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Flavor SU„3… symmetry in charmlessB decays
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QCD sum rules are used to estimate the flavor SU~3!-symmetry violation in two-bodyB decays to pions and
kaons. In the factorizable amplitudes the SU~3! violation manifests itself in the ratio of the decay constants
( f K / f p) and in the differences between theB→K, Bs→K andB→p form factors. These effects are calculated
from the QCD two-point and light-cone sum rules, respectively, in terms of the strange quark mass and the
ratio of the strange and nonstrange quark-condensate densities. Importantly, QCD sum rules predict that SU~3!
breaking in the heavy-to-light form factors can be substantial and does not vanish in the heavy-quark mass
limit. Furthermore, we investigate the strange-quark mass dependence of nonfactorizable effects in theB
→Kp decay amplitudes. Taking into account these effects we estimate the accuracy of several SU~3!-
symmetry relations between charmlessB-decay amplitudes.
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I. INTRODUCTION

The flavor SU~3! symmetry is frequently used to reduc
and control hadronic uncertainties in charmlessB decays,
while analyzing variousCP-related observables~for a recent
comprehensive review see@1#!. The following amplitude re-
lation @2# is a well known example:

A~B2→p2K̄0!1A2A~B2→p0K2!

5A2S Vus

Vud
DA~B2→p2p0!$11dSU(3)%, ~1!

where we neglect electroweak penguin contributions and
troduce a parameterdSU(3) to quantify the SU~3! violation,
so thatdSU(3)50 in the exact symmetry limit.

For a reliable use of Eq.~1! it is desirable to have a
QCD-based estimate ofdSU(3) . A usual phenomenologica
remedy is to relate SU~3! violation to the ratio of the kaon
and pion decay constants (f K / f p) and/or to the ratio ofB
→K andB→p form factors. Such estimates, however, re
on the factorization approximation with its limited accurac
Adding nonfactorizable effects, e.g., in the spirit of QC
factorization@3#, one has the following schematic expressi
for a givenB→P1P2 amplitude (B5Bu,d,s ;P1,25p,K):

A~B→P1P2!5Af act~B→P1P2!

3H 11
asCF

p (
i 5E,P,A, . . .

d i
(BP1P2)

1 (
i 5E,P,A, . . .

l i
(BP1P2)

mB
J , ~2!

where
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Af act~B→P1P2!5 i
GF

A2
~mB

22mP1

2 ! f P2
f BP1

0 ~mP2

2 ! ~3!

is the factorizable amplitude,P2 being the ‘‘emitted’’ meson
with the decay constantf P2

, and f BP1

0 is the B→P1 transi-

tion form factor. For simplicity, all Cabibbo-Kobayash
Maskawa~CKM! and short distance factors are not show
The nonfactorizable corrections are suppressed either bas
or by inverse powers of theb-quark mass. In Eq.~2! they are
parametrized by the process-dependent parametersd i

(BP1P2)

andl i
(BP1P2) , respectively. The sums indicate that nonfact

izable contributions stem from different effective operato
and topologies~emission, penguin, annihilation, etc.!. More-
over, certain decay channels receive two factorizable con
butions, so that the termf P1

f BP2
(mP2

2 ), with its nonfactoriz-

able corrections, has to be added to Eq.~2!. There are severa
sources of SU~3! violation in theA(B→P1P2) amplitudes.
The inequalitiesf KÞ f p and f BKÞ f BpÞ f BsK

reflect flavor-
symmetry breaking in the factorizable amplitudes. In ad
tion, differences between the nonfactorizable contributio
may also play a role. All separate SU~3!-violating effects
have to be accounted and added up in order to obtain
estimate ofdSU(3) in Eq. ~1!.

Only the ratiof K / f p is known from experiment, revealing
quite a noticeable SU~3! violation: f K5160 MeV and f p

5131 MeV. For heavy-to-light form factors and nonfacto
izable effects one has to rely on theoretical predictions.
portant questions concern therefore the parametrical de
dence of various SU~3!-violation effects on the quark-mas
differencems2mu,d . We will take into account all effects o
the first order inms2mu,d and in several cases also those
O(ms

2). It is also important to distinguish the SU~3!-
violation effects proportional to (ms2md)/mb from those
effects which survive in themb→` limit being of O@(ms
2mu,d)/M #, where M is a large scale independent of th
heavy quark mass.

In this paper we investigate the flavor SU~3!-symmetry
violation in charmlessB→P1P2 decays in the framework o
QCD sum rules. Within this method, the ratios of hadron
-
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matrix elements are calculated in terms of the quark m
differencems2mu,d and the ratios of universal nonperturb
tive parameters, the strange- and nonstrange-quark con
sates.

The content of the paper is as follows. In Sec. II, w
demonstrate how SU~3!-violation reveals itself in QCD sum
rules. As a study case we discuss thef K / f p ratio estimated
from two-point QCD~SVZ! sum rules. In Sec. III we employ
light-cone sum rules~LCSR’s! and update some previou
calculations obtaining the differences between the relev
B→P (Bu,d→p, Bu,d→K, Bs→K) form factors. In Sec. IV
we comment on the heavy-mass limit of the SU~3! violation
effects in heavy-to-light form factors. Section V contains t
analysis of nonfactorizable corrections inB→P1P2 with ka-
ons and pions, employing LCSR and QCD factorization.
Sec. VI, we calculate the parameterdSU(3) in the relation~1!
and analyze two other SU~3! relations.

II. THE f K Õf p RATIO FROM SVZ SUM RULES

We begin by reminding how the decay constants of ps
doscalar mesons are calculated from QCD sum rules@4#.
Comparing the sum rules forf K and f p allows us to quantify
the SU~3! violation.

In the case of the pion, the starting point is the correlat
function

Pmn
(p)~q!5 i E d4xeiqx^0uT$ j m

(p)~x! j n
(p)†~0!%u0&

52P1
(p)~q2!gmn1P2

(p)~q2!qmqn , ~4!

of two axial-vector quark currentsj m
(p)5ūgmg5d. We use the

standard definition of the pion decay consta
^0u j m

(p)up(q)&5 iqm f p .
One possible way to obtainf p is to employ the invariant

function

P (p)~q2![2
qmqn

q2
Pmn

(p)5P1
(p)~q2!2q2P2

(p)~q2!, ~5!

and write down the dispersion relation for it:

2P (p)~q2!5
f p

2 mp
2

mp
2 2q2

1(
p8

f p8
2 mp8

2

mp8
2

2q2
. ~6!

