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Factorization fits and the unitarity triangle in charmless two-body B decays
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We present fits to charmless hadronicB decay data from the BaBar, Belle and CLEO experiments using two
theoretical models:~i! the QCD factorization model of Benekeet al.and~ii ! QCD factorization complemented
with the so-calledcharming penguincontributions of Ciuchiniet al. When we include the data from
pseudoscalar-vector decays the results favor the incorporation of thecharming penguinterms. We also present
fit results for the unitarity triangle parameters and theCP-violating asymmetries.
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I. INTRODUCTION

A wealth of experimental data on hadronic charmlessB
decays has become available from the BaBar and Belle
periments. These studies of the numerousB decay channels
are designed to test the Cabibbo-Kobayashi-Maska
~CKM! explanation ofCP violation in the standard model a
represented by the unitarity triangle conditionVudVub*
1VcdVcb* 1VtdVtb* 50 on the CKM mixing parameters. Suc
tests have been facilitated by the recent significant prog
in the theoretical understanding of hadronic decay am
tudes based upon QCD factorization which allows the am
tudes to be expressed in terms of numerous soft QCD pa
eters, such as meson decay constants and transition
factors, and a set of calculable coefficients. In this paper
present an analysis of recent data, based upon QCD fa
ization. We also investigate the potential contribution to
decay amplitudes ofb quark annihilation and so-calle
charming penguin contributions. The data that we attemp
fit include decays to pseudoscalar (p and K) and vector
(r, v, K* andf) mesons. This is an extension of an earl
study @1# that was based upon simplified formulas deriv
from the heavy quark limit of QCD factorization.

The starting point for the calculation of allB meson decay
amplitudes is the effective Hamiltonian

Heff~m!5
GF

A2
(

p5u,c
lpFC1~m!Q1

p1C2~m!Q2
p

1 (
i 53, . . . ,10

Ci~m!Qi G1other terms ~1!

where lp5Vpq* Vpb is a product of CKM matrix elements
q5d,s and the localDB51 four-quark operators are

Q1
p5~ q̄apa!V2A~ p̄bbb!V2A ,

Q2
p5~ q̄apb!V2A~ p̄bba!V2A ,
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Q3,55~ q̄bbb!V2A(
q8

~ q̄a8qa8 !V7A ,

Q4,65~ q̄bba!V2A(
q8

~ q̄a8qb8 !V7A ,

Q7,95~ q̄bbb!V2A(
q8

~ q̄a8qa8 !V6A ,

Q8,105~ q̄bba!V2A(
q8

~ q̄a8qb8 !V6A , ~2!

where q8P$u,d,s,c%, a and b are color indices,eq8
52/3(21/3) for u(d)-type quarks and we use the notatio
for example,

Q55~ q̄bbb!V2A(
q8

~ q̄a8qa8 !V1A

5@ q̄bgm~12g5!bb#(
q8

@ q̄a8gm~11g5!qa8 #. ~3!

Q1,2 are the current-current tree operators,Q3, . . . ,6 are QCD
penguin operators andQ7, . . . ,10are electroweak penguin op
erators. The ‘‘other terms’’ indicated in Eq.~1! include the
electromagnetic and chromomagnetic dipole transition
erators. In the standard model the contributions from
electroweak penguin operators and magnetic dipole op
tors are generally small. The exception is the electrow
penguin operator coefficientC9 which is larger than the
QCD penguin coefficientsC3 andC5.

It has been shown by Benekeet al. @2# that, in the heavy
quark limit, the hadronic matrix elements of the four-qua
operators in the amplitudes for nonleptonicB decays into
two light mesonsM1,2 have the form
©2003 The American Physical Society05-1
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^M1M2uQi uB&5^M1uJ1muB&^M2uJ2
mu0&

3F11(
n

r nas
n1O~LQCD/mb!G ~4!

and can be calculated from first principles, including nonf
torizable strong interaction corrections. QCD factorizati
extends naive factorization by separating matrix eleme
into short distance contributions at scaleO(1/mb) that are
perturbatively calculable and long distance contributio
O(1/LQCD) that are parametrized.

B meson decay can also be initiated byb quark annihila-
tion with its partner. Although the annihilation contribution
to the decay amplitude are formally ofO(LQCD/mb) and
power suppressed, they violate QCD factorization becaus
end point divergences. However these weak annihila
contributions can be included into the decay amplitudes
treating the end point divergences as phenomenological
rameters. Analyses based upon QCD factorization with
clusion of weak annihilation have been undertaken forB
→PP @2,3# and B→PV @4#. Although general agreemen
with experiment was found, some branching ratios forPV
decays were only marginally consistent and all predictio
were plagued by the large uncertainties associated
poorly determined parameters within the theory. A rec
global analysis ofPP and PV decays@5# found that QCD
factorization plus weak annihilation could fit many dec
channels but yielded results too low for theB→pK* decays.
More recently, Aleksanet al. @6# have undertaken a globa
analysis ofPV decays and have concluded that QCD fact
ization cannot fit the experimental data when decay chan
involving K* mesons are included, and suggest that this f
ure is due to some larger than expected nonperturbative
tribution. Motivated by the concept of so-called charmi
penguin contributions, that is nonperturbativeO(LQCD/mb)
corrections from enhancedc-loop penguin contributions, firs
introduced by Ciuchiniet al. @12#, they introduce additiona
long-distance contributions to the decay amplitudes and
clude the two complex parameters from these additional
plitudes in their global fit. They obtain a slightly better fit b
their best-fit parameters are at the limits of the allowed
main. A recent study@7#, limited to B→rp decays, has use
QCD factorization to place bounds on theF1

