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B\f 0„980…K „* … decays and final state interactions
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We study the exclusive decays ofB→ f 0(980)K (* ) in the framework of perturbative QCD by identifying

f 0(980) as the composition ofs̄s and n̄n5(ūu1d̄d)/A2. We find that the influence of then̄n content on the
predicted branching ratios is crucial. We discuss the possible rescattering and gluonium states which could
enhance the branching ratios of the considered decays. We point out that theCP asymmetry in B
→ f 0(980)KS,L could be a new explorer of sin 2f1.
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Recently, Belle@1# and BaBar@2# have opened new chan
nels in three-body nonleptonicB decays, such asB
→KKK, KKp, and Kpp decays. In particular, Belle ha
observed the decay ofB1→ f 0(980)K1 with the branching
ratio ~BR! product of Br(B1→ f 0(980)K1)3Br( f 0(980)
→p1p2)5(9.622.321.520.8

12.511.513.4)31026 @1#. Since f 0(980) is a
neutral scalar meson, the measuredB→ f 0(980)K decays not
only show for the first time thatB decays to scalar
pseudoscalar final states but also provide the chance to
derstand the content off 0(980) and its production.

The essential inner structure of the scalar mesonf 0(980)
is still obscure since it was established first by Ref.@3# with
a phase shift analysis. In the literature,f 0(980) could be
four-quark states denoted byqqq̄q̄ @4# or KK̄ molecular
states@5# or q̄q states@6#. However, one objection agains
the possibility ofKK̄ states is that the binding energy
10–20 MeV for KK̄ is much smaller than the measure
width in the range 40–100 MeV@7#. It is suggested that, in
terms of the measuredf→ f 0(980)g and f 0(980)→gg
@7–10# decays andDs

1→ f 0(980)p1 decay@10,11#, the fla-

vor contents off 0(980) are mostlys̄s and a small portion of
n̄n5(ūu1d̄d)/A2. In this paper, we takef 0(980) to be
composed of q̄q states and useu f 0(980)&5cosfsus̄s&
1sinfsun̄n& to denote its flavor wave function.

Before presenting our perturbative QCD~PQCD! calcula-
tion to the decays, we would like to give a brief mode
independent analysis ofB→ f 0(980)K. For simplicity, our
analysis will only concentrate on the dominant factoriza
parts and regard thef 0(980) as the composition ofs̄s so that
at the quark level the process corresponds tob→ss̄s decay.
Since, at the quark level, the physics forB→fK decays is
the same asB→ f 0(980)K (* ), we first examine thefK
mode. We start by writing the effective Hamiltonian for th
b→s transition as

Heff5
GF

A2
(

q85u,c

Vq8FC1~m!O 1
(q8)1C2~m!O 2

(q8)

1(
i 53

10

Ci~m!Oi G ,

where Vq85Vq8s
* Vq8b are the products of the Cabibbo
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e

Kobayashi-Maskawa~CKM! matrix elements,Ci(m) are the
Wilson coefficients~WCs!, and Oi correspond to the four-
quark operators. The explicit expressions ofCi(m) and Oi
can be found in Ref.@12#. It is known that the vector meso
f has the current matrix elements

^0us̄gmsuf&5mf f f«m , ^0us̄suf&50. ~1!

Therefore the decay amplitude ofBd→fK0 can be simply
described by@13#

A~Bd→fK0!5 f fVt* ~a3
(s)1a4

(s)1a5
(s)!Fe

BK

12 f BVt* a6
(d)Fa6

fK1•••, ~2!

whereai
(q) are defined by

a15C11
C2

Nc
, a25C21

C1

Nc
,

a3,4
(q)5C3,41

3eq

2
C9,101a3,48(q) ,

a3,48(q)5
C4,3

Nc
1

3eq

2Nc
C10,9, ~3!

a5,6
(q)5C5,61

3eq

2
C7,81a5,68(q) ,

a5,68(q)5
C6,5

Nc
1

3eq

2Nc
C8,7.

