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Evidence for two-quark content of f 0„980… in exclusiveb\c decays
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Institute of Physics, Academia Sinica, Taipei, Taiwan 115, Republic of China

~Received 26 December 2002; published 14 May 2003!

Inspired by a large decay branching ratio~BR! of B1→ f 0(980)K1 measured by Belle recently, we propose

that significant evidence of the component ofnn̄5(uū1dd̄)/A2 in f 0(980) could be demonstrated in exclu-

sive b→c decays by the observation off 0(980) in the final statesB̄→D0(* )p1p2(KK) and B̄

→J/cp1p2(KK). We predict the BRs ofB̄→D0(* )(J/c) f 0(980) to beO(1024) @O(1025)# while the

unknown wave functions ofD (* )0 (J/c) are chosen to fit the observed decays ofB̄→D (* )0p0 (J/cK0(* )).

DOI: 10.1103/PhysRevD.67.094011 PACS number~s!: 13.25.Hw, 14.40.Cs
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In spite of the successful quark model and QCD the
for strong interaction, the fundamental questions on the in
structure of the lightest scalar mesons, such asf 0(400
21200), f 0(980), anda0(980), etc., are still uncertain, eve
though it has been over 30 years sincef 0(980) was discov-
ered first in the phase shift analysis of elasticpp scattering

@1#. In addition to the interpretations ofqqq̄q̄ four-quark

states@2# or KK̄ molecular states@3# or qq̄ states@4#, etc.,
the possibilities of gluonium states@5# and scalar glueballs
@7# are also proposed. It might be oversimple to regard th
as only one kind of composition.

It is suggested that in terms ofgg @5# and radiativef
@8,9# decays, the nature of scalar mesons can be di
tangled. However, with these experiments, the conclusi
such as given by Refs.@10,11# and Ref.@12# are not unique.
The former prefersqq̄ while the latter is the four-quark con
tent. Nevertheless, according to the data of E791@13# and
Focus@14#, the production of scalar mesons which are rec
structed fromD andDs decaying to three-pseudoscalar fin
states and mainly showingqq̄ contents can provide us a fu
ther resolution@15#. In addition,Z0 decay data of OPAL@16#
also hint that f 0(980), f 2(1270), andf(1020) have the
same internal structure. Hence, the compositions of light s
lar bosons should be examined further.

Recently, the decay ofB1→ f 0(980)K1 with the 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 has been observed in Belle@17#.

The observation not only displays for the first timeB decay
to scalar-pseudoscalar final states but also provides a ch
to understand the characteristics of scalar mesons. Sinc
B meson is much heavier thanD (s) mesons, in the two-body
B decays, the outgoing light mesons will behave as mass
particles so that the perturbative QCD~PQCD! approach
@18,19#, in which the corresponding bound states are
panded by Fock states, could apply. Therefore, as comp
to two-parton states, the contributions of four-parton a
gluonium states belong to higher Fock states. Conseque
we think that the effects ofqq̄ state are more important tha
those inDs decays. In this paper, in order to further unde
stand what the nature off 0(980) inB decays is, we take it to
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be composed ofqq̄ states mainly and useu f 0(980)&
5cosfsuss̄&1sinfsunn̄& with nn̄5(uū1dd̄)/A2 to denote its
flavor wave function. We note that so farfs could be
42.1427.3

15.80
@5# and 138°66° @6#. With the lowest order cri-

terion, the effects of four-parton and gluonium states are
glected.

Inspired by the large BR ofB1→ f 0(980)K1, we propose
that a significant evidence of the component ofnn̄ in
f 0(980) could be demonstrated by exclusiveB̄
→D (* )0f 0(980) andB̄→J/c f 0(980) processes andf 0(980)
could be reconstructed from the decaysB̄
→D (* )0p1p2(KK) and B̄→J/cp1p2(KK). The results
could be the complement to the three-body decays ofDs that
already indicate the existence of thess̄ component.

