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Factorization and nonfactorization in B decays

F. M. Al-Shamali and A. N. Kamal
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~Received 9 June 1999; published 5 November 1999!

Using NLL values for Wilson coefficients and including the contributions from penguin diagrams, we
estimate the amount of nonfactorization in two-body hadronicB decays. Also, we investigate the model
dependence of the nonfactorization parameters by performing the calculation using different models for the
form factors. The results support the universality of nonfactorizable contributions in both Cabibbo-favored and
Cabibbo-suppressedB decays.@S0556-2821~99!06623-0#

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

The decay rates~and, in few cases, polarization! of a large
number of hadronic channels have been experimentally m
sured to sufficient accuracy. However, as yet there is no
liable theoretical method to derive the corresponding am
tudes starting from the basic principles of the stand
model. This is due to our inability to quantify the particip
tion of strong interactions in such processes. The powe
theoretical tools of perturbation theory which are used
purely electroweak interactions are not very useful in sit
tions involving strong interactions. Nonperturbative tec
niques, such as lattice calculations and QCD sum rules,
still under development. However, the asymptotic freed
property of QCD allows us to separate the gluon contri
tion, in a given process, into that due to high energy~hard!
gluons and that due to low energy~soft! gluons. The former
contribution is relatively easy to compute using perturbat
techniques and renormalization group equations. In fact
impressive amount of work in this regard has been d
@1–6#, where hard gluon effects were parametrized throu
Wilson coefficients which have been calculated up to ne
to-leading logarithmic~NLL ! order. It is the soft gluon con
tribution which is difficult to handle and constitutes the ma
source of uncertainty in hadronic weak decays.

In general, the effective Hamiltonian in hadronic deca
of B mesons takes the formHeff;( iCiQi whereC’s are the
Wilson coefficients that contain the hard gluon~or short dis-
tance! effects andQ’s are four-quark operators that are pro
ucts of two Dirac currents. In calculating the decay amp
tudes for two-body hadronic decays we then encoun
matrix elements of the form̂ f 1 f 2uQu i &, where i is the
initial-state particle, andf 1 and f 2 are the final-state par
ticles. In phenomenological calculations, the factorization
sumption ~i.e., the matrix element of a current3 current
operator is equal to the product of the matrix elements of
current operators! is commonly invoked. As a result, the de
cay amplitudes for processes with externalW emission~class
I processes! are proportional to@7# a15C11C2 /Nc where
Nc is the number of colors. Similarly, the decay amplitud
for processes with internalW emission~class II processes!
are proportional toa25C21C1 /Nc .

The effect of nonfactorization inB decays has been stud
ied by several authors in the past using different parame
zation methods. For example, some authors@8–10# treated
0556-2821/99/60~11!/114019~8!/$15.00 60 1140
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Nc as a free parameter whose effective value is used to
dicate the amount of nonfactorization in a decay proce
Others@11–14# have used (Nc53) and parametrized the th
nonfactorizable matrix elements in the decay amplitude.
this paper, we continue to use the same parametriza
adopted in the previous work@15#; i.e., the nonfactorized
effects caused by the color singlet and color octet curre
are parametrized in terms of the two parameters«1 and«8,
respectively. These parameters are introduced into the d
amplitude through the replacements

a1→a1
eff5a1S 11«11

C2

a1
«8D ,

a2→a2
eff5a2S 11«11

C1

a2
«8D . ~1!

One of the issues that arises when parametrizing non
torizable contributions is how to handle processes with t
vector mesons in the final state. This is because it is not c
whether or not the three Lorentz scalar structures of the
cay amplitude should receive the same contribution from
nonfactorizable terms; i.e., does nonfactorization lead ve
to an overall factor? This issue was discussed in R
@12,11#. In Ref. @16# we tackled this issue in some detail fo
the processB→J/cK* . Using a full amplitude measuremen
@17# by CLEO, the amount of nonfactorizable contribution
each of the three Lorentz-scalar structures was calculate
five different models for the form factors. The results a
lowed an explanation of the experimental data using eq
amount of nonfactorization in each part of the Lorentz a
plitude, implying that an overall nonfactorization factor w
adequate.