Note that a2 is larger thana1 and a4,6
(q) are much larger

than a3,5
(q) , Fe

BK is the B→K decay form factor andFa6
fK

denotes ^fKus̄g5du0& annihilation effect. We neglec
^fKus̄gmg5du0& due to the chirality suppression. Accordin
to the results of Ref.@14#, the predicted BR ofBd→fK0 is
around;9.631026 which is consistent with Belle’s and Ba
Bar’s results given by (10.021.721.3

11.910.9)31026 @15# and
(8.721.5

11.760.9)31026 @16#, respectively. However, in theB
→ f 0(980)K0 decay the relevant current matrix elements a
given by

^0us̄gmsu f 0~980!&50, ^0us̄su f 0~980!&5mf 0
f̃ , ~4!
©2003 The American Physical Society12-1
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where mf 0
( f̃ ) are the mass~decay constant! of f 0(980).

From Eqs.~1! and ~4!, it is clear that the situation in the
f 0(980)K0 mode is just opposite to the case offK0, i.e., the
role in the vector and scalar vertex is exchanged with e
other. Hence the decay amplitude forB→ f 0(980)K0 can be
simply written as

A~Bd→ f 0~980!K0!52r f f̃ Vt* a6
(s)Se

BK

12 f BVt* a6
(d)Fa6

f 0K
1•••, ~5!

wherer f5mf 0
/MB , Se

BK5^Kub̄suB&/MB and the factor of 2

comes from Fierz transformation in the (V2A)3(V1A)
operator. By takingMB'mb with mb being the b-quark
mass, one can expectSe

BK'Fe
BK by equation of motion.

Comparing Eq.~2! with Eq. ~5!, it is obvious that there is a
suppression factorr f50.186 in B→ f 0(980)K0. Including

the factor of 2, takinga6
(s)(AL̄MB)/a4

(s)(AL̄MB)'1.5 and

f̃ ; f f and neglecting the annihilation contributions, we es
mate the ratio of Br(B→ f 0(980)K0)/Br(B→fK0) being
around 0.31. With the average value of Belle and BaBar,
predicted Br(B→ f 0(980)K0) is around 2.831026. Will the
value change while we include then̄n content and annihila-
tion contributions? In the following we display the results
a more serious theoretical approach.

It is known that large uncertainities are always involved
the calculations of transition matrix elements while study
exclusive hadron decays. Nevertheless, the problem will
come mild in the heavyB meson decays because of the en
mousB samples produced byB factories. That is, more pre
cise measurements will help the theory to pin down
unknown parameters to make some predictions. In this pa
we adopt the PQCD approach in which the applications
exclusive heavyB meson decays, such asB→Kp @19#, B

→pp(KK) @20–22#, B→fp(K) @14,23#, B→h (8)K @24#,
and B→rK @13# decays, have been studied and found t
all of them are consistent with the current experimental d
@25,26#. In the PQCD, in order to solve the various dive
gences encountered at end point, we will include not onlykT
resummation, for removing end-point singularities, but a
threshold resummation, for smearing the double logarith
divergence arisen from weak corrections@17#.

In order to satisfy the local current matrix elements w
Eq. ~4!, the f 0(980) meson distribution amplitude is given b

^0uq̄~0! jq~z! l u f 0&5
1

A2Nc
E

0

1

dxe2 ixP•zmf@1# l j F f 0
~x!

~6!

with the normalization

E
0

1

dxF f 0
~x!5

f̃

2A2Nc

.

For B andK (* ) mesons, the corresponding distribution a
plitudes@14,17# are written as
01401
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^0ub̄~z! jq~0! l uB&5
1

A2Nc
E

0

1

dxe2 izxP•x~@P” # j l

1MB@ I # j l !g5fB~x! ~7!

^Kuq̄~z! j s~0! l u0&5
1

A2Nc
E

0

1

dxe2 izP•x

3$@g5P” # j l FK~x!

1mK
0 @g5# j l FK

p ~x!

1mK
0 @g5~n”2n”121!# j l FK

s~x!%,

~8!

^K* ~«L!uq̄~z! j s~0! l u0&5
1

A2Nc
E

0

1

dxe2 izP•x

3$MK* @«” L# l j fK* ~x!

1@«” LP” # l j fK*
t

~x!

