong phase difference betwe
penguin and tree amplitudesd5dP2dT . The time-
dependent asymmetry measurement provides two equa
for Cpp andSpp in terms of three unknown variablesRc , d,
andf2.

When we define Rpp5Br̄(B0→p1p2)/Br̄(B0

→p1p2)u tree , whereBr̄ stands for a branching ratio ave
aged overB0 and B̄0, the explicit expressions forSpp and
Cpp are given by

Rpp5122Rc cosd cos~f11f2!1Rc
2 , ~10!

RppSpp5sin 2f212Rc sin~f12f2! cosd

2Rc
2 sin2f1 , ~11!

RppCpp52Rc sin~f11f2!sind. ~12!

If we know Rc and d, then f2 can be determined by th
experimental data onCpp versusSpp .

Since PQCD providesRc50.2320.05
10.07 and 241 °,d,

232 °, the allowed range off2 at the present stage is dete
mined by 55 °,f2,100 ° as shown in Fig. 6.

According to the power counting rule in the PQCD a
proach@22#, the factorizable annihilation contribution wit
large imaginary part becomes subdominant and gives a n
tive strong phase from2 ipd(k'

2 2xMB
2). Therefore we

have a relatively large strong phase in contrast to QCD f
torization (d;0 °) and predict a large directCP-violation
effect in B0→p1p2 with Acp(B

0→p1p2)5(2367)%,
which will be tested by a more precise experimental m
surement within two years. Since the data of the Belle C
laboration@42# are located outside the allowed physical r
gions, we considered only the recent BaBar measurem
@43# with 90% C.L. interval taking into account the system
atic errors

Spp50.0260.3460.05 @20.54, 10.58#,

Cpp520.3060.2560.04 @20.72, 10.12#.
9-6
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The central point of the BaBar data corresponds tof2
578 ° in the PQCD method.

Denoting byDf2 the deviation off2 due to the penguin
contribution, derived from Eq.~9!, it can be determined with
known values ofRc and d by using the relationf35180
2f12f2. In Fig. 7 we show the PQCD prediction of th
relation Df2 versusf2. For allowed regions off25(55–
100) °, we haveDf25(8 –16) °. The main uncertainty
comes from the uncertainty ofuVubu. The nonzero value o
Df2 demonstrates sizable penguin contributions inB0

→p1p2 decay.

B. Extraction of f3 „Äg… from B0\K¿pÀ and B¿\K0p¿

By using the tree-penguin interference inB0→K1p2

(;T81P8) versusB1→K0p1 (;P8), the CP-averaged

FIG. 6. Plot ofCpp versusSpp for various values off2 with
f1525.5 °, 0.18,Rc,0.30, and241 °,d,232 ° in the PQCD
method. Here we consider the allowed experimental ranges o
BaBar measurement within 90% C.L. Dark areas are allowed
gions in the PQCD method for differentf2 values.

FIG. 7. Plot of Df2 versus f2 with f1525.5 °, 0.18,Rc

,0.30, and241 °,d,232 ° in the PQCD method.
05400
B→Kp branching fraction may lead to nontrivial constrain
on thef3 angle@44#. In order to determinef3, we need one
more useful piece of information onCP-violating rate dif-
ferences@45#. Let us introduce the following observables

RK5
Br̄~B0→K1p2!t1

Br̄~B1→K0p1!t0

5122r K cosd cosf31r K
2

>sin2f3 , ~13!

A05
G~B̄0→K2p12G~B0→K1p2!

G~B2→K̄0p2!1G~B1→K̄0p1!
5Acp~B0

→K1p2!RK522r K sinf3 sind, ~14!

wherer K5uT8/P8u is the ratio of the tree to penguin ampl
tudes inB→Kp decays andd5dT82dP8 is the strong phase
difference between tree and penguin amplitudes. After eli
nate sind in Eqs.~8! and ~9!, we have

RK511r K
2 6A~4r K

2 cos2f32A0
2 cot2f3!. ~15!

Here we obtainr K50.20160.037 from the PQCD analysi
@12# and A0520.11060.065 by combining recent BaBa
measurements on theCP asymmetry of B0→K1p2:
Acp(B

0→K1p2)52(10.265.061.6)% @43# with a
present world averaged value ofRK51.1060.15 @46#.

As shown in Fig. 8, we can constrain the allowed range
f3 with a 1s range of world averagedRK as follows.

For cosd.0, r K50.164 we can exclude 0 °<f3<6 °
and 24 °<f3<75 °.

For cosd.0, r K50.201 we can exclude 0 °<f3<6 °
and 27 °<f3<75 °.

For cosd.0, r K50.238 we can exclude 0 °<f3<6 °
and 34 °<f3<75 °.

For cosd,0, r K50.164 we can exclude 0 °<f3<6 °.
For cosd,0, r K50.201 we can exclude 0 °<f3<6 °

and 35 °<f3<51 °.

he
e-

FIG. 8. Plot of RK versus f3 with r K50.164, 0.201, and
0.238.
9-7
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For cosd,0, r K50.238 we can exclude 0 °<f3<6 °
and 24 °<f3<62 °.

From Table II, we obtaindP85157 °, dT851.4 ° and the
negative value of cosd: cosd520.91. Therefore the maxi
mum value of the excluded region forf3 strongly depends
on the uncertainty ofuVubu. When we take the central valu
of r K50.201, f3 is allowed within the range of 51 °<f3
<129 °, because of the symmetric property betweenRK and
cosd, which is consistent with the result from the mode
independent CKM fit in the (r,h) plane.

VI. SUMMARY AND OUTLOOK

In this paper we have discussed the ingredients of
PQCD approach and some important theoretical issues
comparing experimental data with numerical results. T
PQCD factorization approach provides a useful theoret
framework for a systematic analysis of nonleptonic two-bo
B-meson decays. This method successfully explains pre
experimental data. In particular, PQCD predicted large dir
CP asymmetries inB0→p1p2,K1p2 decays, which will
ys

da

da

05400
e
by
e
al
y
nt

ct

be crucial for distinguishing our approach from others
future precise measurements.

We discussed two methods to determine the weak ph
f2 and f3 within the PQCD approach through~1! time-
dependent asymmetries inB0→p1p2 @(2367)%#, ~2! B
→Kp @(21765)%# processes via the penguin-tree inte
ference. We can get interesting bounds onf2 and f3 from
present experimental measurements. More detailed work
other methods inB→pp,Kp @47# andD (* )p processes will
appear elsewhere@48#.
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