Assuming universality~process independence! of the non-
factorization parameters inB decays, we estimated their va
ues in Ref.@15# using a more definitive calculation. How
ever, for the Wilson coefficients we used the valu
calculated up to leading logarithmic~LL ! order and ne-
glected all contributions from the penguin diagrams. Als
all the calculations were done using only one model for
form factors@Bauer-Stech-Wirbel~BSW! II model#. The re-
sults supported the proposition of the universality of the n
factorization parameters in Cabibbo-favoredB decays. How-
ever, a number of questions were also raised. First, how
the results change if we use the Wilson coefficients cal
©1999 The American Physical Society19-1
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F. M. AL-SHAMALI AND A. N. KAMAL PHYSICAL REVIEW D 60 114019
lated up to NLL order? Second, how do we parametrize
nonfactorization generated by penguin diagrams and h
important they are? Third, how much model dependenc
there in the estimated nonfactorization parameters? Fin
can we extend the proposed universality of the nonfactor
tion parameters to include Cabibbo-suppressedB decays?
These are the questions we try to address in this paper.

The paper is arranged as follows: In Sec. II we present
Wilson coefficients and Cabibbo-Kobayashi-Maska
~CKM! matrix elements used in the calculations. In Sec.
we calculate the effects of penguin diagrams and NLL W
son coefficients on the predictions of naive factorization.
Sec. IV the nonfactorization parameters are estimated in
models for the form factors. In Sec. V we show branch
ratio predictions of several sets of Cabibbo-favored a
Cabibbo-suppressedB decays. The last section is a discu
sion of the results and a conclusion.

II. WILSON COEFFICIENTS IN NLL ORDER

In the absence of strong interactions, the effective Ham
tonian for the processb→cc̄s, is given by

Heff5
GF

A2
VcbVcs* ~ c̄ibi !L ~ s̄jcj !L . ~2!

When QCD effects are included, the contribution of the p
guin diagrams should be considered beside the curren3
current diagrams. As a result, the effective Hamiltonian g
eralizes to@8,10#

Heff5
GF

A2
FVubVus* ~C1Q1

u1C2Q2
u!1VcbVcs* ~C1Q1

c1C2Q2
c!

1~VubVus* 1VcbVcs* !(
i 53

6

CiQi G , ~3!

where

Q1
q5~ q̄ibi !L~ s̄jqj !L ,

Q2
q5~ q̄ibj !L~ s̄jqi !L , q5u,c,

Q35~ s̄ibi !L(
q

~ q̄ jqj !L ,

Q45~ s̄ibj !L(
q

~ q̄ jqi !L ,

Q55~ s̄ibi !L(
q

~ q̄ jqj !R ,

Q65~ s̄ibj !L(
q

~ q̄ jqi !R . ~4!

The subscriptsL and R represent left-handed and righ
handed currents, respectively. Even though the local op
11401
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u and Q2

u do contribute to processes of the typeb

→cc̄s through tree diagrams, they do not contribute throu
penguin diagrams.

In NLL calculations, the Wilson coefficients turn out to b
regularization scheme dependent. However, if the matrix
ements^Qi(m)& are evaluated at the same scheme as
Wilson coefficientsCi(m), the scheme dependence canc
out. From Eq.~3!, we see that the decay amplitude in th
effective theory has the form

Aeff}Ci~m!^Qi~m!&

}Ci~m!gi j ~m!^Qj&
tree

}Ci
eff^Qi&

tree. ~5!

At the quark level, the scale and scheme dependence
^Qi(m)&, which is carried byg(m), cancel the scale and
scheme dependences of the Wilson coefficients@8,10,18,19#.
So bothCi

eff and ^Qi&
tree are scale and scheme independe

From above, we can write the decay amplitude as

^Heff&5
GF

A2
FVcbVcs* ~C1

eff^Q1
c& tree1C2

eff^Q2
c& tree!

1(
i 53

6

~VubVus* Ci
u eff1VcbVcs* Ci

c eff!^Qi&
treeG ,

~6!

where the penguin contributions from̂Qi 51,2
u & and^Qi 51,2

c &
are included inCi 53, . . . ,6

u eff andCi 53, . . . ,6
c eff , respectively. The

details of calculatingCi
eff can be found in Ref.@8#.