The right-hand side~rhs! contains the ground-state pion co
tribution proportional tof p

2 ; the sum overp8 represents, in a
simplified form, the dispersion integral over the excit
states with the pion quantum numbers. Note that the a
mesona1(1260) and other hadronic states withJP511 do
not contribute to Eq.~6!. The amplitudeP (p)(q2) is calcu-
lated from Eq.~4! using ]m j m

(p)5 i (mu1md)ūg5d and em-
ploying the standard tools of current algebra. AtO(mu,d)
only the contact term proportional to the quark condens
contributes:
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P (p)~q2!52
~mu1md!^0uūu1d̄du0&

q2
1O~mq

2!. ~7!

In order to match Eqs.~6! and~7!, one has to admit that the
decay constants of excited states decouple in the chiral l
( f p8;mq). As a result the well-known Gell-Mann-Oakes
Renner relation@5# is reproduced:

f p
2 mp

2 52~mu1md!^0uūu1d̄du0&1O~mq
2!. ~8!

The analogous relation for the kaon is obtained by replac
d→s everywhere in this derivation:

f K
2 mK

2 52~mu1ms!^0uūu1 s̄su0&1O~ms
2!. ~9!

It is important that the light-quark masses are indep
dently extracted from various QCD sum rules. Knowing t
value of mu1md one calculates the nonstrange quark co
densate density from Eq.~8!. We take

^q̄q&[^0uūuu0&.^0ud̄du0&52~240610 MeV!3

~10!

in the isospin symmetry limit and at the renormalizati
scalem51 GeV. In what follows we adopt the chiral limi
for theu,d quarks having in mind thatmu,d!ms . The inter-
val for the strange quark mass is taken as

ms~1 GeV!5130620 MeV, ~11!

corresponding toms(2 GeV)5100615 MeV, obtained in
the two recent sum rule analyses@6#, in a good agreemen
with the lattice QCD results and a recent determination fr
t decays@7#. For the strange/nonstrange condensate ratio
adopt

^s̄s&5~0.860.3!^q̄q&, ~12!

in accordance with the early sum rule analyses for stra
baryons@8#. This interval also agrees with more recent es
mates@9#. We assume that the intervals in Eqs.~11! and~12!
are independent from each other.1 It is well known that a
numerical comparison of the two sides in Eq.~9! reveals a
rather largeO(ms

2) correction to the rhs~for a recent analy-
sis, see e.g.,@10#!. Importantly, the latter correction can als
be estimated using QCD sum rules for the correlation fu
tion P (K) at theO(ms

2) level @11,12#. The calculatedO(ms
2)

terms bring rhs of Eq.~9! to an agreement with the exper
mental value of its left hand side.

In this paper we use an alternative way to calculatef K and
f p , employing QCD~SVZ! sum rules@4# derived from the
invariant amplitudeP2 in Eq. ~4!. Taking into account the
condensates up to dimension 6~see Fig. 1! and subtracting
the sum rule forf p

2 from the one forf K
2 one obtains for the

ratio

1In QCD the ratio of strange and nonstrange condensates sh
be correlated with the mass difference ofs and u,d quarks. How-
ever, it is difficult to trace this correlation within the current acc
racy of the sum rules used to estimate these input parameters.
7-2
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f K
2

f p
2

5expS mK
2 2mp

2

M2 D
3H 11S M2

4p2f p
2 FexpS 2

s0
p

M2D 2expS 2
s0

K

M2D G
3S 11

as~M !

p D1
ms^s̄s&2md^q̄q&

f p
2 M2

1
16pas~M !

81f p
2 M4

~9^q̄q&^s̄s&1^ s̄s&2210̂ q̄q&2!D
3expS mp

2

M2D J , ~13!

where theO(ms
2) effects are neglected. In this approximatio

the gluon-condensate contributions cancel in the differe
of two sum rules, and the quark-gluon condensate terms
ish. In the above relation the duality threshold parame
s0

p50.7 GeV2 and the range of the Borel parameter 0
,M2,1.2 GeV2 are fixed from the SVZ sum rule for th
pion decay constant@4#. The corresponding parameter for th
kaon,s0

K , is fitted, to achieve the maximal stability of the rh
in Eq. ~13!. We obtains0

K51.0570.1 GeV2. In Fig. 2 the
ratio f K / f p is plotted, quite stable with respect toM2 and in
a good agreement with experiment. As expected, the re
ing interval f K / f p51.2060.04 is mainly caused by the un
certainties inms and ^s̄s&/^q̄q&. The sum rule relation~13!
can be further improved by including higher powers of ths
quark mass in the sum rule forf K

2 . To give an impression o
their magnitude we write down the complete answer for
loop diagram in this sum rule:

@ f K
2 # loop5

1

4p2Ems
2

s0
K

e(mK
2

2s)/M2S 12
3ms

4

s2
1

2ms
6

s3 D ds.

~14!

FIG. 1. The diagrams corresponding to the OPE for the co
lation function ~4!: ~a! The loop andO(as) corrections;~b! the
condensate contributions.
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Interestingly, the main contribution to the ratio~13! origi-
nates from the difference in the threshold parameters for
kaon and pion channel, whereas the quark-condensate
contributes with about 40%. The 4-quark condensate con
bution ~factorized@4# into the square of the quark conde
sates! is small. Note that parametricallys0

K.s0
p12As0

pms ,
i.e., the difference between the threshold parameters i
O(ms). One can easily expand the ratio~13! in SU~3!-
violating quantitiesms and ^ s̄s&2^q̄q& obtaining

f K / f p.11msF As0
p

4p2f p
2

e2s0
p/M2S 11

as~M !

p D2
^q̄q&

2 f p
2 M2G

1~^q̄q&2^s̄s&!
88pas^q̄q&

81M4f p
2

1O~ms
2!. ~15!

The above analysis clearly demonstrates that QCD s
rules directly relate the ratiof K / f p with the differences be-
tween strange and nonstrange quark masses and conden
This example justifies the use of sum rules for other SU~3!-
violating ratios considered below.