1MK* @ I # l j fK*
s

~x!% ~9!

with n25(0,1,0'), n15(1,0,0'), andmK
0 being the chiral

symmetry breaking parameter,FK(* )(x) stand for twist-2
wave functions and the remains belong to twist-3 with th
explicit expressions being given in Refs.@14,18#. Although
K* meson has three polarizations, only the longitudinal p
is involved in the decays ofB→ f 0(980)K* . We note that as
theK meson, the distribution amplitude off 0(980) can have
more complicated spin structures. However, since our p
pose is just for the properties ofB→ f 0(980)K (* ), we con-
sider only the simplest case. Moreover, iff 0(980) consists of
s̄s mostly, the choice of Eq.~6! is clearly dominant.

The decay rates ofB→ f 0(980)K are expressed by

G5
GF

2MB
3

32p
uAu2, ~10!

where A includes all possible components off 0(980) and
topologies. As mentioned before,f 0(980) has the compo
nents ofs̄s and n̄n, for different contents, the amplitudes o
Bd→ f 0(980)K̄0 andB1→ f 0(980)K1 are written as

As̄s5 f̃ Vt* Se6
P(s)1 f BVt* Sa46

P(d)1•••,

An̄n5 f KVt* Ne46
P(d)1 f BVt* Na46

P(d)1•••,

As̄s
1

5 f̃ Vt* Se6
P(s)1 f BVt* Sa46

P(u)2 f BVu* Sa1•••,

An̄n
1

5 f KVt* Ne46
P(u)1 f BVt* Na46

P(u)2 f KVu* Ne2 f BVu* Na1•••,
~11!

respectively, whereSe(a)
P(q) (Ne(a)

P(q)) denote the emission~anni-
hilation! contributions of thes̄s(n̄n) content from penguin
diagrams whileSe(a)(Ne(a)) are from tree contributions. The
total decay amplitude for the neutral~charged! mode is de-
2-2
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scribed by A5cosfAs̄s
(1)

1sinfAn̄n
(1)/A2. Because of the

smallness of nonfactorizable effects, we neglect to sh
them in Eq.~11! and just display the factorizable contribu
tions with emission and annihilation topologies. But we w
include their effects in our final numerical results. Accordi
to Eqs.~6!–~8!, the hard amplitudes fors̄s content are de-
rived as

Se6
P(q)516pr fCFMB

2E
0

1

dx1dx3E
0

`

b1db1b3db3

3FB~x1 ,b1!$@FK~x3!12r KFK
p ~x3!1r Kx3@FK

p ~x3!

2FK
s~x3!##ESe6

(q)~ te
(1)!he~x1 ,x3 ,b1 ,b3!

12r KFK
p ~x3!ESe6

(q)~ te
(2)!he~x3 ,x1 ,b3 ,b1!%, ~12!

Sa4
P(q)5216pr f r KCFMB

2E
0

1

dx2dx3E
0

`

b2db2b3db3F f 0
~x2!

3$@~11x3!FK
p ~12x3!1~12x3!FK

s~12x3!#

3Ea4
(q)~ ta

(1)!ha~x2 ,x3 ,b2 ,b3!2@~11x2!FK
p ~12x3!#

3Ea4
(q)~ ta

(2)!ha~x3 ,x2 ,b3 ,b2!%, ~13!

Sa6
P(q)516pr fCFMB

2E
0

1

dx2dx3E
0

`

b2db2b3db3F f 0
~x2!

3FK~12x3!$2Ea6
(q)~ ta

(1)!ha~x2 ,x3 ,b2 ,b3!

1x2Ea6
(q)~ ta

(2)!ha~x3 ,x2 ,b3 ,b2!% ~14!

and the results for the content ofn̄n are given by

Ne4
P(q)58pr fCFMB

2E
0

1

dx1dx2E
0

`

b1db1b2db2

3FB~x1 ,b1!F f 0
~x2!$~122x2!ENe4

(q)

3~ te
(1)!he~x1 ,x2 ,b1 ,b2!

12ENe4
(q)~ te

(2)!he~x2 ,x1 ,b2 ,b1!%, ~15!

Ne6
P(q)5216pr f r KCFMB

2E
0

1

dx1dx2

3E
0

`

b1db1b2db2FB~x1 ,b1!F f 0
~x2!,

3$~21x2!ENe6
(q)~ te

(1)!he~x1 ,x2 ,b1 ,b2!

12ENe6
(q)~ te

(2)!he~x2 ,x1 ,b2 ,b1!%. ~16!