The calculation of the penguin-driven amplitudes in t
factorization assumption involves additional assumptions
effective value ofk2, for example. In a complete calculatio
@20# k2 would not be a variable; it would be integrated ov
the wave functions of the hadrons with its own uncertainti
In the absence of a complete knowledge of the hadro
wave functions, the choice is either to selectk2 judiciously
or to admit new unknowns through the hadronic wave fu
tions. In penguin calculations, one generally opts for the fi
alternative and choosesk2 in the rangemb

2/4<k2<mb
2/2. In

the calculations presented here we have chosenk25mb
2/2.

In Table I, we show the values of the Wilson coefficien
in LL and NLL order ~working in the naive dimensiona
regularization scheme! evaluated at the scalem54.6 GeV.
Also, we show the values of the effective Wilson coefficien
Ci

eff . ForC3
eff–C6

eff , which include the contributions from th
QCD penguin diagrams, we list two sets of values, cor
sponding to theu and c loop flavors. For quark masse
we used the the following running values at theb-quark
mass scale @21#: mu53.17 MeV,md56.37 MeV,
ms50.127 GeV, mc50.949 GeV, mb54.34 GeV, and
mt5170 GeV. As for the CKM matrix elements, we use
@22# Vud50.976, Vus50.221, Vub50.00316e21.43i , Vcd
520.221, Vcs50.976, andVcb50.0394.
9-2
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FACTORIZATION AND NONFACTORIZATION IN B DECAYS PHYSICAL REVIEW D60 114019
III. DECAY RATES IN NAIVE FACTORIZATION

In decays of typeb→cūd only tree diagrams contribut
to the decay amplitudes. In processes of class I~for example,

TABLE I. The second and third columns show the Wilson c
efficients in LL and NLL order, respectively, evaluated at the sc
m54.6 GeV, and forLMS̄

5
5219 MeV. The last column shows th

effective Wilson coefficients in NLL order, evaluated using the ru
ning quark masses. ForC3

eff–C6
eff , two values are listed, corre

sponding to the two loop flavors in the penguin diagram.

LL NLL Effective

C1 1.127 1.075 1.143
C2 20.286 20.178 20.322

q5u(c)
C3 0.013 0.012 0.018410.0048i (0.019710.0044i )
C4 20.029 20.033 20.040720.0145i (20.045320.0132i)
C5 0.008 0.009 0.013010.0045i (0.014510.0044i )
C6 20.037 20.039 20.052220.0145i (20.056820.0132i )

a1 1.032 1.016 1.036
a2 0.090 0.180 0.059
C2 /a1 20.277 20.175 20.311
C1 /a2 12.54 5.96 19.37
11401
B̄0→D1p2) the factorizable part of the amplitude is pro
portional toa1. As can bee seen from Table I, the value
this parameter in LL order (a1

LL51.032) is almost the sam
as that in NLL order (a1

NLL51.036). Since the decay rate
are proportional toua1u2, the above values fora1 give a
difference (DBfac) of less than 1% between the branchin
ratios calculated using the Wilson coefficients in LL ord
and the branching ratios calculated using the Wilson coe
cients in NLL order~see Table II!. In processes of class I
~for example,B̄0→D0p0), the factorizable part of the deca
amplitude is proportional toa2. This parameter takes th
values (a2

LL50.090) and (a2
NLL50.059) in LL and NLL or-

der, respectively. As a result, the predicted branching ra
~see Table II! in the naive factorization approximation dro
by about 57% when working in NLL order. The decay am
plitudes for class III processes~for exampleB2→D0p2)
receive contributions from two tree diagrams, causing a
pendence on botha1 and a2. Therefore,DBfac varies from
one process to another in this class. However, as can be
from Table II these changes are relatively small~less than
6%). This is caused by the dominance of the part of t
amplitude proportional toa1 over that proportional toa2. It
should be mentioned here that, unlike the other two clas
DBfac in class III processes is model dependent and the
ues presented in Table II were calculated based on the B
II model, to be introduced later in this paper. However, b

e

-

due to
TABLE II. DBfac represents the percentage change in the branching ratio, assuming factorization,
NLL values of the Wilson coefficients~column 4! and due to penguin diagrams~column 5!. The last column
represents the total change.