B→p form factor.
A detailed study of QCD factorization applied toPP andPV
decays ofB mesons has just been completed by Beneke
Neubert@8#. Predicted branching ratios andCP asymmetries
for a large number ofPP and PV channels are given fo
default values of input parameters and detailed estimate
the theoretical uncertainties in these predictions determ
for various scenarios of input parameters. Beneke and N
bert find that there is a scenario for which there is gene
global agreement between the results of QCD factoriza
and measurement except forB̄0→p0K̄0 and the group ofB
→pK* decays.

In this paper we undertake a global analysis of 18PP, PV
andVV channels using two theoretical models,~i! QCD fac-
torization with inclusion of weak annihilation and~ii ! this
model supplemented with charming penguin contributio
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Our study is similar in spirit to that of Aleksanet al. @6# for
PV decays but we extend the global fit to includePP and
someVV decays. This paper is organized as follows. In S
II we review the structure of the decay amplitude with
QCD factorization and discuss the various parameters
occur in this amplitude. Inclusion of weak annihilation an
charming penguin contributions is discussed in Sec. III a
Sec. IV, respectively. The method and results of our bes
for our two models to current experimental data is presen
in Sec. V, and Sec. VI contains our discussion and conc
sions.

II. DECAY AMPLITUDE IN QCD FACTORIZATION

In QCD factorization, the amplitude forB decay into two
light hadrons~mesons! M1,2 has the form, neglecting wea
annihilation processes,

^M1M2uHeffuB&

5
GF

A2
H (

i 51,2
luai

u@Ti~M1 ,M2!1Ti~M2 ,M1!#

1 (
p5u,c

(
i 53, . . . ,6,9

lpai
p@Ti~M1 ,M2!1Ti~M2 ,M1!#J

~5!

where

T1~M1 ,M2!5^M1uūgm~12g5!buB&^M2uq̄gm~12g5!uu0&,

T2~M1 ,M2!5^M1uq̄gm~12g5!buB&^M2uūgm~12g5!uu0&,

T3~M1 ,M2!5^M1uq̄gm~12g5!buB&

3^M2uq̄8gm~12g5!q8u0&,

T4~M1 ,M2!5^M1uq̄8gm~12g5!buB&

3^M2uq̄gm~12g5!q8u0&,

T5~M1 ,M2!5^M1uq̄gm~12g5!buB&

3^M2uq̄8gm~11g5!q8u0&,

T6~M1 ,M2!522^M1uq̄8~12g5!buB&^M2uq̄~11g5!q8u0&,

T9~M1 ,M2!5^M1uq̄gm~12g5!buB&

3^M2ueq8q̄8gm~12g5!q8u0&. ~6!

The two-quark matrix elements are the well determined e
troweak decay constantsf p , f K , f r , etc. and theB transition
form factors Fp ,FK ,Ar , etc. In principle transition form
factors are independently measurable inB semileptonic de-
cays but to date they are only loosely constrained by m
surements and model estimations.
5-2
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The coefficientsai have to be calculated from the Wilso
coefficients@2#. We have calculated the Wilson coefficien
at several scalesm of O(mb) using the next-to-leading-orde
~NLO! renormalization group equations

Ci~m!5Ui j ~m,MW!Cj~MW!. ~7!

We follow the Benekeet al. @2# prescription of~i! dropping
terms ofO(as

2), O(a2) andO(asa) in Eq. ~7!, ~ii ! neglect-
ing the effect of the electromagnetic penguin contributio
C7, . . . ,10(MW) on the evolution of the QCD penguin coeffi
cientsC1, . . . ,6, and~iii ! in Cj (MW), splitting theO(a) elec-
troweak penguin terms into those enhanced by largemt or
1/sin2uW, which are treated as leading order~LO!, and treat-
ing the remainder, together with theO(as) terms, as NLO.
Our calculated values are shown in Tables I and II and
very similar to those of Benekeet al. @2# and Duet al. @3,4#.

To lowest order in the strong coupling constantas , theai
coefficients are the same as in naive factorization, that is

TABLE I. Leading order Wilson coefficientsCi in the NDR
scheme calculated at the scalesm and mh5ALhm, where Lh

50.5 GeV, for m5mb and m5mb/2. The input parameters ar
LQCD

MS(5)50.225 GeV, mt(mt)5167.0 GeV, mb(mb)54.2 GeV,
MW580.42 GeV,a51/129, and sin2uW50.23.