Here, the hard part functionshe(a) , mainly arising from the
propagators of hard gluon and valence quark, have inclu
the threshold resummation factor@14#, and the evolution fac-
tors are given by

ESe6
(q)~ t !5as~ t !a6

(q)~ t !exp@2SB~ t,x1!2SK~ t,x3!#,
01401
w

ed

ENei
(q)~ t !5as~ t !ai

(q)~ t !exp@2SB~ t,x1!2Sf 0
~ t,x2!#,

Eai
(q)~ t !5as~ t !ai

(q)~ t !exp@2Sf 0
~ t,x2!2SK~ t,x3!#,

where the exponential effects denote Sudakov factors ge
ated by thekT resummation. Since the annihilation topol
gies in both contents are associated with the matrix elem
^ f 0(980)Kus̄gmg5d(u)u0& and ^ f 0(980)Kus̄g5d(u)u0&, the
difference in the different content is only from the spectat
which is s ~d or u! in the s̄s(n̄n) component. HenceNa4(6)

P(q)

could be obtained fromSa4(6)
P(q) by replacingx2 with 12x2 in

F f 0
(x2) and 12x3 with x3 in $FK(12x3)%. In Eq. ~11!, we

define thatSa46
P(q)5Sa4

P(q)1Sa6
P(q) and Ne46

P(q)5Ne4
P(q)1Ne6

P(q) .
The Sa and Ne can be obtained fromSa4

P(q) and Ne4
P(q) by

replacing the WCa4
(q) with a2. We note that unlike the case

of B→PP and B→PV decays in which the chirality sup
pression in the (V2A)3(V2A) annihilation topology is
conspicuous, the contribution of Eq.~13! may not be small
because one twist-3 effect, such asFK

s , is not canceled.
Also, differing fromB→PP decays, Eq.~15! is opposite to
Eq. ~16! in sign.

Similar to B→ f 0(980)K decays, the amplitudes forB
→ f 0(980)K* 0 andB1→ f 0(980)K* 1 can be expressed as

As̄s5 f̃ Vt* Ke6
P(s)1 f BVt* Ka46

P(d)1•••,

An̄n5 f K* Vt* Xe4
P(d)1 f BVt* Xa46

P(d)1•••,

As̄s
1

5 f̃ Vt* Ke6
P(s)1 f BVt* Ka46

P(u)2 f BVu* Ka1•••,

An̄n
1

5 f K* Vt* Xe4
P(u)1 f BVt* Xa46

P(u)2 f K* Vu* Xe

2 f BVu* Xa1•••, ~17!

whereKe6
P(q) , Ka4

P(q) , andKa6
P(q) can be obtained fromSe6

P(q) ,
Sa4

P(q) , and Sa6
P(q) , respectively, by replacingfK , fK

p , and
fK

s with fK* , fK*
s , andfK*

t . With the similar analysis, we
find that Xe452Ne4 and Xa4(6)

P(q) are related toKa4(6)
P(q) if we

changex2 and 12x3 to 12x2 andx3, respectively. TheKa

and Xe are the same asKa4
P(q) and Xe4

P(q) but the associated
WC is a2.

In our numerical calculations, theB meson wave function
is taken as@21#

FB~x,b!5NBx2~12x!2expF2
1

2 S xMB

vB
D 2

2
vB

2b2

2 G ,
wherevB is the shape parameter andNB is the normaliza-
tion, determined by

E
0

1

dxFB~x,b50!5
f B

2A2Nc

.

Since f 0(980) is a light meson, its wave function can b
defined in the frame of the light-cone and the concept of
twist expansion can be used. Because the relevant scalar
2-3
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TABLE I. The parameters in the amplitudes withvB50.4, mK
0 51.7, andf̃ 50.2 GeV forj50.3.