Processes Class Model DBfac: change in branching ratio
NLL effect Penguin effect Total change

Type b→cūd

B̄0→D1p2, . . . , etc. I 0.8% 0.8%

B̄0→D0p0, . . . , etc. II 256.7% 256.7%

B2→D0p2 III BSW II 24.4% 24.4%
B2→D0r2 III BSW II 22.1% 22.1%
B2→D0a1

2 III BSW II 21.1% 21.1%
B2→D* 0p2 III BSW II 26.0% 26.0%
B2→D* 0r2 III BSW II 23.3% 23.3%
B2→D* 0a1

2 III BSW II 21.8% 21.8%

Type b→cc̄s
B→DDs I 0.8% 227% 226.2%
B→DDs* I 0.8% 236.0% 235.2%
B→D* Ds I 0.8% 6.4% 7.2%
B→D* Ds* I BSW II 0.8% 15.1% 15.9%
B→KJ/c, . . . , etc. II 256.7% 0.2% 256.5%

Type b→cc̄d
B→DD2 I 0.8% 223% 222.2%
B→DD* 2 I 0.8% 225.7% 224.9%
B→D* D2 I 0.8% 5.9% 6.7%
B→D* D* 2 I BSW II 0.8% 12.9% 13.7%
B→pJ/c, . . . , etc. II 256.7% 0.4% 256.3%
9-3
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F. M. AL-SHAMALI AND A. N. KAMAL PHYSICAL REVIEW D 60 114019
cause of the dominance of one part of the decay amplit
over the other, this model dependence is not very strong

Decays of typeb→cc̄s receive contributions from both
tree and penguin diagrams and the relevant effective Ha
tonian is given by Eq.~3!. In order to extract the factorizabl
contributions to these processes, an appropriate transfo
tion is needed for the operatorsQ5 andQ6 containing right-
handed currents. Using the Fierz transformation, color a
bra, and Dirac equation, the decay amplitudes for proce
of this type can be easily worked out. For example, assum
naive factorization, symbolized by the subscript ‘‘fac,’’ th
decay amplitudes for the processesB̄0→D1Ds

2 and B̄0

→K̄0J/c are given by

Afac~B̄0→D1Ds
2!

5
GF

A2
FVcbVcs* a11 (

q5u,c
VqbVqs*

3S a4
q12a6

q
mDs

2

~mb2mc!~mc1ms!
D G

3^D1u~ c̄b!LuB̄0&^Ds
2u~ s̄c!Lu0& ~7!

and

Afac~B̄0→K̄0J/c!5
GF

A2
FVcbVcs* a21 (

q5u,c
VqbVqs* ~a3

q1a5
q!G

3^K̄0u~ s̄b!LuB̄0& ^J/cu~ c̄c!Lu0&, ~8!

respectively, where

a3
q5C3

q1
1

3
C4

q , a4
q5C4

q1
1

3
C3

q ,

a5
q5C5

q1
1

3
C6

q , a6
q5C6

q1
1

3
C5

q, q5u,c. ~9!

Note thatNc53 is used for the penguin amplitudes also.
the penguin-generated terms were omitted, the effec
working in NLL order instead of LL order would be ver
small. In fact,DBfac is less than 1%, the same as that calc
lated above for the color-favored decays of typeb→cūd.
However, if the contributions from the penguin diagrams
considered, we get relatively large effects. The branch
ratios for the processesB→D1Ds

2 andB→D1Ds*
2 get re-

duced by 27% and 36%, respectively, while the branch
ratios for B→D* Ds and B→D* Ds* are increased by 6%
and 15%, respectively~see Table II!. To demonstrate the
cause of these large changes, let us consider the decB
→D1Ds

2 . In a rough calculation, we substitute the follow
ing approximations in Eq.~7!: a1'1, a4

c'20.04, a6
c'

20.05, VubVus* '0, and mDs

2 /(mb2mc)(mc1ms)'1. The

change in the amplitude due to penguin diagrams is t
about (120.042230.05)221'227%. In the case of clas
II processes, the branching ratios calculated in NLL order
11401
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57% lower than those calculated in LL order~similar to class
II processes of typeb→cūd). The penguin effects, howeve
turn out to be very small~about 0.2%). This is because th
values fora3 and a5 are very close in magnitude and hav
opposite signs, resulting in a mutual cancellation.

The effective Hamiltonian for processes of typeb→cc̄d
is similar to Eq.~3! except that thes flavor is replaced by the
d flavor. The numerical values forCi 51, . . . ,6

eff turn out to be
the same as those in Table I without noticeable changes.
decay amplitudes for the processesB→DD2 ~for example!
can be written from Eq.~7! by replacing thes flavor by thed
flavor. By doing a similar replacement, the amplitude for t
processB→pJ/c can be written from Eq.~8!. In Table II,
we show the NLL and penguin effects on the calcula
branching ratios of these two sets of processes.