Scale~GeV! 4.20 2.10 1.45 1.02

C1 1.1174 1.1848 1.2392 1.3120
C2 20.2678 20.3873 20.4755 20.5862
C3 0.0121 0.0185 0.0235 0.0299
C4 20.0274 20.0383 20.0459 20.0551
C5 0.0080 0.0105 0.0120 0.0136
C6 20.0341 20.0526 20.0677 20.0883

C7 /a 20.0140 20.0282 20.0314 20.0303
C8 /a 0.0288 0.0432 0.0555 0.0734
C9 /a 21.2913 21.3785 21.4408 21.5190
C10/a 0.2888 0.4213 0.5194 0.6424

TABLE II. Next to leading order Wilson coefficientsCi in the
NDR scheme calculated at the scalesm and mh5ALhm, where
Lh50.5 GeV, form5mb andm5mb/2. The input parameters ar
LQCD

MS(5)50.225 GeV, mt(mt)5167.0 GeV, mb(mb)54.2 GeV,
MW580.42 GeV,a51/129, and sin2uW50.23.

Scale~GeV! 4.20 2.10 1.45 1.02

C1 1.0813 1.1374 1.1820 1.2405
C2 20.1903 20.2948 20.3700 20.4619
C3 0.0137 0.0212 0.0274 0.0358
C4 20.0357 20.0506 20.0618 20.0762
C5 0.0087 0.0102 0.0105 0.0096
C6 20.0419 20.0653 20.0854 20.1146

C7 /a 20.0026 20.0139 20.0147 20.0100
C8 /a 0.0618 0.0986 0.1317 0.1813
C9 /a 21.2423 21.3181 21.3526 21.4149
C10/a 0.2283 0.3388 0.4015 0.4991
11300
s

re

ai
LO5Ci1Ci 8 /Nc ~8!

wherei 85 i 2(21)i andNc53 is the number of quark col
ors. The higher order corrections include lowest order glu
exchange between the quarks in the basic tree amplitu
which are calculated and folded into the light cone distrib
tion functionsFM(x,m) of the participating mesons~see, for
example@9#!. This results in theai coefficients having the
form

ai~M1M2!5ai ,I~M2!1ai ,II ~M1M2! ~9!

whereM1 is the recoil meson containing the spectator~anti!
quark andM2 is the emitted meson. The complex quantiti
ai ,I describe the formation ofM2, including nonfactorizable
corrections from hard gluon exchange or light quark loops
penguin contributions. They do not involve the hard glu
exchanges with the spectator quark, these are describe
the ~possibly! complex quantitiesai ,II .

In the correction terms the leading-twist light cone dist
bution functions for both pseudoscalar and vector mesons
expanded in the first few terms of a Gegenbauer expans

FM~x,m!56x~12x!F11(
n

an
MCn

3/2~2x21!G . ~10!

The asymptotic limitFM(x,m)56x(12x) is valid for the
mass scalem→`. The parametersan

M are anticipated to be
small but they are not well established. To economize in
number of fitting parameters in the initial fits to data pr
sented here they are taken to be zero. With this simplifica
all light mesons included in our analysis have the same s
tial wave function and all coefficientsai ,I excepta6,I are the
same for all decays. Formulas for the evaluation of theai ,I
can be found in@2,4,8#. Although Beneke and Neubert@8#
obtain a different expression fora6,I(M25V) to that of Du
et al. @4#, this is not important here asa6(PV) does not occur
in the decay amplitudes forM25V since ^Vu(q̄q)S6Pu0&
50. The O(as) corrections toai

LO include contributions
from one-loop vertex correctionsVM(m,an

M) to all ai ,I and
from penguin correctionsPM(m,an

M ,sp), involving the
quark mass ratiosp5(mp /mb)2, to a4,I anda6,I . We neglect
the small electroweak penguin corrections toPM . Typical
parton off-shellness in the loop diagrams contributing toVM
andPM is O(mb), suggesting that the scalem}mb should be
used in evaluatingai ,I . The results of our calculations ofai ,I
coefficients without light cone corrections are given in Tab
III. Results including the light cone correctionsa1,2

M taken
from @10# are given in Table IV. The coefficients most a
fected area2,I anda4,I .

The coefficientsai ,II are not universal even when ligh
cone corrections are neglected. They contain not only
low energy parameters~decay constants and form factor!
from the lowest order calculations, in common with nai
factorization, but low energy contributions to the folding i
tegrals involving another nonperturbative complex parame
XH which is only loosely constrained by model estimation
To discuss the form of theai ,II , we first note that, from Eq.
5-3
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~1!, the contributions of theai coefficients to the decay am
plitude for B→M1M2 are of the form

mB
2 GF

A2
lp@g1,2

i f M1
FM2

1g2,1
i f M2

FM1
#ai , ~11!

whereg1,2
i and g2,1

i are products of Clebsch-Gordan coef
cients tabulated in, for example,@1,11,21#. Using the formu-
las of @2#, we can write, withNc53,

f M2
FM1

ai ,II 5
4p

9
e iCi 8asb i ~12!

wheree i511(i 51, . . .,4,9), e5521, e650, and

b i5
f Bf M2

f M1

mBlB
@3~11e ia1

M21a2
M2!~11a1

M11a2
M1!

