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Ds decays intof and f 0„980… mesons
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We consider the nonleptonic and semileptonic decays ofDs mesons intof and f 0(980) mesons. QCD sum
rules are used to calculate the form factors associated with these decays and the corresponding decay rates. On
the basis of data onDs

1→p1p1p2, which goes dominantly via the transitionDs
1→p1 f 0(980), we conclude

that there is space for a sizeable light quark component onf 0(980).

DOI: 10.1103/PhysRevD.68.036001 PACS number~s!: 11.55.Hx,12.38.Lg,13.25.Ft
e
ov
rb
e
te

e
w
c

m
m

f
n

io
r

en

o

a

du

ca

e

ism
e

ese

the
I. INTRODUCTION

The interpretation of the nature of the lightest scalar m
sons has been controversial since their first observation
30 years ago. Because of the complications of nonpertu
tive strong interactions, there is still no general agreem
about their structure. Actually, the observed light scalar sta
are too numerous@1# to be accommodated in a singleqq̄
multiplet, and, therefore, it has been suggested that som
them escape the quark model interpretation. It is not kno
whether there is necessarily a glueball among the light s
lars, and whether some of the too numerous scalars are
tiquark or some meson-meson bound states, or even ad
tures of quarks and gluons@2#.

In particular, the structure of the mesonf 0(980) has been
extensively debated. It has been interpreted as ass̄ state
@3–5#, as a four quarkss̄qq̄ state@6#, as a bound state o
hadrons@7,8#, and as a result of a process known as hadro
dressing@3,4,9#.

The recently measured relative weight of the react
Ds

1→ f 0(980)p1→p1p2p1 @10#, may serve as a tool fo

the estimation of thess̄component of the mesonf 0(980). As
a matter of fact, iff 0(980) has a pure strangeness compon

@ f 0(980)5ss̄#, the dominantDs
1→ f 0(980)p1 decay pro-

ceeds via the spectator mechanism, as shown in Fig. 1. H
ever, in the four quark scenario@ f 0(980)5ss̄(uū1dd̄)/2#
the decayDs

1→ f 0(980)p1 is expected to proceed through
much more complicated recombination.

Since the spectator mechanism provides a strong pro
tion of thef(1020) meson in the decayDs

1→fp1, in this
work we consider the ratio

R5
G„Ds

1→ f 0~980!p1
…

G~Ds
1→fp1!

~1!

to evaluate the importance of thess̄ component in the
f 0(980) meson. This same ratio was evaluated in recent
culations by using the spectral integration technique@11# and
the constituent quark meson model@12#. In both calculations,
the authors concluded that thess̄ component dominates th
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f 0(980) meson and, therefore, the spectator mechan
dominates theDs

1→ f 0(980)p1 decay. Here we use th
QCD sum rules method to evaluate the ratio in Eq.~1!, as
well as the branching ratios for the nonleptonicDs

1→fp1

and semileptonicDs
1→f,1n, and Ds

1→ f 0(980),1n, de-
cays. The two branching ratios involving the mesonf will
be used to check the reliability of the method, since th
two branching ratios are known experimentally@1#:

B exp~Ds
1→fp1!5~3.660.9!%, ~2!

B exp~Ds
1→f,1n,!5~2.060.5!%. ~3!

II. DECAY WIDTHS

The decay width of the nonleptonic processDs
1

→Mp1, whereM stands for thef or f 0(980) mesons, is
given by

G~Ds
1→Mp1!5

1

16pmDs

3
uMu2Al~mDs

2 ,mM
2 ,mp

2 !, ~4!

with l(x,y,z)5x21y21z222xy22xz22yz. The QCD
factorization formula ~in the limit mp

2 →0) gives for
f 0(980),

uM~Ds
1→ f 0~980!p1!u2

5
GF

2

2
uVcsu2uVudu2S c11

c2

3 D 2

f p
2 ~mDs

2 2mf 0

2 !2f 1
2 ~0!,

~5!

FIG. 1. Schematic picture of the spectator mechanism for
decayDs

1→ f 0(980)p1.
©2003 The American Physical Society01-1
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I. BEDIAGA AND M. NIELSEN PHYSICAL REVIEW D 68, 036001 ~2003!
where f 1 is theDs→ f 0(980) form factor defined as

^ f 0~p8!us̄gm~12g5!cuDs~p!&

5 i ~ f 1~ t !~p1p8!m1 f 2~ t !qm!, ~6!

with t5q2 andq5p2p8. For f, we have

uM~Ds
1→fp1!u25

GF
2

8mf
2 uVcsu2uVudu2S c11

c2

3 D 2

3 f p
2 l~mDs

2 ,mf
2 ,mp

2 !