IV. ESTIMATION OF THE NONFACTORIZATION
PARAMETERS

In Ref. @14#, nonfactorization was parametrized throug
«1 and «8. These two parameters represent the size of
color-singlet and color-octet nonfactorizable diagrams re
tive to the factorizable one. By assuming universality~pro-
cess independence! of these two parameters, we estimat
their values in Ref.@15# for Cabibbo-favoredB decays. The
estimate was done using the available experimental bra
ing ratios for two sets of class I processes (B̄0

→D1p2,D1r2,D1a1
2 ,D* 1p2,D* 1r2,D* 1a1

2 and B
→DDs ,DDs* ,D* Ds ,D* Ds* ) and one set of class II pro
cesses„B→KJ/c,Kc(2S),K* J/c,K* c(2S)…. For the Wil-
son coefficients we@15# used the values calculated up to L
order and neglected all contributions from the penguin d
grams. Regarding the form factors, we used the predicti
of the BSW II model. In general, the estimated values of«1
and«8 improved the agreement with experimental measu
ments when the notion of factorization was extended to
clude other channels ofB andBs decays. This supported th
assumption of the universality of these parameters
Cabibbo-favoredB decays.

According to Eq.~1!, nonfactorization contributes to th
decay amplitudes of class I and class II processes through
multiplicative factors~omitting the penguin contributions fo
simplicity of argument!

j15S 11«11
C2

a1
«8D'S 11«12

1

3
«8D ~10!

and

j25S 11«11
C1

a2
«8D'~11«1120«8!, ~11!

respectively. The difference between these two factors i
the coefficient of the color-octet parameter. Consequently
the case of class II processes the long-distance effects i«8
are greatly enhanced by the short-distance effects ari
9-4



.
u

s
ly
m

fie
b
w

e

or

n
a

or
n

he

e

er

e
rs

or
y

to
e

l.
in
o
fe
sin
in
d
w

.
,
b

e

ef.
ion

ro-

III.
ree
e

of
ce

ls,

on-
.

of

FACTORIZATION AND NONFACTORIZATION IN B DECAYS PHYSICAL REVIEW D60 114019
from C1 /a2. This is in addition to the enhancement of«8
over «1, by a factor ofNc , according to the rules of QCD
As a result, it may be harmless to ignore the contribution d
to the color-singlet parameter«1. On the other hand, in clas
I processes we notice that«8 is suppressed by approximate
a factor of 1/3 due to short-distance effects. Since this co
pensates for the enhancement due to QCD, it is not justi
to omit «1 in this class and the two parameters should
treated on equal footing. From the preceding discussion
infer that class II processes are sensitive probes of«8,
whereas«1 is mainly determined by class I processes, alb
with less sensitivity.

In this work, we reestimate the values of the nonfact
ization parameters«1 and«8 using ax2 fit to the experimen-
tal branching ratios of the three sets of processes mentio
above. However, for the Wilson coefficients we use the v
ues calculated up to NLL order and include, in the col
singlet part of the amplitude, the contributions from the pe
guin diagrams. As for the color-octet part, we include t
contributions from the operatorsQ1 and Q2 only. For ex-
ample, the decay amplitude for the processB→KJ/c, after
including the nonfactorizable contributions, will read

A~B→KJ/c!5
GF

A2
VcbVcs* F S a21 (

q5u,c

VqbVqs*

VcbVcs*
~a3

q1a5
q!D

3~11«1!1C1«8G ^Ku~ s̄b!LuB&

3^J/cu~ c̄c!Lu0&. ~12!

Since the nonfactorization parameters are model dep
dent, we repeat thex2 fit using five different models for the
form factors. The first of these models is the original Bau
Stech-Wirbel model@7# ~called BSW I here! where the form
factors are calculated at zero-momentum transfer and
trapolated using a monopole form for all the form facto
The second model~called BSW II here! differs from the first
one by using a dipole form to extrapolate the form fact
F1 , A0 , A2, and V. This is motivated by the consistenc
relations in the infinite quark mass limit derived in Ref.@23#.
In the third model@23# ~called NRSX here! we use the
heavy-quark effective theory predictions for the heavy-
heavy form factors. For the heavy-to-light form factors w
use the same values as those predicted by BSW II mode
the fourth model, developed by Altomari and Wolfenste
~AW! @24#, the form factors are evaluated at the zero-rec
point corresponding to the maximum momentum trans
and then extrapolated down to the required momentum u
a monopole form. In the last model, by Isgur, Scora, Gr
stein and Wise~ISGW! @25#, the form factors are calculate
at the maximum momentum transfer and extrapolated do
with an exponential form.