Amplitude Se6
P(s)(1022) Sa46

P(d)(1022) Sa(1022) Ne46
P(u)(1022) Ne(1022)

f 0(980)K 21.02 0.451 i0.39 27.412 i0.40 1.75 31.44

Amplitude Ke6
P(s)(1022) Ka46

P(d)(1022) Ka(1022) Xe4
P(u)(1022) Xe(1022)

f 0(980)K* 21.37 0.061 i0.40 0.832 i1.98 1.31 231.44
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son wave function has not been derived in the literature
we choose the following form:

F f 0
~x!5

f̃

2A2Nc

$3~122x!21j~122x!2@C2
3/2~122x!23#

11.8C4
1/2~122x!%,

with C4
1/2(y)5(35y4230y213)/8, C2

3/2(y)53/2(5y221),
andj50.3–0.5 in our estimations. In order to fix the valu
of vB andmK

0 , we takevB50.4 andmK
0 51.7 GeV as those

in the studies of theB→K andB→K* form factors@21,27#.
Explicitly, with the values above andf̃ 50.2 @7#, the B
→ f 0(980) form factor is found to be 0.270~0.286! for j
50.3 (0.5). Using Eqs.~11!–~17!, the values of hard ampli
tudes are shown in Table I. In addition, the decay BRs
CP asymmetries (ACP) for B→ f 0(980)K and B
→ f 0(980)K* are shown in Table II withfs50 and in Table
III with fs540° and 140°, where

ACP5
Ḡ2G

Ḡ1G
,

with G (Ḡ) being the particle~antiparticle! partial decay rate.
In both tables, theCP violating phase ofVub is taken to be
f3572°. From Table I, we see clearly that the sign of an
hilation contributionSa46

P(d) is opposite toSe6
P(s) so that the

BRs of B→ f 0(980)K are reduced significantly. Because t
corresponding value ofSa46

P(d) in B→ f 0(980)K* is too small
as shown in Table II, we can understand that the influenc
the annihilation is insignificant. Also we see that iff 0(980)
is s̄s mostly, BRs ofB→ f 0(980)K are only around 1026.
On the contrary, they could be over 5.031026 at a large
angle offs ; whereas BRs forB→ f 0(980)K* are similar to

TABLE II. BRs of B→ f 0(980)K (* ) without and with annihila-
tion contributions by taking the same values of parameters as T
I. The CPAs with annihilation effects are also shown.

Mode
BR(31026)

no annihilation BR(31026) CPA ~%!

B→ f 0(980)K0 2.95 1.39 0
B1→ f 0(980)K1 3.13 1.57 6.50
B→ f 0(980)K* 0 5.16 5.40 0
B1→ f 0(980)K* 1 5.49 5.76 1.48
01401
t,

d

-

of

those atfs50. To further understand the effect ofn̄n, we
display the BRs as a function offs in Fig. 1. Obviously, the
predictions are very sensitive to the contributions of then̄n
component. The essential question is what range offs is
allowed. Unfortunately, the preferablefs is still unknown,
i.e., both small@28# and large@9# angle solutions exist simul
taneously in the literature. The former prefers the value

fs542.1427.3
15.80

but the latter 1380660.
It is also interesting to look for a decay which is direct

related to then̄n content only such that it can tell us how th
impact of the content would be. We point out that one of t
possible decays isB1→ f 0(980)p1. In this decay, from the
identity of Eq.~4! the contribution from thes̄s content van-
ishes since it corresponds to the vector current vertex. As
p meson is similar toK exceptSU(3) breaking effects as
well as the relevant wave functions and CKM matrix e
ments, the BR is estimated to be 0.25 (0.45)31026 for fs
535° (132°).

It seems that in spite of the uncertain allowed value
fs , the predicted BR ofB1→ f 0(980)K1 is smaller than the
central~minimal! value of 21.17 (11.03)31026 reported by
Belle in which Br@ f 0(980)→p1p2#52/3R with R
5G(pp)/G(pp)1G(KK);0.68 @29# is used. It is clear
that unless there exists some other mechanism in the d
processes, it is difficult to explain the large measured BR
just considering short-distance interactions. Actually,
case is similar to the charmed decay ofB1→xc0K1 with its
BR being (6.021.8

12.161.1)31024 @30# and (2.460.7)31024

@31# measured by Belle and BaBar, respectively. In order
agree with the experimental data, the authors of Ref.@32#
suggest that the possible rescattering effects, such aB
→Ds* D, B→DsD* , andB→Ds* D* decays via triangle dia-

TABLE III. BRs andCPAs of B→ f 0(980)K (* ) decays with the
same parameters as Table I but by takingfs540° and 140°.