3@~mDs
1mf!A1~0!

2~mDs
2mf!A2~0!#2, ~7!

whereA1 andA2 areDs→f form factors defined as@13#

^f~p8!us̄gm~12g5!cuDs~p!&52 i ~mDs
1mf!A1~ t !em

f

1 i
A2~ t !

mDs
1mf

efp~p1p8!m

1 i
A3~ t !

mDs
1mf

efpqm

1
2V~ t !

mDs
1mf

em
nrsen

fprps8 .

~8!

In Eqs.~5! and~7! the coefficientsc1 andc2 are the Wilson
coefficients entering the effective weak Hamiltonian eva
ated at the normalization scalem @14#:

HW5
GF

A2
VcsVud* F S c1~m!1

c2~m!

3 DO11 . . . G , ~9!

with O15@ ūgm(12g5)d#@ s̄gm(12g5)c#. Therefore, in cal-
culating the ratio in Eq.~1! we are free from the uncertaintie
in the Wilson coefficients and in the Cabibbo-Kobayas
Mashawa transition elements.

In the case of the semileptonic decaysDs
1→M,1n, , the

differential decay rates are given by

dG

dt
5

GF
2 uVcsu2

192p3mDs

3
l3/2~mDs

2 ,mf 0

2 ,t ! f 1
2 ~ t !, ~10!

for Ds
1→ f 0(980),1n, . The decay rate for the decayDs

1

→f,1n, is written in terms of the helicity amplitudes
03600
-

-

H6~ t !5~mDs
1mf!A1~ t !7

l1/2~mDs

2 ,mf
2 ,t !

mDs
1mf

V~ t !, ~11!

H0~ t !5
1

2mfAt
S ~mDs

2 2mf
2 2t !~mDs

1mf!A1~ t !

2
l~mDs

2 ,mf
2 ,t !

mDs
1mf

A2~ t !D , ~12!

so that

dG6

dt
5

GF
2 uVcsu2

192p3mDs

3
tl1/2~mDs

2 ,mf
2 ,t !uH6~ t !u2, ~13!

dGL

dt
5

GF
2 uVcsu2

192p3mDs

3
tl1/2~mDs

2 ,mf
2 ,t !uH0~ t !u2, ~14!

dGT

dt
5

d

dt
~G11G2!,

dG

dt
5

d

dt
~GL1GT!. ~15!

III. SUM RULES

The Ds
1 meson in the initial state is interpolated by th

pseudoscalar current

j Ds
~x!5 s̄~x!ig5c~x!, ~16!

wherec ands are the fields of the charmed and the stran
quark, respectively. Summation over spinor and color indi
being understood but not indicated explicitly. The final ha
ronic stateM is interpolated by the current

j M~x!5 s̄~x!GMs~x!, ~17!

where

GM5H 1 for M5 f 0~980!

ga for M5f.
~18!

Using the QCD sum rule technique@15#, the form factors in
Eqs. ~6! and ~8! can be evaluated from the time ordere
product of the two interpolating fields in Eqs.~16! and ~17!

and the weak currentj m
W5 s̄gm(12g5)c,
1-2
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TmM~p,p8!5 i E d4xd4y ^0uT@ j M~x! j m
W~y! j Ds

† ~0!#u0&

3ei (p8x2qy). ~19!

In order to evaluate the phenomenological side we in
intermediate states forDs and M, we use the definitions in
Eqs.~6! and ~8!, and obtain the following relations:

Tm
phen~p,p8!5mf 0

f f 0

mDs

2 f Ds

mc1ms

f 1~ t !~p1p8!m1 f 2~ t !qm

~p22mDs

2 !~p822mf 0

2 !

1~contributions of higher resonances!,

~20!

for f 0(980), and

Tma
phen~p,p8!5mf f f

mDs

2 f Ds

mc1ms

1

~p22mDs

2 !~p822mf
2 !

3S 2~mDs
1mf!A1~ t !gma1

A2~ t !