Working, for example, in BSW II model we show in Fig
1~a! a contour plot ofx2 in «1-«8 space. The four minima
labeled 1, 2, 3, and 4, which appear in this figure are to
compared with the corresponding regions in Fig. 2 of R
11401
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@15#. The value ofx2 per degree of freedom (x2/d) for these
minima is 0.6. In an argument similar to that used in R
@15#, we exclude solutions 1 and 2 due to the severe violat
of the approximate relation«1 /«8561/Nc suggested by
1/Nc expansion. Also, solution 4 is excluded because it p
duces a negative value for the effectivea2 parameter. So we
end up with the estimates«1520.04060.024 and «8
50.13760.006. The uncertainties correspond toDx251.
The predictions of the other models are shown in Table

Out of the five models considered we note that th
~BSW I, ISGW, and AW! do not produce a good fit to th
experimental data. This is indicated by the high values
x2/d. The remaining two models, on the other hand, produ
a good fit to the data withx2/d equal to 0.6 for the BSW II
model and 0.4 for the NRSX model. In these two mode

FIG. 1. ~a! A contour plot ofx2 in «1-«8 space using the BSW
II model. ~b! A contour plot ofx2 in «1-«8 space using the NRSX
model. The lower graphs show a magnification of the region c
taining a minimum of region 3 ofx2 in the corresponding graphs
The inner closed curve represents a change ofDx251 from the
minimum while the outer closed curve represents a change
Dx252.

FIG. 2. The percentage difference betweenua2j2uLL
2 and

ua2j2uNLL
2 as a function of«8, taking«150.
9-5
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TABLE III. The second and third columns show the estimated nonfactorization parameters«1 and«8 in
different models. The fourth column shows the value ofx2 per degree of freedom which indicates th
goodness of fit. The last two columns show the values ofa1j1 anda2j2.

Model «1 «8 x2/d a1j1 a2j2

BSW I @7# 20.03760.024 0.13960.006 5.8 0.953 0.216
BSW II @7,28# 20.04060.024 0.13760.006 0.6 0.950 0.213
NRSX @23# 0.05760.027 0.13260.006 0.4 1.052 0.213
AW @24# 20.25060.019 0.17160.007 5.7 0.722 0.240
ISGW @25# 20.07160.024 0.23060.008 2.3 0.888 0.318
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which show interesting fits, the heavy-to-light form facto
are calculated in the same way. So the set of class II p
cesses (B→KJ/c, . . . , etc.! has the same values for th
form factors. This is reflected in the close predictions of«8
by both models, which is not the case for the other param
where the two sets of class I processes take different va
for the form factors in the two models. Another point to
noticed is that the NRSX model predicts a destructive in
ference between the color-singlet and color-octet nonfac
ization contributions, causing almost a complete cancella
between the two for class I processes. This is not the cas
the other models, which suggest a constructive interfere

V. PREDICTED DECAY RATES INCLUDING
NONFACTORIZABLE CONTRIBUTIONS

Using the values estimated for the nonfactorization
rameters in a scheme with NLL Wilson coefficients and p
guin contributions, we can calculate the branching ratios
the BSW II model, for all processes considered in the pre
ous work @15#. However, from Table III, we see that th
values ofua1j1u2 and ua2j2u2 estimated here using the BSW
II model do not deviate much from the corresponding valu
estimated previously in Ref.@15#. Actually, the change in
ua1j1u2 is about 3% and inua2j2u2 is about 6%. As a resul
no significant changes are expected in the branching r
predictions. An exception is the set of processesB
→DDs ,DDs* ,D* Ds ,D* Ds* ) which receive sizable contri
butions from the penguin diagrams~see Table IV!.