1r x
M1~12e ia1

M21a2
M2!XH

M1#. ~13!

The chiral factorsr x
M1 are zero forM1 a vector meson and

are

TABLE III. Factorizationai ,I(M2) coefficients evaluated at th
scalem using the expressions of@2,8#. The light cone corrections
an

M2 are set equal to zero, making all coefficients excepta6,I uni-
versal.

m~GeV! 4.20 2.10

a1,I
u 1.057210.0200i 1.079110.0369i

a2,I
u 0.006020.0836i 20.037720.1130i

a3,I 0.005810.0021i 0.008310.0037i
a4,I

u 20.031220.0161i 20.033820.0205i
a4,I

c 20.036920.0068i 20.041520.0079i
a5,I 20.007020.0026i 20.010620.0050i

a6,I
u (P) 20.043320.0152i 20.058620.0188i

a6,I
c (P) 20.046520.0056i 20.063020.0056i

a6,I
u (V) 20.007520.0007i 20.009420.0013i

a6,I
c (V) 0.000920.0115i 0.001910.0152i
a9,I 20.009420.0002i 20.009720.0003i
11300
r x
p5

2mp
2

mb~mu1md!
, r x

K5
2mK

2

mb~mu1ms!
~14!

for the pseudoscalar mesons. It should be noted that th
ai ,II contributions to the decay amplitudes are independen
the B transition form factors. However, they do involve th
poorly determined parameterf B /lB where f B is the B lep-
tonic decay constant andlB'0.6 GeV is related to theB
light cone distribution function. The parameterXH

M1 is the
contribution of a logarithmic end-point divergence in the i
tegration over theM1 light cone distribution function

XH
M15E

0

1 dx

12x
. ~15!

These functions take no account of the internal quark tra
verse momenta which, if included, would make the integr
finite but not calculable within perturbative QCD.XH

M1 is
parametrized as

XH
M15 lnS mB

LQCD
D1rHeifH ~16!

where rH is not expected to be larger than 3. We ta
ln(mB /LQCD)53.03. The energies involved in the calculatio
of ai ,II imply that the appropriate scale is not that of the sc
m used in calculating theai ,I but mh5ALhm where@2# Lh
50.5 GeV. We use this withm5mb/2 in our fitting so that
asf B /(mBlB)50.0209. We note that substantial light con
correctionsa1,2

M can significantly enhance theai ,II coeffi-
cients.

III. ANNIHILATION CONTRIBUTIONS

Because of the heavyb quark mass it is expected tha
perturbative QCD calculations will give a reliable estima
of the annihilation contribution to the decay amplitude.
these calculations the basic perturbative quark amplitudes
again folded into the participating meson light cone distrib
tion functions. Apart from the low energy regions of th
folding integrals the only low energy parameters that app
s
TABLE IV. Factorizationai ,I(M2) coefficients evaluated at the scalem52.10 GeV using the expression
of @2,8# and Lüand Yang@10# values for the light cone correctionsa1,2

M2 .

p K r,v K*

a1,I
u 1.080910.0369i 1.076210.0432i 1.079810.0369i 1.075310.0439i

a2,I
u 20.043220.1130i 20.029020.1322i 20.040020.1130i 20.026120.1344i

a3,I 0.008510.0037i 0.008010.0043i 0.008410.0037i 0.007910.0043i
a4,I

u 20.030620.0206i 20.031320.0210i 20.032520.0206i 20.032120.0210i
a4,I

c 20.034320.0072i 20.036420.0061i 20.038620.0076i 20.038320.0061i
a5,I 20.010820.0050i 20.010220.0059i 20.010720.0050i 20.010120.0060i
a6,I

u 20.058620.0188i 20.058620.0188i 20.009720.0012i 20.010220.0013i
a6,I

c 20.063020.0058i 20.063020.0058i 0.002210.0147i 0.003210.0152i
a9,I 20.009720.0003i 20.009720.0004i 20.009720.0003i 20.009720.0004i
5-4
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electroweak decay constantsf B , f p , f r , etc. Again the low
energy contributions to the integral introduce another n
perturbative complex parameterXA , which is only loosely
constrained by the model estimations. Detailed formulas
to be found in@2,4#. In this paper we follow the more exten
sive calculations of Duet al. @4# but express the annihilatio
contribution to the decay amplitude in the form

^M1M2uH eff
annuB&5

GF

A2
BM1M2

$lu~d1C11d2C2!A1
i

2l t@d3~C3A1
i 1C5A3

i !