~mDs
1mf!

3~p1p8!mpa22i
V~ t !

~mDs
1mf!

3emars prps81••• D
1~contributions of higher resonances!,

~21!

for f, where we have shown only the structures import
for the evaluation of the form factorsA1 , A2, andV.

In the above equations the coupling of thef 0(980) to the
scalar currentj s5 s̄s was parametrized in terms of the co
stant f f 0

as

^0us̄su f 0&5mf 0
f f 0

, ~22!

and we have used the standard definitions of the coupling
Ds andf with the corresponding currents:

^0u j Ds
uDs&5

mDs

2 f Ds

mc1ms
, ~23!

^0us̄gasuf&5mf f fea . ~24!
03600
rt

t

of

The three-point function, Eq.~19!, can be evaluated by per
turbative QCD if the external momenta are in the deep E
clidean region

p!~mc1ms!
2, p82!4ms

2 , t!~mc1ms!
2. ~25!

In order to approach the not-so-deep Euclidean region an
get more information on the nearest physical singulariti
nonperturbative power corrections are added to the pertu
tive contribution. In practice, only the first few condensa
contribute significantly, the most important ones being
three-dimension,̂ s̄s&, and the five-dimension,̂s̄gssGs&,
condensates. For each invariant structure,i, we can write

Ti
theor~p2,p82,t !5

21

4p2E
(mc1ms)

2

`

dsE
4ms

2

`

du

3
r i~s,u,t !

~s2p2!~u2p82!
1Ti

D53^s̄s&

1Ti
D55^s̄gssGs&1•••. ~26!

The perturbative contribution is contained in the double d
continuity r i .

In order to suppress the condensates of higher dimen
and at the same time reduce the influence of higher re
nances, the series in Eq.~26! is Borel improved, leading to
the mapping

f ~p2!→ f̂ ~M2!,
1

~p22m2!n
→ ~21!n

~n21!!

e2m2/M2

~M2!n
.

~27!

Furthermore, we make the usual assumption that the co
butions of higher resonances are well approximated by
perturbative expression

21

4p2E
s0

`

dsE
u0

`

du
r i~s,u,t !

~s2p2!~u2p82!
~28!

with appropriate continuum thresholdss0 andu0. By equat-
ing the Borel transforms of the phenomenological express
for each invariant structure in Eqs.~20!, ~21! and that of the
‘‘theoretical expression,’’ Eq.~26!, we obtain the sum rules
for the form factors~at the orderms):
1-3
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Cf 0
e2mDs

2 /M2
e2mf 0

2 /M82
f 1~ t !5

21

4p2E
(mc1ms)2

s0
dsE

0

u0
du@e2s/M2

e2u/M82
r1~s,u,t !#1

^ s̄s&
2

e2mc
2/M2F2mc12ms1

mc
2ms

2M2 G
1^s̄gssGs&e2mc

2/M2Fmc
2~mc2ms!

8M4 2
2mc2ms

6M2 1
mc

2~4mc23ms!22t~mc2ms!

24M2M 82

2
mc22ms

6M 82
1

mc
2ms22t~mc2ms!

24M2M 82 G , ~29!

Cf~mDs
1mf!2e2mDs

2 /M2
e2mf

2 /M82
A1~ t !5

21

4p2E
(mc1ms)2

s0
dsE

0

u0
du@e2s/M2

e2u/M82
r1~s,u,t !#1

^ s̄s&
2

e2mc
2/M2F t2mc

22
5

2
mcms

2
mcms

2M2 ~ t2mc
2!G1^s̄gssGs&e2mc

2/M2F2
1

6
1

mc
2~mc

212mcms2t !

8M4

2
2mc

213mcms22t

12M 82
2

3mc
219mcms24t

12M2

1
mc~2mc

313mcms1tms!/22t~2mc
213mcms/222t !

6M2M 82 G , ~30!