III. SU „3… VIOLATION IN HEAVY-TO-LIGHT FORM
FACTORS FROM LCSR

To obtain the factorizable part of a givenB→P1P2 am-
plitude (B5Bu,d,s ;P1,25p,K) one needs, in addition tof p
and f K , the B→P form factors at the momentum transfe
squaredq25mp

2 .0 or q25mK
2 . We define these form fac

tors in a standard way:

^P~p!uūgmbuB~p1q!&5 f BP
1 ~q2!F ~2p1q!m2

mB
22mP

2

q2
qmG

1 f BP
0 ~q2!

mB
22mP

2

q2
qm . ~16!

-

FIG. 2. The ratiof K / f p calculated from QCD sum rule~13! as
a function of the Borel parameter, in comparison with the expe
mental value~crosses!. The upper and lower solid curves indica
the interval of theoretical uncertainties. The arrows indicate the
evant interval ofM2.
7-3
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In the isospin symmetry limit there are only three flav
combinations:Bu,d→p, Bu,d→K andBs→K. Hereafter we
drop the flavor indexu,d at Bu,d retaining it only forBs .
The method of QCD LCSR’s@13–15# is used to calculate the
heavy-to-light form factors including SU~3!-violating effects.
Here we will concentrate on the latter aspect of this calcu
tion. Recent LCSR determinations off Bp

1 (q2) can be found
in @16,17#, f Bp

0 was calculated in@18,19#, f BK
1 in @20,19,16#,

and f BsK
1 in @21#.

Let us recall the basic steps of the LCSR derivation. T
correlation function used to calculate theB→p form factors
is

Fm~p,q!5 i E d4xeiqx^p1~p!uT$ūgmb~x!,mbb̄ig5d~0!%u0&

5pmF„~p1q!2,q2
…1qmF̃„~p1q!2,q2

…. ~17!

At large spacelike (p1q)2 and atq2!mb
2 the operator-

product expansion~OPE! around the light cone is used fo
the product of two currents in Eq.~17!. The virtual heavy-
quark fields are contracted whereas the light quarks form
light-cone distribution amplitudes~DA’s! of the pion, e.g.,
the lowest twist-2 pion DA defined in a standard way:

^p1~p!uū~x!gmg5d~0!u0&52 ipm f pE
0

1

dueiupxwp~u!.

~18!

The sum rule forf Bp
1 (q2) is obtained by equating the OP

result for the invariant amplitudeF to the dispersion relation
in the B-meson channel:

F„~p1q!2,q2
…5

2 f Bf Bp
1 ~q2!mB

2

mB
22~p1q!2

1(
Bh

2 f Bh
f Bhp

1 ~q2!mBh

2

mBh

2 2~p1q!2
,

~19!

where the ground-state contribution contains the form fac
multiplied by theB-meson decay constantf B . The remaining
standard steps of the derivation are the quark-hadron du
approximation for the sum over higher states in Eq.~19! and
the Borel transformation (p1q)2→M 82. The resulting
LCSR reads

f Bp
1 ~q2!5

f pmb
2

2mB
2 f B

E
u0

1 du

u
expS mB

2

M 82
2

mb
22q2ū

uM82 D
3S wp~u,m!1

mp

mb
Fuwp

(p)~u,m!1
ws

(p)~u,m!

3

2
uws

(p)8~u,m!

6
G D 1•••, ~20!

where ū512u, ws
(p)8(u)5dws

(p)(u)/du, u05(mb
2

2q2)/(s0
B2q2) ands0

B is the duality-threshold parameter
the B channel. The typical values of the Borel parameter
M 82;mB

22mb
2 , the same for the normalization scalem. The
11400
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twist 3 DA’s wp,s are normalized withmp5mp
2 /(mu1md),

nonvanishing in the chiral limit. Additional twist 3 contribu
tions of quark-antiquark-gluon DA, twist 4 effects@22# and
O(as) corrections@23# are not shown in the above expre
sion but will be taken into account in the numerical calcu
tion.

For theB→K form factor, one has to simply adjust th
quark flavors in the correlation function~17! replacing u
→s in the vector heavy-light current. Accordingly, the su
rule for f BK

1 is obtained from Eq.~20! by replacing DA’s:
wp→wK , wp.s

(p)→wp.s
(K) , etc. In addition there are trivial ‘‘ki-

nematical effects’’ caused by the shift of the variablep2

5mp
2 .0→p25mK

2 , yielding very smallO(mK
2 /mb

2) varia-
tions in the exponent and in the thresholdu0 in Eq. ~20!.
Effects of the same order originate from the variation of t
momentum transfer fromq250 to q25mK

2 .
Similarly, the correlation function for theBs→K transi-

tion is obtained by replacingd→s in the pseudoscala
heavy-light current in Eq.~17!. In this case one also has t
replacemB→mBs

and f B→ f Bs
. Note that the 2-point sum

rule calculation of theB decay constants includes SU~3! vio-
lation, similar to the case off K / f p . We will use the most
recent estimate@24#:

f Bs

f B
51.1660.05, ~21!

where the uncertainty originates mainly from^s̄s&/^q̄q& and
ms .

In the following, we will discuss the SU~3! violation in
LCSR caused by the differences between the kaon and
DA’s. It is possible to classify and estimate these effects
expanding DA’s in the asymptotic and nonasymptotic pa
One then uses two-point QCD sum rules to calculate
relevant nonperturbative parameters entering these ex
sions. The latter include the normalization factors and co
ficients of the nonasymptotic terms at a low normalizati
scale. The twist-2 DA normalization factors are simplyf p

and f K , so that one does not need a new calculation. T
twist-2 pion DA defined in Eq.~18! is symmetric with re-
spect tou→ū transformation~in the isospin limit!, and the
expansion goes over the even Gegenbauer polynomials:

wp~u,m!56u~12u!F11 (
n52,4,6, . . .

an
p~m!Cn

3/2~2u21!G ,
~22!

whereas the kaon DA contains also the odd polynomials

wK~u,m!56u~12u!F11a1
K~m!C1

3/2~2u21!

1 (
n52,3,4, . . .

an
KCn

3/2~2u21!G . ~23!