1~d4C41d6C6!A1
i 1d5~C51NcC6!A3

f #%

~17!

where

BM1M2
5

CF

Nc
2

f Bf M1
f M2

~18!

andCF5(Nc
221)/2Nc . The quantitiesA1,3

i , f (M1 ,M2), where
the superscripti ( f ) denotes gluon emission from initial~fi-
nal! state quarks, result from folding the quark amplitud
into the meson distribution functions. If the asymptotic for
of Eq. ~10! is used then@4#

A1
i ~P1 ,P2!5pasF18S XA241

p2

3 D12r x
P1r x

P2XA
2 G ,

A3
i ~P1 ,P2!56pas~r x

P12r x
P2!S XA

222XA1
p2

3 D ,

A3
f ~P1 ,P2!56pas~r x

P11r x
P2!~2XA

22XA!,

A1
i ~P,V!5pasF18S XA241

p2

3 D G ,
A3

i ~P,V!5pasr x
P@2p216~XA

222XA!#,

A3
f ~P,V!56pasr x

P~2XA
22XA!,

A1
i ~V1 ,V2!5A1

i ~P,V!,

A3
i ~V1 ,V2!5A3

f ~V1 ,V2!50. ~19!

The coefficientsdi(M1 ,M2) are Clebsch-Gordan type fac
tors and are given in Table V for the particle sign conve
tions of @1,3,4,11#. Note that, in using Eq.~17! with Table V,
there is no need to distinguish betweenPV andVP decays.

IV. CHARMING PENGUIN CONTRIBUTIONS

In our attempts to fit the data set within the scheme o
lined above we found that thePP branching ratios could be
accommodated with acceptable values of the CKM para
eters and transition form factors. However, data on thepK*
channels is consistently too large to be accounted for.
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problem is that thepK branching ratios are only marginall
larger than thepK* ratios. In the QCD factorization schem
described above the penguin operatorsQ4 andQ6 contribute
coherently and almost equally and dominate thepK decay
amplitudes whereasQ6 is missing from the amplitude fo
pK* decay. This results in the predicted ratio of thepK and
pK* branching fractions being too small. Perhaps, stay
within the QCD factorization scheme, this failing can be r
moved by taking radically different light cone distributio
functions for theK andK* mesons. We investigate the po
sibility of significant additional contributions from so-calle
charming penguin contributions@12#.

The largest term in the effective Hamiltonian that pr
duces a strange quark comes from

H5
GF

A2
Vcs* Vcb@C1~ c̄bbb!V2A~ s̄aca!V2A

1C2~ s̄aba!V2A~ c̄bcb!V2A#. ~20!

The charming penguin contributions originate from the
terms when thec and c̄ quarks annihilate. In the genera
description of two bodyB decays as given by Buras an
Silvestrini @13#, charming penguin contributions have the t

TABLE V. Annihilation coefficients di(M1 ,M2) for B
→M1M2. The VV channels refer to zero helicity states only.

M1M2 d1 d2 d3 d4 d5 d6

p1p2 21 0 21 22 21 22
p0p0 21 0 21 22 21 22
p0p2 0 0 0 0 0 0
r1p2 1 0 1 2 21 22
r2p1 1 0 1 2 1 22
r0p0 1 0 1 2 0 22
r0p2 0 0 0 0 2A2 0
r2p0 0 0 0 0 A2 0
vp2 0 A2 A2 0 0 0
r0r0 1 0 1 2 21 2
r0r2 0 0 0 0 0 0
vK2 0 1/A2 1/A2 0 21/A2 0

vK̄0 0 0 1/A2 0 21/A2 0

p0K2 0 21/A2 21/A2 0 21/A2 0

p2K̄0 0 21 21 0 21 0

p2K̄* 0 0 1 1 0 1 0

p0K̄0 0 0 1/A2 0 1/A2 0

r0K2 0 1/A2 1/A2 0 21/A2 0
r0K* 2 0 1/A2 1/A2 0 21/A2 0
p1K2 0 0 21 0 21 0

p1K* 2 0 0 1 0 1 0
r1K2 0 0 1 0 21 0
fK2 0 1 1 0 1 0

fK* 2 0 1 1 0 21 0

fK̄0 0 0 1 0 1 0

fK̄* 0 0 0 1 0 21 0
5-5
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pologiesCP1 andDP2 of connected and disconnected pe
guin contributions respectively. Ciuchiniet al. @12# consider
the contribution of these terms topp andpK decays in the
SU(3) limit. In their notation, and including the small con
tribution from theu quark loop, this results in a contributio
to the decay amplitudes which they express as

ApK52mB
2@VtbVts* P11VubVus* P1

GIM#g,

App52mB
2@VtbVtd* P11VubVud* P1

GIM#g,
~21!

whereP1 andP1
GIM are two complex numbers that are ind

pendent of the particular channel,pp or pK. The only chan-
nel dependence is through the Clebsch-Gordan factog
which is the same as the Clebsch-Gordan factor in thea4
contribution from QCD factorization. Ciuchiniet al. suggest
that all chirally suppressed terms should be dropped and
placed with this term.