It is known that the exclusiveb→c decays are dominate
by the tree contributions and only (V2A) ^ (V2A) four-
Fermi interactions need to be considered. The difficulty
our calculations is how to determine the involving wa
functions which are sensitive to the nonperturbative QC
effects and are universal objects. In theB meson case, one
can fix it byB→PP processes, withP corresponding to light
pseudoscalars in which the wave functions are defined in
frame of light-cone and have been derived from the QC
sum rule@20#. As to theD (* )0(J/c) wave functions, we can
call for the measured BRs of color-suppressed decayB̄
→D0p0 @21# and B̄→J/cK (* ) @22#. However, it might be
questionable to apply the QCD approach for ordinaryPP
modes toD (* )(J/c) decays because they are not light m
sons anymore. In the heavyb quark limit, fortunately, the
involved scales satisfymb@mc@L̄ with mb(c) being the
mass ofb(c)-quark andL̄5MB2mb so that the leading
power effects in terms of the expansions ofL̄/mc and
mc /mb could be taken as the criterion to estimate the invo
ing processes. We will see later that not only the obtain
BRs of B̄→J/cK* but also their helicity components o
decay amplitudes are consistent with current experime
data. It will guarantee that our predicted results onf 0(980)
productions ofB decays are reliable.

Since the hadronic transition matrix elements of peng
effects in B̄→J/cM , M5K, K* , and f 0(980), can be re-
lated to tree ones, we describe the effective Hamiltonian
the b→cq̄d transition as
©2003 The American Physical Society11-1
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Heff5
GF

A2
(

q5u,c
Vq@C1~m!O 1

(q)1C2~m!O 2
(q)# ~1!

with O 1
(q)5d̄aqbc̄bba and O 2

(q)5d̄aqac̄bbb , where q̄aqb

5q̄agm(12g5)qb , a(b) are the color indices,Vq

5Vqd* Vcb are the products of the Cabibbo-Kobayas
Maskawa~CKM! matrix elements, andC1,2(m) are the Wil-
son coefficients~WCs! @23#. Conventionally, the effective
WCs of a25C11C2 /Nc and a15C21C1 /Nc with Nc53
being a color number are more useful.q5u corresponds
to B̄→D (* )0M decays whileq5c stands forB̄→J/cM
decays. According to the effective operators in Eq.~1!,
we find that only emission topologies contribute toB̄
→J/c f 0(980), however, the decays ofB̄→D (* )0f 0(980) in-
volve both emission and annihilation topologies. To be m
clear, the illustrated diagrams are displayed in Fig. 1. Fr
the figure, we could see obviously that onlynn̄ content has
the contributions, and the factorizable emission parts, F
1~a!, are only related to theB̄→ f 0(980) form factor. We note
that in the color-suppressed processes the nonfactorizab
fects, shown as Figs. 1~b! and 1~d!, are important and should
be considered.

Regardingf 0(980) asqq̄ contents inB decays, the imme-
diate question is how to write down the corresponding h
ronic structures and the associated wave functions for
3P0 state. What we know is that the spin structur
of f 0(980) should satisfy ^0uq̄gmqu f 0(980)&50 and

^0uq̄qu f 0(980)&5mf 0
f̃ in which mf 0

( f̃ '0.18) @11# is the

mass~decay constant! of f 0(980). In order to satisfy thes
local current matrix elements, the light-cone distribution a
plitude for f 0(980) should be given by

^0uq̄~0! jq~z! l u f 0&5
1

A2Nc
E

0

1

dx e2 ixP•z

3$@p” # l j F f 0
~x!1mf@1# l j F f 0

p ~x!%,

~2!

FIG. 1. ~a! and~b! illustrate the factorizable and nonfactorizab
emission topologies, respectively, while~c! and ~d! correspond to
the annihilation topologies.
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where F f 0

(p)(x) belong to twist-2~3! wave functions. The

charge parity indicates thatF f 0
(x)52F f 0

(12x) and

F f 0

p (x)5F f 0

p (12x) @24# so that their normalizations ar

*0
1dxF f 0

(x)50 and *0
1dxF f 0

p (x)5 f̃ /2A2Nc. As usual, we

adopt a good approximation that the light-cone wave fu
tions are expanded in Gegenbauer polynomials. Theref
we choose

F f 0

p ~x!5
f̃

2A2Nc

$3~122x!21G1
p~122x!2

3@C2
3/2~122x!23#1G2

pC4
1/2~122x!%,

F f 0
~x!5

f̃

2A2Nc

G@6x~12x!C1
3/2~122x!#, ~3!

whereCn
l are the Gegenbauer polynomials and the values

coefficients$G% have not been determined yet from the fir
principle QCD approach.