In the convention adopted here,u is the longitudinal momen-
tum fraction of the strange quark in the kaon.
7-4



e

th
ca

.

fo
o

co

x-

s

e

-

rk-

al-

in

s

cal-

nd
ve,

r-
3,4
o

lcu-

the
Note
e of
or-

c-

een

ore-

.
i

fi
sir

ic
sa

ons

FLAVOR SU~3! SYMMETRY IN CHARMLESS B DECAYS PHYSICAL REVIEW D68, 114007 ~2003!
The coefficienta1
K is related to the difference between th

average momentum fractions ofs and d̄(ū) quarks in
K̄0(K2): a1

K55/3̂ xs2xu,d&55/3*0
1du(2u21)wK(u). The

parametera1 was originally estimated@25# using 2-point
sum rules for the kaon-interpolating currents. Recently,
sum rule based on the nondiagonal correlator of pseudos
and axial-vector currents was reanalyzed in@26# where a sign
error in the previous answer@25# for the loop diagram was
found and the importantO(as) correction was calculated
We will use the numerical estimate obtained in@26#:2

a1
K~1 GeV!520.1860.09. ~24!

In our numerical analysis the asymptotic DA is taken
wp . In order to investigate the uncertainties caused by p
sible nonasymptotic effects we allow for a nonvanishing
efficienta2

p . With this simple ansatz, the comparison@27# of
the LCSR for the pion electromagnetic form factor with e
periment yields the interval 0,a2

p(1 GeV),0.4. In order to
estimate the correspondinga2

K , we use the relation@25,26#
obtained by subtracting the QCD sum rule fora2

p from the
one fora2

K @neglecting theO(as) parts#:

a2
K5

emK
2 /M2

f K
2 Fa2

p f p
2 1

14

3 S ms^s̄s&

2M2
2

5ms^s̄smnGmns&

12M4

1
8pas

27M4
@3^q̄q&^s̄s&25^q̄q&212^ s̄s&2# D G . ~25!

In the aboveGmn[gsG
amn(la/2). The input is the same a

in the sum rule forf K
2 / f p

2 considered in Sec. II, in addition
only the quark-gluon condensate densities have to be sp
fied. For them we adopt

^q̄smnGmnq&5@~0.860.2! GeV2#^q̄q&,

^s̄smnGmns&

^q̄smnGmnq&
5

^s̄s&

^q̄q&
. ~26!

The sum rule~25! yields for the above interval ofa2
p

20.11,a2
K,0.27, ~27!

which includes the interval obtained in@26#. Note that ac-
cording to the sum rules the SU~3!-symmetry breaking gen

2We have checked that the signs found in@26# are indeed correct
Note that according to this result the sign of the asymmetry
negative, opposite to the naive expectation for the heaviers quark to
have, in average, a larger longitudinal momentum fraction. To
nally establish this important parameter of the kaon DA it is de
able to recalculate it with the same accuracy as in@26# also from the
diagonal correlator of the two axial-vector currents, a study wh
is beyond the scope of this work. So far, only the quark-conden
term of the diagonal sum rule is known@25# yielding a positive sign
for a1.
11400
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erates a nonasymptotic part of the kaon DA~both a1,2Þ0)
even if the pion DA is purely asymptotic.

Concerning higher twist DA’s entering3 LCSR we first
determine the normalization factors. The twist 3 qua
antiquark DA’s wp,s

(p) and wp,s
(K) are normalized bymp

5mp
2 /(mu1md)522^q̄q&/ f p

2 and mK5mK
2 /(mu1ms),

fixed by our choice of the quark condensate density andms ,
respectively. The remaining input parameters are the norm
ization factors f 3p,3K and dp,K

2 of the twist-3 quark-
antiquark-gluon and twist-4 DA’s, respectively, as defined
@28,29#. We use f 3p50.0035 GeV2 and dp

2 50.17
60.05 GeV2 determined from the two-point QCD sum rule
@30,31,25#. To assess the level of SU~3! violation in these
parameters we present in the Appendix a new sum rule
culation ofdK

2 , yielding

dK
2 f K

dp
2 f p

51.0720.13
10.14. ~28!

For f 3K , the sum rule calculation is more complicated a
we postpone it to the future. Having in mind the result abo
we assume

f 3K

f 3p
51.060.2. ~29!

We also adopt purely asymptotic higher twist DA’s, in pa
ticular we neglect possible asymmetries in the kaon twist
DA’s analogous toa1

KÞ0. At the same time, we take int
account the mass corrections to the twist 3,4 kaon DA’s@29#,
due to the mixing of various twists at theO(mK

2 ) level.
Having specified the DA parameters we are able to ca

late the form factors numerically, using LCSR~20! and the
analogous sum rules forB→K andBs→K form factors. The
remaining input parameters are the same as in@16#: mb

54.760.1 GeV ~the one-loopb-quark pole mass!, s0
B535

72 GeV2, andM 8258 –12 GeV2. The normalization scale
is mb5mB

22mb
2 . With the above input we predictf Bp

1 (0)
50.2520.02

10.05, an interval close to the ones obtained in@16,17#.
Simultaneously, the following ratio of theB→K andB→p
form factors is obtained:

f BK
1 ~0!/ f Bp

1 ~0!51.0820.17
10.19, ~30!

where the separate uncertainties due to the spread of
independent input parameters are added in quadrature.
that thes-quark mass and the condensate-ratio dependenc
all input parameters in LCSR is taken into account in a c
related way. Numerically, the SU~3! violation effect origi-
nates mainly from the ratio of the twist 2 normalization fa
tors f K / f p and from the asymmetrya1

KÞ0. Both quantities
are calculable from 2-point sum rules, as we have s
above. We can thus trace the origin of the ratio~30! to ms
and the ratio of strange and nonstrange condensates. M

s

-
-

h
te

3The complete set of the twist 3,4 DA’s of pseudoscalar mes
worked out in@28,29# can be found, e.g. in Appendix B of@27#.
7-5
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over, the uncertainty of our predictions is to a large ext
due to the variation ofms and of the condensate ratio. Th
remaining uncertainties in both sum rules, such as the o
caused by the intervals ofmb andM 82 largely cancel in the
ratio.