By assuming that the universality of«1 and«8 extends to
Cabibbo-suppressed processes, we evaluate the branchi
tios for a set of class I processes of typeb→cc̄d and for
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another set of class II processes of the same type. The re
are shown in Table V. These two sets were not considere
the previous work. Our predictions show good agreem
with available experimental data which includes the recen
measured decay channelsB̄0→D* 1D* 2 @26# and B2

→p2J/c @27#. In the calculations, the two statesuh& and
uh8& are treated in the same way as in@16# where the mixing
angle and wave function normalizations are properly tak
care of. As for the decay constants we used the val
adopted in Ref.@15#.

VI. DISCUSSION AND CONCLUSION

In Ref. @15#, we demonstrated that naive factorization,
LL order and using tree diagrams only, gives reasonable
dictions in comparison with experimental measurements
the branching ratios of class I and class III processes. H
ever, for class II processes the predicted branching ra
were very low. Also, it was demonstrated that including no
factorizable contributions through the parameters«1 and«8
improves considerably the predicted branching ratios for
latter class while preserving reasonable predictions for
other two.

In this work, we find that by working in NLL order~with
no penguin diagrams! the predicted branching ratios~in na-
ive factorization! of class I and class III processes are ve
close to the LL predictions and to the experimental valu
~see Table II!. For class II processes, on the other hand,
predicted branching ratios are considerably lower~by about
57%! than the LL predictions, making the disagreement w
the experimental values even worse. However, this prob
is greatly remedied by including nonfactorizable contrib
e

TABLE IV. The branching ratios predicted for a set of Cabibbo-favoredB decays in the BSW II model.

The values in the second column were calculated by taking«1(m0)5«8(m0)50 whereas the values in th
third column were calculated by taking«1(m0)520.04060.024 and«8(m0)50.13760.006. The last col-
umn represents the available experimental measurements.

Process Fac. Nonfac. Expt.@27#

Branching ratio31023

B→DDs 10.362.2 8.561.9 9.862.4
B→DDs* 7.961.6 6.561.4 9.463.1
B→D* Ds 8.461.8 7.161.6 10.462.8
B→D* Ds* 29.465.9 24.965.2 22.365.7
9-6
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TABLE V. The branching ratios predicted for a number of Cabibbo-suppressedB decays in the BSW II
model. The values in the second column were calculated by taking«1(m0)5«8(m0)50 whereas the values
in the third column were calculated by taking«1(m0)520.04060.024 and«8(m0)50.13760.006. The last
column represents the available experimental measurements.

Process Fac. Nonfac. Expt.

Branching ratio31024

B̄0→D1D2 3.660.7 3.060.6

B̄0→D1D* 2 3.560.7 2.960.6

B̄0→D* 1D2 2.760.6 2.460.5

B̄0→D* 1D* 2 9.962.0 8.361.7 6.263.6 @26#

Branching ratio31025

B2→p2J/c 0.3560.03 4.660.5 5.061.5 @27#

B2→r2J/c 0.5160.04 6.760.7 ,77
B2→a1

2J/c 0.2360.02 3.060.3 ,120
B2→p2c(2S) 0.2160.02 2.860.3
B2→r2c(2S) 0.3360.03 4.460.5
B2→a1

2c(2S) 0.1160.01 1.560.2
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tions. Beside the enhancement of the branching ratios
class II processes, the inclusion of nonfactorizable contri
tions reduces the sensitivity to whether LL or NLL Wilso
coefficients are used in the calculation. This is demonstra
in Fig. 2 by plotting the percentage difference betwe
ua2j2uLL

2 and ua2j2uNLL
2 as a function of«8, taking «150.

From the graph we see that a 10% contribution to«8 reduces
the difference between the branching ratios predicted by
and NLL order to about half that in naive factorization.

Penguin diagrams contribute to processes of typeb

→cc̄s and b→cc̄d. In both types, class II processes a
affected only slightly by the penguin contributions. This
due to the destructive interference between the differ
terms, in the amplitude, generated by the penguin diagra
isz

ys

4,

11401
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On the other hand, for class I processes of typeb→cc̄s this
cancellation does not happen and the decay amplitudes
ceive a significant contribution from the penguin diagra
~see Table II!. As can be seen from Table III the best fit
the experimental data is produced by the heavy-quark ef
tive theory~contained in the NRSX model!, and lends sup-
port to the assumption of the universality of the nonfactor
able contributions inB decays.
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