It has been shown that by the employ of hierarchyMB

@MD(* )@L̄, the D (* ) meson distribution amplitudes coul
be described by@25#

^0ud̄~0! j c~z! l uD&

5
1

A2Nc
E

0

1

dx e2 ixP•z$@p”1MD# l j g5FD~x!%,

^0ud̄~0! j c~z! l uD* &

5
1

A2Nc
E

0

1

dx e2 ixP•z$@p”1MD* # l j «”FD* ~x!%,

~4!

where «m is the polarization vector ofD* , the normaliza-
tions of wave functions are taken as*0

1dxFD(* )(x)
5 f D(* )/2A2Nc, and f D(* ) are the corresponding decay co
stants. Although the decay constants and wave function
the D* 0 meson for longitudinal and transverse polarizatio
are different generally, for simplicity, in our estimations w
assume that they are the same. Since the hadronic stru
of B was studied before, the explicit description can be fou
in Ref. @27#. In order to fit the measured BR ofB̄→D0p0,
the involved D (* ) wave functions are modeled simply a
@25#

FD(* )~x!5
3

A2Nc

f D(* )x~12x!@110.7~122x!#. ~5!

With the same guidance, we also apply the concept to
J/c case. As a detailed discussion, one can refer to Ref.@26#.

As mentioned before, due to a large energy transfer
heavyB meson decays, we can utilize the factorization the
rem, in which decay amplitudes can be calculated by
convolution of hard parts and wave functions@18,19# to de-
scribe the hadronic effects. Although vectorD* 0 and J/c
1-2



is
th
tiv
e
g.

ec

o
ex

f
-

g

to
the

he
ions
me
ns

re.

n

by

eri-

o
s

EVIDENCE FOR TWO-QUARK CONTENT OFf 0(980) . . . PHYSICAL REVIEW D67, 094011 ~2003!
mesons carry the spin degrees of freedom, in theB̄
→D* 0(J/c) f 0(980) decays only longitudinal polarization
involved. Expectably, the results should be similar to
D0f 0(980) mode. Hence, we only present the representa
formulas forB̄→D0f 0(980) at the amplitude level but giv
the predicted BRs for all considered processes. From Fi
and the effective interactions of Eq.~1!, the decay amplitude
for B̄→D0f 0(980) is written by

An̄n5
sinfs

A2
Vu@ f DFe1Me1 f BFa1Ma#

whereFe(Me) and Fa(Ma) are the factorized~nonfactor-
ized! emission and annihilation hard amplitudes, resp
tively. According to Eqs.~2! and ~4!, the typical hard func-
tions are expressed as

Fe5zE
0

1

dx1 dx3E
0

`

b1 db1 b3 db3 FB~x1 ,b1!

3$@~11x3!F f 0
~x3!1r f~122x3!F f 0

p ~x3!#

3Ee~ te
1!12r fF f 0

p ~x3!Ee~ te
2!%, ~6!

Me52zE
0

1

d@x#E
0

`

b1 db1 b3 db3 FB~x1 ,b1!FD~x2!

3$@2~x21x3!F f 0
~x3!1r fx3F f 0

p ~x3!#E d
1~ td

1!

1@~12x2!F f 0
~x3!2r fx3F f 0

p ~x3!#E d
2~ td

2!%, ~7!

with

z58pCFMB
2 ,

r f5mf /MB ,

E e
i ~ te

i !5as~ te
i !a2~ te

i !SuB1 f 0(980)~ te
i !he~$x%,$b%!,

and

E d
i ~ td

i !5as~ td
i !@C2~ td

i !/Nc#

Su~ td
i !B1D1 f 0(980)hd~$x%,$b%!.

te,d
1,2 , Su, andhe,d denote the hard scales ofB decays, Suda-

kov factors, and hard functions arising from the propagat
of gluon and internal valence quarks, respectively. Their
plicit expressions can be found in Ref.@27#. With the same
procedure, the other hard functions can also be derived.

So far, the still uncertain values are the$G% parameters of
the f 0(980) wave functions. By the identity o

^0uq̄gmquV,T&5MVf V«m(T) for theV-meson transverse po
larization, we find that except the Dirac matricesgm and the
associated polarization vector«m , it is similar to the scalar
meson case. Inspired by the similarity, we adoptF f 0

p (x) to be

a r-meson-like wave function and takeG1
p'1.5 and G2

p
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'1.8 @28#. As to the value ofG, we use the correspondin
value ina0(980) given by the second reference of@24# and
get G'1.11. By the chosen values and using Eq.~6! with
excluding WC ofa2, we immediately get theB̄→ f 0(980)
form factor to be 0.38. Is it a reasonable value? In order
investigate that the obtained value is proper, we employ
relationship FB→ f 0(980);(MDs

/MB)1/2FDs→ f 0(980), which
comes from the heavy quark symmetry limit@29#, as a test.
According to the calculation of Ref.@30#, we know
FDs→ f 0(980)'0.6; and then, we haveFB→ f 0(980);0.36.
Clearly, it is quite close to what we obtain. Hence, with t
taken values of parameters, the magnitudes of hard funct
are given in Table I. We note that the complex values co
from the on-shell internal quark and all of the hard functio
are the same in order of magnitude.