Turning to theBs→K transition, we note that here th
strange-nonstrange asymmetry in the kaon DA has ef
tively a sign opposite to theB→K case, because thes quark
is now a ‘‘spectator.’’ In other words, we can use in LCS
the same DAwK(u) but with a1

K having an opposite sign. W
obtain

f BsK
1 ~0!/ f Bp

1 ~0!51.4020.13
10.12, ~31!

quite a substantial effect. Our numerical results~30! and~31!
are different from the ones obtained earlier in@20,19,16,21#
because of the sign change of the parametera1. Note that
LCSR predict substantial magnitudes of SU~3! violation also
for the ratios of theB→r,K* ,f form factors@32#.

In addition, we have checked numerically that the chan
of the kinematical variablep2 from zero tomK

2 in the corre-
lation function as well as the switch to the momentum tra
fer q25mK

2 , being bothO(mK
2 /mb

2) are <1%. Having in
mind uncertainties of our calculation we neglect the lat
small changes and use in all amplitude relationsf BP

0 (mK
2 )

. f BP
0 (mp

2 )5 f BP
0 (0)5 f BP

1 (0), so that the factorizable am
plitudes defined in Eq.~3! are

Af act~B→P1P2!. i
GF

A2
mB

2 f P2
f BP1

1 ~0!. ~32!

Finally, using Eqs.~30! and ~31! we predict SU~3! viola-
tion in the factorizableB→P1P2 amplitudes, for all possible
flavor configurations~in the isospin limit!:

Af act~B→pK !5
f K

f p
Af act~B→pp!

51.22

Af act~B→Kp!51.0820.17
10.19

Af act~B→KK̄ !51.3120.21
10.24

Af act~Bs→KK̄ !51.7620.17
10.15

Af act~Bs→Kp!51.4520.14
10.13%

6 3Af act~B→pp!.

~33!

We conclude that in certain cases flavor SU~3! is not a
reliable symmetry for charmlessB decays. Instead of usin
SU~3! relations one should better rely on the QCD calcu
tion of separate decay amplitudes.

IV. HEAVY QUARK LIMIT OF SU „3… VIOLATION

With the help of LCSR it is possible to study themb
→` behavior of theB→P form factors. Making the stan
dard substitutions:mB

25mb
212mbL, s0

B5mb
212v0mb , so

that u0
B.12v0 /mb , M 8252mbt and f B5mb

21/2f̂ B one ex-
11400
t

es

c-

e

-

r

-

tracts the heavy mass scale in allmb-dependent parameter
in the sum rule~20!, obtaining

lim
mb→`

f Bp
1 ~0!5mb

23/2H f p

2 f̂ B

expS L

t D E
0

2v0
dr expS 2

r

t D J
3F2rwp8 ~1!1mpS wp

(p)~1!2
ws

(p)8~1!

6
D G

1O~mb
25/2!. ~34!

Replacingp→K with our choice of twist 2 DA we get
wp→wK(u)56u(12u)@113a1(2u21)#, with a1
;O(ms /M ) and the scaleM;1 GeV. We immediately no-
tice that certain SU~3! violating effects survive in the ratio
f BK / f Bp at mb→`. The fact that the flavor SU~3! symmetry
remains broken in the heavy-quark limit seems quite natu
Even if the light quarks in theB→P transition originate
from the decay of a very heavyb quark, there is always a
long-distance part of SU~3! violation manifesting itself in the
ratios of normalization constantsf K / f p , mK /mp and in the
asymmetry in the kaon twist-2 DA.

V. SU„3… VIOLATION IN NONFACTORIZABLE
AMPLITUDES

After having calculated the magnitude of SU~3! violation
in the factorizableB→P1P2 amplitudes, the remaining tas
is to investigate the SU~3! effects in the process-depende
nonfactorizable contributions. We will mainly concentrate
the charmless decay amplitudes entering relation~1!. The
effective weak Hamiltonian is given by

HW5
GF

A2
(

i
l iciOi , ~35!

wherel i , ci , andOi are the CKM factors, Wilson coeffi-
cients and effective operators, respectively. Each decay
plitude can be represented as a decomposition in the
ronic matrix elements ofOi with different contractions of
quark lines~topologies! @33#:

A~B→P1P2![^P1P2uHWuB&

5 (
T5E,P,A, . . .

AT~B→P1P2!

5
GF

A2
(

T5E,P,A, . . .
(

i
l ici^P1P2uOi uB&T .

~36!

For the decay channels involved in relation~1! it is sufficient
to consider the hadronic matrix elements of the curre
current operatorsO1,2 in the emission topology. These matr
elements are the only ones which enterA(B2→p2p0).
7-6
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The additional annihilation and penguin contributions
A(B2→p0K2) cancel~in the isospin symmetry limit! with
the amplitudeA(B2→p2K̄0) which contains only annihila-
tion and penguin terms~remember that we neglect ele
troweak penguins!, so that
is

d
t

n
m
nt
-
:

d

11400
A2A~B2→p0K2!1A~B2→p2K̄0!5A2AE~B2→p0K2!.
~37!

The two relevant amplitudes are given by the followin
combinations of hadronic matrix elements:
AE~B2→p0K2!5
GF

A2
VusVub* H S c11

c2

3 D ^p0K2uO1
(s)uB2&E12c2^p

0K2uÕ1
(s)uB2&E

1S c21
c1

3 D ^K2p0uO2
(s)uB2&E12c1^K

2p0uÕ2
(s)uB2&EJ

5
VusVub*

A2
FAf act~B→pK !S c11

c2

3
12c2r E

BpKD1Af act~B→Kp!S c21
c1

3
12c1r E

BKpD G , ~38!