Mode fs BR(31026) CPA (%)

B→ f 0(980)K0 40° 1.14 0
140° 4.70 0

B1→ f 0(980)K1 40° 1.25 216.94
140° 5.94 1.58

B→ f 0(980)K* 0 40° 0.85 0
140° 6.70 0

B1→ f 0(980)K* 1 40° 1.51 11.31
140° 6.30 212.19

le
2-4
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FIG. 1. BRs of ~a! B
→ f 0(980)K and ~b! B
→ f 0(980)K (* ) as a function of
fs . The bold ~thin! solid lines
stand for neutral modes withj
50.3(0.5) while the dashed line
are for charged modes.
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grams with the strong couplings ofgDDxc0
, gD* D* xc0

,

gD* D* xc0
, etc., could enhance the BR and reach (1.1–3

31024. We find that the mechanism could also apply toB
→ f 0(980)K (* ) decays by replacingxc0 with f 0(980) and
taking the proper couplings such asgD

s* Dsf 0(980) , etc. The

illustrated diagrams are displayed in Fig. 2. Since the diff
ences betweenf 0(980)K (* ) and xc0K1 modes are only re-
lated to the strong coupling constants, by following the p
cedure of Ref.@32# and taking proper values of stron
coupling constants, one expects that the rescattering ef
in Fig. 2 can reachO(1025) easily. In addition, we note that
as the possibility of a gluonium state inh8 @24,33# was pro-
posed to explain the tendency of large BR forh8 production
@34#, it is also possible to understandB→ f 0(980)K decays
by consideringg2g2 f 0(980) coupling.

Finally, it is worth mentioning that like the decays ofB
→J/cKS,L andB→fKS,L , B→ f 0(980)KS,L can be another
outstanding candidate for the observation of the tim
dependentCP asymmetry, defined by

Ḡ~ t !2G~ t !

Ḡ~ t !1G~ t !
52ACP

dir ~Bd→ f !cos~DMdt !

2ACP
mix~Bd→ f !sin~DMd!, ~18!

with

ACP
dir ~Bd→ f !5

12ulu2

11ulu2
,

ACP
mix~Bd→ f !5

2Iml

11ulu2 ,
01401
)

r-

-

cts

-

l5he22if1
A~B̄d→ f !

A~Bd→ f !
, ~19!

where f expresses theCP final state classified byh561,
ACP

dir (ACP
mix) denotes the direct~mixing-induced! CP viola-

tion and A@B(B̄d)→ f # are theB(B̄) meson decay ampli-
tudes andf15arg(Vtd* Vtb). From Eq.~19!, we know that if
no CP violating phase is involved in the decay amplitude, t
direct CP violating observable will vanish andl
5he22if1. Consequently, the mixing-inducedCP asymme-
try is only related to sin 2f1. Fortunately, since there is n
tree contribution,B→ f 0(980)KS,L decays satisfy the crite
rion so that the mixing-inducedCP asymmetry of B
→ f 0(980)KS,L is expected to be the same as that measu
in B→J/cKS,L decays, except a small derivation fro
higher order contributions@35#.

We have studiedf 0(980) scalar meson production inB
meson decays by assuming that its flavor contents ares̄s and
n̄n states. We have found that the role ofn̄n on the BRs of
B→ f 0(980)K is crucial. We have also pointed out that no
vanishing BR ofB1→ f 0(980)p1 could test the existence o
the n̄n content although the expected BR is less than 1026.
If the BRs of B→ f 0(980)K (* ) are measured to be 1025 in
experiments, the results could be the evidence of exis
rescattering effects in heavyB meson decays. On the othe
hand, although we concentrate on theq̄q states off 0(980),
we do not exclude the possibilities of four-quarkqqq̄q̄ and
gluonium states. The possibilities could be clarified by oth
experiments, such asf→pp(KK)g @36#, Ds

1→p1p1p2

@37# decays, andB1→ f 0(980)p1 with the measured BR o
O(1026). Furthermore, the more general approach to d
FIG. 2. Possible rescattering diagrams contributing toB→ f 0(980)K (* ).
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with the decays ofB→ f 0(980)K can refer to Ref.@38#. We
have also suggested that time-dependentCP asymmetry in
B→ f 0(980)KS,L could be a new explorer of sin 2f1. We
note that our study ofB decays withf 0(980) in the final state
can be applied to other modes with scalar or isoscalar fi
states such ass(600), a0(980), etc. Remarkably,B factories
have opened a new opportunity to understand the conten
scalars and their productions.
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