We take the charming penguin contribution to be from
penguin topology but to be in addition to the QCD factoriz
tion of the penguin contribution. However, to retain the n
tation of @12#, we expressP1 andP1

GIM as

P15
GF

A2
~ f pFp!uD̄ueif,

P1
GIM5

GF

A2
~ f pFp!uDGIMueifGIM. ~22!

With the factor (f pFp), taken here to be 0.042 GeV, th
dimensionless parametersuD̄u and uDGIMu must be less than
unity as the charming penguin contributions are expecte
be smallO(LQCD/mB) corrections.

This simple model must be extended to include vec
mesons. To this end we note that~i! in PV decays the vecto
meson must have zero helicity and that, for example, ths

andq̄ quarks forming the decay mesonM can be expected to
have zero spin projection in their direction of motion irr
spective of whether they form a pseudoscalar or vector
son and~ii ! that, when folded into the same light cone d
tribution functions, the amplitudes would be the same. T
most simple model extends theSU(3) symmetry toSU(6).
With this albeit simple extension, the charming penguin co
tribution to a particular amplitude is obtained from the fa
torization contribution by reference to thea4,I term. For ex-
ample, the decay amplitude forB̄0→p1r2 contains a term

2mB
2 GF

A2
f rFp@VubVud* ~a4,I

c 2a4,I
u !1VtbVtd* a4,I

c #. ~23!

The charming penguin contribution is obtained by replac
this with

2mB
2@VubVud* P1

GIM1VtbVtd* P1#. ~24!
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In the charming penguin amplitude, thes quark is pro-
duced from a left-handed field and can be expected to h
predominantly negative helicity. Theqq̄ pair emanates from
either right-handed or left-handed fields and, with zero he
ity for the produced (sq̄) meson, we expect that the lef
handed contribution will dominate to form ana4 type term.

TABLE VI. Measured branching ratios Br~exp!, experimental
error s, best fit theoretical branching ratios Br~BBNS! and Br~CP!
for the Benekeet al. model ~BBNS! and charming penguin mode
~CP!, respectively, and the contribution tox2 for variousB decay
channels. All branching ratios are in units of 1026. For the VV
channels the predictions are for longitudinal polarization states o
as these decays are expected to be dominant.

Decay Br~exp! s Br~BBNS! x2 Br~CP! x2

p1p2 4.8 0.5 5.0 0.2 4.9 0.0
p0p2 5.6 0.9 4.0 2.0 5.9 0.0
r1p2 25.4 4.2 24.4 0.1 23.3 0.2
r1K2 16 5 7.3 2.7 11.1 0.7
r0p2 9.4 2.0 9.5 0.0 9.6 0.0
vp2 6.4 1.3 7.4 0.5 6.4 0.0
p0K2 12.9 1.2 13.0 0.0 12.9 0.0

p2K̄0 18.2 1.7 20.9 2.1 19.5 0.5

p2K̄* 0 12.4 2.6 4.4 7.7 9.1 0.8

vK2 3.1 1.0 3.4 0.1 5.0 2.2
fK2 8.8 1.1 8.4 0.1 8.4 0.1

fK* 2 5.4 2.4 8.9 1.0 9.0 1.6
p1K2 18.5 1.0 18.7 0.1 19.0 0.2

p1K* 2 16 6 4.1 3.8 9.5 1.0

p0K̄0 10.4 1.4 7.4 3.9 7.1 4.6

vK̄0 6.5 1.7 2.4 5.2 4.4 1.2

fK̄0 8.4 1.6 7.8 0.2 7.8 0.2

fK̄* 0 7.2 1.7 8.3 0.3 8.3 0.2

TABLE VII. Value of the parameters used with their variation

Parameter Central value Variation

f p 0.1307 60.00046
f K 0.1598 60.00184
f r 0.216 60.005
f v 0.194 60.004
f K* 0.216 60.010
f f 0.233 60.004
l 0.2205 60.0010

tB0 /tB6 1.081 60.015
m 0.5mb mb

urHu 2.0 61.0
arg(rH) 4.7 1.6

uXAu 1.85 61.0
arg(XA) 2.86 3.7

r x
p,K 1.0 60.2 ~CP only!

AWolf 0.82 60.05 ~CP only!
an

M 0 Table IV ~Lü and Yang!
5-6
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TABLE VIII. Best fit values and one standard deviation errors for the Benekeet al. ~BBNS! and charm-
ing penguin~CP! models.Fp,K and Ar,v,K* are the transition form factorsFB→h(0) for P and V mesons,
respectively, andr x

p,K are the chiral enhancement factors which are nominally power suppressed but areO(1)
in practice.