A~B2→p2p0!5
GF

A2
VudVub* H S c11

c2

3 D ^p0p2uO1
(d)uB2&E

12c2^p
0p2uÕ1

(d)uB2&E1S c21
c1

3 D ^p2p0uO2
(d)uB2&E12c1^p

2p0uÕ2
(d)uB2&EJ

5
VudVub*

A2
Af act~B→pp!F4

3
~c11c2!12~c11c2!r E

BppG , ~39!
a-

y

in
ri-

e

where the current-current operators areO1
(n)5(n̄Gmu)

3(ūGmb) and O2
(n)5(ūGmu)(n̄Gmb), @n5s,d;Gm5gm(1

2g5)# and we used Fierz transformationsO1,2
(n)5 1

3 O2,1
(n)

12Õ2,1
(n) , so that Õ1

(n)5@ n̄Gm(la/2)u#@ ūGm(la/2)b# and

Õ2
(n)5@ ūGm(la/2)u#@ n̄Gm(la/2)b#. In relations ~38! and

~39! we introduced the ratios of matrix elements in the em
sion topology:

r E
(BP1P2)

5
^P1P2uÕi

(n)uB&E

^P1P2uOi
(n)uB&E

, ~40!

where i 51 or 2 andP2 is the emitted meson. In the thir
lines in Eqs.~38!, ~39! we take into account that, in firs
approximation, the matrix elements ofO1,2 coincide with the
corresponding factorizable amplitudes. The matrix eleme
of Õ1,2 accumulate nonfactorizable effects originating fro
the hard- and soft-gluon exchanges. We will take them i
account inO(as) andO(1/mb), respectively. Using the no
tation introduced in Eq.~2!, we separate these two effects

r E
(BP1P2)

5
asCF

p
dE

(BP1P2)
1

lE
(BP1P2)

mB
. ~41!

The hadronic matrix elements ofÕ1,2 and correspondingly
the ratiosr E

BP1P2 are calculable from LCSR using the metho
suggested in@34#.
-

ts

o

To exemplify the LCSR calculation we consider the m
trix element^p1K2uÕ1

(s)uB̄0&E5r (BpK)Af act(B→pK). The
starting point is the correlation function

Fa
(BpK)~p,q,k!52E d4xe2 i (p2q)xE d4yei (p2k)y

3^0uT$ j a
(K)~y!Õ1

(s)~0! j 5
(B)~x!%up2~q!&

5~p2k!aF (BpK)1••• ~42!

where j a
(K)5ūgag5s and j 5

(B)5 imbb̄g5d are the quark cur-
rents interpolating kaon andB meson, respectively. We onl
need the invariant amplitudeF (BpK) which depends on the
kinematical invariants (p2q)2, (p2k)2 and P2[(p2q
2k)2, the other amplitudes in Eq.~42! are denoted by el-
lipses. Following the derivation in@34#, one uses dispersion
relations, quark-hadron duality and Borel transformation
both kaon andB meson channels characterized by the va
ables (p2k)2 and (p2q)2, respectively. The variableP2 is
analytically continued to the physical pointmB

2 , so that the
artificial momentumk vanishes in the resulting LCSR for th
hadronic matrix element:

^K2~p!p1~2q!uÕ1uB̄0~p2q!&

5
2 i

p2f Bf KmB
2Emb

2

s0
B

ds2e(mB
2

2s2)/M82E
ms

2

s0
K

ds1e(mK
2

2s1)/M2

3Ims2
Ims1

F (BpK)~s1 ,s2 ,mB
2 !. ~43!
7-7
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The amplitudeF (BpK) and its imaginary part are calculate
using light-cone OPE in the domain (p2k)2,(p2q)2,P2

,0,u(p2q)2u,u(p2q)2u,uP2u@LQCD . It is important for the
consistency of the method that the factorizable amplitu
containing the product off K and the LCSR forB→p form
factor can be restored@34# from the correlation function
similar to Eq. ~42! but with the operatorO1

(s) . The corre-
sponding tree-level diagram is shown in Fig. 3.

The QCD result forF (BpK) is determined by the diagram
shown in Figs. 4 and 5 which contain an additional glu
exchange that violates factorization. These diagrams re
sent convolutions of hard-scattering amplitudes formed
virtual quarks and gluons at light-cone separations, with
pion light-cone DA’s of growing twist accumulating th
long-distance dynamics.

So far, only the soft-gluon part of the sum rule forB
→pp was obtained@34# resulting in the estimate fo
lE

(Bpp) . Here we will extend this calculation to the channe
with kaons in order to obtainlE

(BpK) andlE
(BKp) . The soft-

gluon contribution toB→pK originates from the diagram in
Figs. 4a and 4b which are similar to the diagrams determ
ing the LCSR relation forlE

Bpp obtained in@34#. In addition,
for the correlation function~42! there are new diagram
shown in Figs. 4b and 4c which are absent in the case oB
→pp ~in the chiral limit!. These diagrams correspond to t
four-quark-gluon contributions to the pion DA and are fa
torized in terms of the quark condensate and qua
antiquark-gluon DA. Similar condensate contributions ha
been taken into account in LCSR for the penguin ma
elements inB→pp @35# where one can find a more detaile
discussion. The sum rule relation obtained from Eq.~43!
reads

lE
(BpK)5

mB

f Bp
1 ~0!

S 1

4p2f K
2 E0

s0
K

dse2s/M2D
3S mb

2

2 f BmB
4Eu0

B

1 du

u2
emB

2 /M822mb
2/uM82

3Fmbf 3pS 11
4p2ms^q̄q&

3M4
2

4ms
2

M2 D
3E

0

udv
v

w3p~12u,u2v,v !

1 f pdp
2 @11O~ms^q̄q&!#w̃p

tw4~u!G D , ~44!

wherew3p(a i)5360a1a2a3
2 is the twist-3 quark-antiquark

gluon DA taken in the asymptotic form andf 3p is the corre-
sponding normalization constant. We have also taken
account theO(ms

2) correction to the perturbative loop an
the twist-3 part of the quark-condensate term. Since this t
turned out to be numerically extremely small we have
glected the correspondingO(ms^q̄q&) twist-4 contribution
indicated in Eq.~44!. The same argument holds for the co
11400
e

e-
y
e

-

-
-

e
x

to

m
-

rections of orderms
2/M2 to the twist-4 part which we calcu

lated but found to be negligible. Consequently, in Eq.~44!,
w̃ tw4(u) denotes the same combination of twist 4 qua
antiquark-gluon DA’s which enters LCSR forB→pp, and
can be easily read off from Eq.~30! in @34#. Finally, for
f Bp

1 (0) we use LCSR~20!. Comparing the sum rule fo
l (BpK) with the one forl (Bpp) one immediately recognize
that SU~3! violation originates from the differences in th
emitted meson channels:f K vs f p , s0