One challenging question is how reliable our results a
In order to investigate this point, besides theB̄
→D (* )0(J/c) f 0(980) decays, we also calculateB̄→D0p,
J/c(K,K* ) and B̄→ f 0(980)K1 processes. All of them are
already measured atB factories@31,32#. Due to the calcula-
tions and formalisms being similar toD0f 0(980), we di-
rectly present the predicted BRs in Table II by takingfs
545°, f D* 50.22 GeV,f J/c50.405 GeV, and the same take
values of Table I. As to theJ/c wave functions, we model it
asFJ/c(x)5 f J/c@30x2(12x)2#/2A2Nc. The BRs of charged
B1→J/cM 1 modes can be obtained from neutral modes
using Br(B̄0→J/cM0)tB1 /tB0. Hence, from Table II, we
clearly see that our predictions are consistent with exp
mental data.

Moreover, it is worthwhile to mention that in addition t
the BR ofB̄→J/cK* decay, the squared helicity amplitude
uA0u2, uAiu2, and uA'u2 with the normalization ofuA0u2

TABLE I. Hard functions ~in units of 1022) for B̄

→D0f 0(980) decay with f̃ 50.18, f D50.2 GeV, G51.11, G1
p

51.5, andG2
p51.8.

Amplitude Fe Me Fa Ma

D0f 0(980) 25.95 22.661 i1.56 1.832 i3.60 0.201 i1.12

TABLE II. BRs ~in units of 1024) with fs545°, f D* 50.22,
f J/c50.405 GeV, and the same taken values of Table I.

Mode Belle@31# BaBar @32#
This
work

D0f 0(980) 2.28
D* 0f 0(980) 2.46
J/c f 0(980) 0.10
K1 f 0(980)
f 0→p1p2 (9.622.321.520.8

12.511.513.4)31022 0.02
D0p0 3.160.460.5 2.8960.2960.38 2.60
J/cK0 7.960.460.9 8.360.460.5 8.3
J/cK* 0 12.960.561.3 12.460.560.9 13.37
1-3
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1uAiu21uA'u251 @33# are also given as 0.59, 0.24, and 0.1
respectively. They are all comparable with the measured
ues 0.6060.05 (0.6060.04), 0.2160.08 (0.2460.04), and
0.1960.06 (0.1660.03) of Belle~BaBar! @31,32#. In order
to further understand the dependence of the effects ofnn̄
content, the BRs as a function of mixing anglefs are shown
in Fig. 2. We note that with including the twist-2 wave fun

FIG. 2. BRs as a function of anglefs . ~a! The solid~dashed!

lines are forB̄→D0(D* 0) f 0(980) decays while~b! they express

B̄→J/c f 0(980) andB1→K1 f 0(980) decays.
ra

,

09401
,
l-

tion for f 0(980), our previous result ofB1→K1 f 0(980) in
the smallfs region @28# becomes insensitive tofs .

The subsequent question is how to search the events
B̄→D (* )0f 0(980) and B̄→J/c f 0(980) decays. From Par
ticle Data Group of Ref.@22#, we know thatf 0(980) mainly
decays topp and KK and R5G(pp)/@G(pp)1G(KK)#
;0.68. Therefore, we suggest that the candidates could
found in B̄→D (* )0(J/c)pp(KK) three-body decay
samples. For an illustration, according to the values of Ta
II, we can estimate that the BR product of Br@B̄
→D0f 0(980)#3Br@ f 0(980)→p1p2#'1.031024 with
Br@ f 0(980)→p1p2#52R/3. The result is consistent with
the measured value of (8.060.661.5)31024 for B̄
→D0p1p2 decay while that ofB̄→D0r0 is determined to
be (2.961.060.4)31024 @34#.

We have investigated the possibility to extract the ex
tence of thenn̄ component of f 0(980) in terms of B̄

→D (* )0f 0(980) andB̄→J/c f 0(980) decays. Based on th
comparable values between the BRs ofB̄→D0p0 and B̄
→J/cM decays and current experimental data, our pred
tions on the BRs ofB̄→D (* )0(J/c) f 0(980) decays are reli-
able and can be tested atB factories.

The author would like to thank H.N. Li and H.Y. Chen
for their useful discussions. This work was supported in p
by the National Science Council of the Republic of Chi
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