Model Fp FK Ar Av AK*

BBNS 0.24460.038 0.36960.031 0.34460.098 0.30060.094 0.32160.136
CP 0.29160.022 0.34960.077 0.32060.065 0.29860.072 0.30960.117

r x
p r x

K A r̄ h̄

BBNS 1.0960.24 1.2460.17 0.81360.045 0.06860.071 0.38360.090
CP 1.0 1.0 0.82 20.04460.112 0.39760.050

uDu Arg(D) DGIM Arg(DGIM)

CP 0.06860.007 1.3260.10 0.3260.14 1.0060.27
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The right-handed term will be suppressed by a fac
LQCD/mB . We appreciate that the expectation of consid
able suppression is false for the corresponding factoriza
term a6Q6 for which the suppression factorr x

K is of order
unity. a6Q6 is a product of matrix elements of local operato
containing^M u( s̄q)u0& which is zero forM being a vector
meson. We suspect that the chiral enhancement of scalar
son production in factorization penguin contributions is
property of factorization of the local product rather than
general feature of all charming penguin contributions.

V. FITTING METHOD

We have attempted to fit the theoretical expressions
branching ratios with the available data as averaged by
Heavy Flavor Averaging Group@15#. Measured branching
ratios for 18 channels are shown in Table VI. We take
measured branching ratios to be the mean of theB and B̄
decays. For the two vector-vector channelsfK* we multiply
the measured branching ratios by the longitudinal polar
tion as measured by BaBar@14#. CP asymmetries are no
included in the fit. The measurements are not always con
tent between the experiments and the errors are large.
therefore prefer to compare the measured results with
predictions from the fit. To economize in the number of s
QCD parameters we have not included decay channels
volving h and h8 mesons. These amplitudes involve t
mixing angle between the (uū1dd̄) and ss̄ combinations.
Also, in principle, there is mixing withcc̄ which, though
small, could make a significant contribution to decay mod
through the enhanced quark decay modesb→cqc̄.

For convenience we assign to each channel (M1 ,M2) a
numbera. The statistical and systematic errors have be
combined@15# into a single errorsa . The systematic errors
are in general small and we ignore any correlations. We t
form a x2 function

x2~Pi !5(
a

@ uBra~Pi !2Bra~exp!u/sa#2

1additional constraints. ~25!
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Bra(Pi) are the theoretical branching ratios expressed
terms of ten parametersPi which we take to be the thre
Wolfenstein CKM parameters$A,r,h% and seven soft QCD
parameters$r x

p ,r x
K ,Fp ,FK ,Ar ,Av ,AK* %. For the fit to the

charming penguin model we introduce four more paramet
the modulus and phase ofP1 andP1

GIM. In this case we fixA
to the world average of 0.82 and keepr x

p,K fixed at 1.0. The
well established decay parameters$ f p , f K , f r , f v , f f , f K* %
are held at their mean values and the Wolfenstein CKM
rameterl is set to 0.2205. The results are not very sensit
to the divergence parameters and we held them fixed arH
52e4.7i and XA51.85e2.86i , values suggested by some pr
liminary investigations. Additional terms were included
thex2 to take into account experimental and theoretical c
straints from outside the data onB decay branching ratios
We search for a minimum ofx2 as a function of thePi using
the MINUIT @16# program.

Next to the experimental error on the measurement
have to consider the error from our assumptions on the Q

FIG. 1. Result for the unitarity triangle fit in the BBNS mode
The shaded area shows the 3s allowed region for the apex of the
unitarity triangle. The data point shows the fit result from the u
tarity triangle fit from other measurements taken fromCKMfitter
@17#.
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parameters that we do not fit for. Table VII shows their ce
tral value and an estimate of the allowed variation. First
performed the fit using experimental errors only. With t
best value we calculated a set of reference branching f
tions. We then varied the parameters according to Table
while keeping the value of the CKM parametersr and h
fixed. For each parameter this leads to a difference for e
branching ratio. For every branching ratio we sum the diff
ence in quadrature and consider this to be the model un
tainty. We add this uncertainty in quadrature to the exp
mental error and repeat the fit.

The theoretical branching ratios and the contributions
the individual channels tox2 based upon these best fit valu
are given in Table VI. The best fit parameter values
shown in Table VIII together with our estimates of the erro
These errors are of course highly correlated. Plots of
error matrix ellipse for the Wolfenstein parametersr̄ and h̄
are shown in Figs. 1 and 2. The CKM angles area5(78
69)°, b5(2262)°, g5(8067)° for the BBNS model and
a5(6367)°, b5(2162)°, g5(9666)° for the CP
model. These can be compared to the world averages of@17#
a5(96613)°, b5(23.361.5)°, g5(61612)°. All errors
are one standard deviation. For both models the result
Table VIII for the values of the various form factors l
within the spread of theoretical estimates. Thex2/dof is
34.5/17 for the BBNS fit and 14.5/13 for the charming pe
guin contributions.