K vs s0
p and the absence

of the quark-condensate andO(mq
2) terms inl (Bpp). In the

B→Kp channel~with the emitted pion! the SU~3! violation
with respect toB→pp has another origin and is due to th
differences between the kaon and pion DA’s which were
ready discussed in the previous section. Thus, in orde
obtain the sum rule forl (BKp) one has to replace in Eq.~44!
f Bp

1 (0)→ f BK
1 (0), f K(p)→ f p(K) , s0

K→s0
p , ms→0 ~quark

condensate terms vanish!, f 3p→ f 3K , w3p→w3K , dp
2 →dK

2 ,

w̃p
tw4→w̃K

tw4 . Numerically, we obtain

lE
(Bpp)5110640 MeV, lE

(BpK)5120243
134 MeV,

lE
(BKp)5109245

139 MeV, ~45!

where the uncertainties are correlated. We find that the m
nitude of SU~3! breaking in lE

(BP1P2) is generally smaller
than in the form factors revealing that the effects due toms

and^s̄s&/^q̄q& largely cancel in the ratios of nonfactorizab
and factorizable amplitudes.

The two-loop diagrams in Fig. 5 have not been calcula
yet, nevertheless in order to clarify the origin of SU~3! ef-
fects it is sufficient to write down the answer for these d
grams in a generic form:

Ims2
Ims1

F (BpK)~s1 ,s2 ,mB
2 !(Fig. 5)

5
asCF

p
@T5a,b~s1 ,s2 ,mb ,ms

2!

1ms^q̄q&T5c,d~s1 ,s2 ,mb!#wp~s2 /mb
2!, ~46!

where, for simplicity, only the leading twist-2 part is show
In the above, the indices at the hard amplitudesT denote the
corresponding diagrams. Substituting Eq.~46! in Eq. ~43! we
observe that SU~3! violation with respect toB→pp is again
due to the differences in the channel of the emitted mes
~1! f KÞ f p , s0

KÞs0
p ; ~2! quark condensateO(ms) contribu-

FIG. 3. Tree-level diagram corresponding to the correlat
function similar to Eq.~42!, with operatorO1

(s) .
7-8
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FIG. 4. Diagrams correspond
ing to the soft-gluon contributions
in the correlation function~42!.
s

e

te
oy
n
n
n

of
al

trix

R
ex-
tors
use
tions; ~3! O(ms
2) effects. The analogous expression forB

→Kp is obtained by the following replacements in Eq
~46!, ~43!: wp→wK , s0

K→s0
p , f K→ f p , ms→0. As in the

case of the soft contribution, now the differences betwe
DA’s of kaon and pion determine the SU~3! violation.

After this qualitative discussion we still need to estima
the hard-gluon contribution numerically. For that we empl
QCD factorization. The expressions for the matrix eleme
can be found in@3# and we will not repeat them here. As a
input in this calculation we use the LCSR form factors, a
adopt the normalization scalemb . In addition we take from
@3# the inverse moments of theB meson DA and of the pion
twist 3 DA: lB50.3560.15 GeV andXp

H52.462.4 GeV,
respectively. The numerical result is

asCF

p
dE

(Bpp)5~20.025!2~10.044!20.045i ,
11400
.

n

ts

d

asCF

p
dE

(BpK)5~20.035!2~10.032!2~0.04060.002!i ,

asCF

p
dE

(BKp)5~20.029!2~10.055!20.045i . ~47!

The uncertainties in the real parts are due to the spread inlB

anda2
p,K , and the small uncertainty in the imaginary part

dE
(BpK) is due toa1

K . Altogether the uncertainties in the re
parts overshoot the ones related to the SU~3! breaking. Com-
bining Eqs.~45! and ~47! we obtain the parametersr (BP1P2)

that are needed to complete the calculation of the ma
elements~38! and ~39!.

Before closing this section, let us mention that the LCS
analysis of nonfactorizable contributions can easily be
tended to the matrix elements of the quark-penguin opera
O326 as far as the emission topology is concerned. Beca
s

e.
e

FIG. 5. Some of the diagram
corresponding to theO(as) con-
tributions in the correlation func-
tion ~42!: ~a,b! hard-gluon,~c,d!
hard-gluon and quark condensat
The similar diagrams where th
gluon is attached to theb- and
d-quark lines are not shown.
7-9
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of the (V1A) structure of the operatorO5 @which becomes
(S1P) after Fierz transformation#, we expect the result to
change qualitatively: First, in the chiral limitmq→0, the
diagrams in Figs. 4a and 4b have to vanish due to ch
symmetry. Consequently, the loop diagram is proportiona
ms if the emitted particle is a kaon, and vanishes if it is
pion. Second, due to the changed Dirac structure of the
relator, the leading twist is 4. This implies that the soft-glu
nonfactorizable correction is suppressed by 1/mb

2 . In total,
we get a result of the form

lV1A
BP1K

mB
;OS LQCD

mb
2 D FO~ms!1OS ^s̄s&2^ūu&

M2 D G . ~48!

It is interesting to note that also the quark condensate t
vanishes if the emitted particle is a pion, as long as we r
on isospin symmetry. We postpone a more detailed stud
these contributions, as well as the analysis of the SU~3! vio-
lation in the penguin-topology contributions~generated by
current-current and penguin operators! to the future. In fact,
or

ts
fo
at

a

o

o
bu
th
te

11400
al
o

r-

m
ly
of

some results can already be read off from the LCSR e
mates for gluonic penguins and charming penguins@35# re-
placing pions by kaons. However, in most ofB→PP decay
amplitudes, the penguin effects are accompanied by ann
lation contributions. The latter have not yet been analyz
within the LCSR approach. The annihilation amplitudes w
hard-gluon exchanges are also problematic for the QCD
torization approach. Therefore the uncertainties caused
annihilation effects are at the moment certainly larger th
any SU~3!-breaking in the penguin amplitudes.

VI. HOW ACCURATE ARE THE SU „3… RELATIONS?

After analyzing the rate of the SU~3! violation for differ-
ent elements of theB→PP amplitudes we are now in a
position to return to relation~1! and calculate the magnitud
of its violation representing the individual amplitudes
terms of the factorizable parts and nonfactorizable corr
tions. As we already mentioned, in this particular relation
penguin and annihilation contributions are absent. We ob
dSU(3)5
~c11c2/312c2r E

BpK! f K / f p1~c21c1/312c1r E
BKp! f BK / f Bp

@~c11c2/312c2r E
Bpp!1~c21c1/312c1r E

Bpp!#
21. ~49!
for

y of

-
s
ad-
d
e
m
-

vor
es
Using the numerical results forr E
Bpp , r E

BpK andr E
BKp ob-

tained in the previous section and the ratio of form fact
~30! we obtain

dSU(3)5~0.2120.014
10.015!1~0.00820.015

10.013!i . ~50!