VI. DISCUSSION AND CONCLUSIONS

The first conclusion is that the factorization approa
works quite well. Most of the branching ratios in Table V
are predicted correctly by both models. The fitted parame
in Table VIII look reasonable for both fits. Thex2 for the
charming penguin fit is significantly better, due mainly to t
poor fit of the BBNS model for the decay modes involvin
the K* meson. Also, the experimental value forvK0 is not
easily accommodated within the BBNS model. Both mod

FIG. 2. Result for the unitarity triangle fit in the charming pe
guin model. The shaded area shows the 3s allowed region for the
apex of the unitarity triangle. The data point shows the fit res
from the unitarity triangle fit from other measurements taken fr
CKMfitter @17#.
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have a problem in fitting thep0K0 mode. Figures 1 and 2
show the position of the apex of the unitarity triangle f
both fits. The results are consistent with each other for
angleg but give a larger value than that suggested by
CKM Fitting Group. The angleb agrees well for both fits.

Our theoretical best-fit values for thoseCP asymmetries
that have been measured are shown in Table IX. The di
CP-violating parameterACP for the decay channelM1M2 is

ACP5
G~B̄→M̄1M̄2!2G~B→M1M2!

G~B̄→M̄1M̄2!1G~B→M1M2!
~26!

where B̄5bū or bd̄. The definitions of the otherCP-
violating parameters can be found in@19#. Regarding these
asymmetries it is too early to reach a conclusion. In ma
cases the different experiments disagree, in others the e
are so large that a meaningful discrimination is not possib
The theoretical asymmetries are very sensitive to the par
eters and to the different models and, with improv

TABLE X. Predicted branching ratios~in units of 1026) andCP
asymmetries for some channels not included in the fit. For theVV
channels the predictions are for longitudinal polarization states o
as these decays are expected to be dominant. The predictions a
the central values of the model fits with 1s errors estimated by
sampling the parameter error matrix.

Mean Branching Ratio ACP

Decay BBNS CP BBNS CP

p0p0 0.560.1 1.160.2 0.5960.08 20.6360.15
r0r0 0.560.1 1.260.3 0.6960.16 20.6660.07
p0r2 8.460.7 11.961.4 0.0460.01 0.0660.01
r0r2 19.063.1 17.863.3 0.0060.00 0.0060.00
r0K1 2.060.6 4.660.5 0.0060.09 20.0160.64

r0K* 1 4.661.3 5.260.7 0.3360.06 20.3560.06

lt

TABLE IX. Measurements and theoretical best fit values forCP
asymmetries. Only statistical errors are shown.

ACP BaBar Belle BBNS CP

K1p2 20.10260.05 20.0760.06 0.00 20.08
K1p0 20.0960.09 0.2360.11 0.06 20.02
K0p1 20.1760.10 0.0760.09 0.01 0.11
p1p0 20.0360.18 20.1460.24 0.00 0.00
r1p2 20.2260.08 20.03 20.03
r1K2 0.2860.17 0.10 20.40

Cpp 20.3060.25 20.7760.27 0.01 20.23
Spp 0.0260.34 21.2360.41 20.20 0.25
Crp 0.3660.15 0.03 20.31
Srp 0.1960.24 0.38 0.65

DCrp 0.2860.19 0.08 0.31
DSrp 0.1560.25 0.02 0.11
CfK

s
0 20.8060.38 0.5660.41 20.01 20.19

SfK
s
0 20.1860.51 20.7360.64 0.73 0.62
5-8



In

fit
er
t
it
te

f
y
k

am
i-
e

ble
S
ter

nt

ted
tion
els

e

FACTORIZATION FITS AND THE UNITARITY . . . PHYSICAL REVIEW D68, 113005 ~2003!
statistics, could become the final test of factorization.
Table X we show our predictions for branching ratios andCP
asymmetryACP for some channels not included in the
@22#. We include someVV channels that are currently und
investigation. For these channels we have assumed tha
decays are to longitudinally polarized vector mesons as
expected@1,20# that decays to the other polarization sta
will be suppressed by at least a factor of (mV /mB)2.

In their most recent work Beneke and Neubert@8# give
formulas for the weak annihilation functionsA1,3

i , f (P,V)
that, in addition to the terms given in Eq.~19!, include
terms containing a parameterr x

V . This parameterr x
V has a

similar origin tor x
P and, liker x

P , is suppressed by a power o
LQCD/mb but, unliker x

P , is not chirally enhanced. We onl
became aware of@8# after completion of this study. To chec
il-

da

D

D

D

,

-

11300
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for the effects of these terms we have modified our progr
to include ther x

V contribution to annihilation and have rem
nimizedx2. For the charming penguin model we found th
best fit occurred withXA51.09 exp(2.79i ) and that there
were very small changes in the best fit parameters of Ta
VIII and the results of Tables VI, IX and X. For the BBN
model we found similar results but the overall fit was bet
in that thex2 was reduced from 34.5 to 27.5.

Finally, the results presented here are slightly differe
from preliminary numbers presented earlier@18#, for three
reasons. The Heavy Flavour Averaging Group has upda
some of the results and included a new branching frac
(r6K7). We have also corrected the vector-vector chann
K* f for the effect of polarization. Finally we now includ
the systematic uncertainties in the fit.
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