For consistency the Wilson coefficientsc1,2 have been taken
at the same scalemb at which the hadronic matrix elemen
have been calculated from LCSR. Importantly, our result
dSU(3) has a rather small uncertainty indicating a moder
SU~3! breaking in the relation~1! which can be taken into
account in the applications of this relation.

To demonstrate that the situation is not always like th
let us consider the U-spin relation

A~Bs→K1K2!.A~Bd→p1p2! ~51!

which is employed in certain CP-violation studies@1#. From
the results obtained above we are able to predict the rati
factorizable hadronic matrix elements ofO1 for these chan-
nels ~written without CKM factors!,

Af act~Bs→K1K2!

Af act~Bd→p1p2!
5S f K

f p
D S f BsK

~0!

f Bp~0!
DmBs

2 2mK
2

mB
22mp

2
51.7620.17

10.15.

~52!

The nonfactorizable corrections to these relations are m
complicated and include annihilation and penguin contri
tions which are not discussed here. We only notice that
predicted violation of the U spin is quite substantial. No
s

r
e

t,

of

re
-
e

that on general grounds there is actually no preference
U-spin symmmetry with respect to the general SU~3!. Fi-
nally, with our results one can also estimate the accurac
the other relation

A~Bs→K1K2!.A~Bd→p1K2! ~53!

suggested@1# as an estimate for theBs→K1K2 amplitude.
We get~neglecting nonfactorizable corrections!

A~Bs→K1K2! f act

A~Bd→p1K2! f act

5S f BsK
~0!

f Bp~0!
DmBs

2 2mK
2

mB
22mp

2
51.4520.14

10.13,

~54!

again, a rather large SU~3!-violation effect.

VII. CONCLUSION

We have demonstrated that QCD sum rules providequan-
titative estimates ofSU(3)-violating corrections to the am
plitude relations for charmlessB decays. Our main goal wa
to formulate a consistent approach where all relevant h
ronic matrix elements~decay constants, form factors an
hadronic decay amplitudes! are calculated with the sam
method ~a combination of two-point and light-cone su
rules! and using a universal input~quark masses, conden
sates, and meson distribuition amplitudes!. The clear advan-
tage of this approach is the possibility to calculate the fla
symmetry-violating corrections in terms of the differenc
between thes andu,d quark masses and condensates.
7-10
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FLAVOR SU~3! SYMMETRY IN CHARMLESS B DECAYS PHYSICAL REVIEW D68, 114007 ~2003!
For the SU~3! relation that we have taken as a study ca
we predict a moderate correction, with small uncertaint
indicating that the method works, despite the fact that Q
sum rules have limited accuracy. Simultaneously, we h
demonstrated that, according to LCSR, SU~3! violating ef-
fects in the heavy-light form factors are not suppressed in
mb→` limit. Furthermore, the sum rule approach is able
identify the cases where accumulation of several effe
leads to a large SU~3! breaking, such as in the U-spin rela
tion between the factorizable amplitudesBs→K1K2 andB
→p1p2. In such cases flavor symmetry is not reliable a
an actual QCD calculation for separate decay amplitude
preferable.

The accuracy of our calculation can still be improve
with a better knowledge ofms and the nonperturbative pa
rameters of the kaon DA’s (a1

K , a2
K , dK

2 etc.!. Note that hav-
ing at hand precise measurements ofD→K and kaon elec-
tromagnetic form factors and comparing the sum r
predictions for these form factors with the data, one m
gain a lot of important constraints on these parameters
improve the accuracy of the results obtained above.
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APPENDIX: NORMALIZATION PARAMETER OF THE
TWIST 4 KAON DA

The normalization parameter of the twist-four DA’s of th
kaon has not been calculated yet. The corresponding nor
ization for the pion is given by the nonperturbative quant
dp

2 , defined by the matrix element

^0uãmup1~p!&52 i f pdp
2 pm ~A1!

of the current
.L.

da

s.

ig

11400
,
,

D
e

e

ts

d
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,

e
y
nd

f

-

al-

ãm5d̄grG̃rmu, ~A2!

where G̃rm5 1
2 ermabGab. It was determined in@30# using

standard two-point sum rules. Two different approaches w
used, the results of which where shown to be in a go
agreement. The first one is based on the non-diagonal
relator of ãm with j n

(p) and is sensitive to the gluon conde
sate density. We prefer to use the diagonal correlator

p̃mn~q!5 i E eiqxd4x^0uT$ãm
† ~x!,ãn~0!%u0&. ~A3!

In order to calculatedK
2 one simply has to replaced→s in

the currents. The correlator consists of two independ
structures,;qmqn and ;gmn , of which only the first one,
denoted asp̃(q2), is of interest. Following the standard pro
cedure with dispersion relation, quark-hadron duality a
Borel transformation, the sum rule is obtained:

dK
4 f K

2 5
1

pE0

s0
K

ds Imsp̃
QCD~s!e(mK

2
2s)/M2

. ~A4!

The intermediate hadronic states are the same as in the
rule for f K , so that the hadronic threshold parameters0

K and
the Borel window are fixed:s0

K51.05 GeV2, 0.5 GeV2

,M2,1.2 GeV2. For the calculation of the correlator i
QCD, we take into account condensates up to dimensio
except the d55 quark-gluon condensate which is su
pressed. Also the perturbative part shown to be negligible
@30# is left out. Our result reads

dK
4 f K

2 5emK
2 /M2H M2Fasms

6p S ^s̄s&2
4

3
^ūu& D1

1

72K as

p
G2L G

1
8

9
pas^s̄s&^ūu&J 1O~ms

2!1O~ms^q̄Gq&!. ~A5!

In the limit ms→0, mK→mp'0, the quark condensate doe
not contribute and this expression agrees with the orig
result fordp

4 f p
2 .
.
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