Cfe2mDs

2 /M2
e2mf

2 /M82
A2~ t !5

21

4p2E
(mc1ms)2

s0
dsE

0

u0
du@e2s/M2

e2u/M82
r2~s,u,t !#1

^s̄s&
2

e2mc
2/M2S 12

mcms

2M2 D
2^s̄gssGs&e2mc

2/M2F 1

6M2 1
mc

2

8M4 1
2mc

22mcms22t

12M2M 82 G , ~31!

and

22Cfe2mDs

2 /M2
e2mf

2 /M82
V~ t !5

21

4p2E
(mc1ms)2

s0
dsE

0

u0
du@e2s/M2

e2u/M82
rV~s,u,t !#1^s̄s&e2mc

2/M2S 12
mcms

2M2 D
2^ s̄gssGs&e2mc

2/M2F2
1

3M2 1
mc

2

4M4 1
2mc

22mcms22t

6M2M 82 G , ~32!

where

Cf 0
5

mf 0
f f 0

mDs

2 f Ds

mc1ms

and

Cf5
mf f fmDs

2 f Ds

~mc1ms!~mDs
1mf!

. ~33!
a
fo

i
c-

nd
i-
re
s to
os-
der-
The decay constantsf Ds
, f f 0

, and f f defined in Eqs.~22!,
~23!, and ~24!, and appearing in the constantsCf 0

andCf ,
can also be determined by sum rules obtained from the
propriate two-point functions. The explicit expressions
the two-point sum rules and for the double discontinuities
Eqs. ~29!–~32! are given in Appendixes A and B, respe
tively.
03600
p-
r
n

IV. EVALUATION OF THE SUM RULES AND RESULTS

In the complete theory, the form factors on the right ha
side of Eqs.~29!–~32! should not depend on the Borel var
ablesM2 andM 82. However, in a truncated treatment the
will always be some dependence left. Therefore, one ha
work in a region where the approximations made are supp
edly acceptable and where the result depends only mo
1-4
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FIG. 2. Various contributions to the operator product expression OPE of the form factors as a function of the Borel parameterM2. Solid
curve, total contribution; long-dashed line, perturbative; dashed line, quark condensate; dot-dashed line mixed condensate contr
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ately on the Borel variables. To decrease the dependenc
the results on the Borel variablesM2, we take them in the
two-point functions at half the value of the correspondi
variables in the three-point sum rules@13,16#. We further-
more choose

M2

M 82
5

mDs

2 2mc
2

mM
2

. ~34!

If the momentum transfert is larger than a critical valuetcr ,
non-Landau singularities have to be taken into account@13#.
Since we have to stay away from the physical region, i.e.,
must havet!(mc1ms)

2, we limit our calculation to the
region 20.5,t,0.4 GeV. In this range thet dependence
can be obtained from the sum rules directly. It can be fit
by a monopole and extrapolated to the full kinematical
gion.

Since we do not take into account radiative corrections
choose the QCD parameters at a fixed renormalization s
03600
of

e

d
-

e
le

of about 1 GeV2: the strange and charm massms
50.14 GeV, mc51.3 GeV. We take for the strange qua
condensatê s̄s&50.8̂ q̄q& with ^q̄q&52(0.24)3 GeV3 and
for the mixed quark-gluon condensate^s̄gssGs&5m0

2^ s̄s&
with m0

250.8 GeV2.
For the continuum thresholds we take the values d

cussed in Appendix A:s057.761.1 GeV2 and

u05H 1.660.1 GeV in Eq. ~29!

2.060.1 GeV in Eqs.~30!2~32!.
~35!

We evaluate our sum rules in the range 4.5<M2

<9.0 GeV2, which is compatible with the Borel ranges use
for the two-point functions in Appendix A. In Fig. 2 we sho
the different contributions to the form factorsf 1 , A1 , A2
andV at zero momentum transfer, from the sum rules in E
~29!, ~30!, ~31!, and~32!, as a function of the Borel variable
M2, using the continuum thresholdss058.8 GeV2 and u0
51.6 GeV2 or 2.0 GeV2 for f 0 or f, respectively. We see
1-5
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I. BEDIAGA AND M. NIELSEN PHYSICAL REVIEW D 68, 036001 ~2003!
that A2(0) gets a big contribution from the quark conde
sate, while the perturbative contribution is the largest one
all other form factors. Such a kind of behavior had be
already obtained in theD→K* semileptonic decay studie
in @13#. The mixed condensate contribution is negligible f
all four form factors, and the stability is quite satisfactory
the Borel range studied. Varying the continuum thresholds0
in the range discussed in Appendix A, and also evaluating
sum rules used or the expressions given in Appendix A
the meson decay constants, or its numerical values, we
for the form factors att50,

0.40< f 1~0!<0.48, 0.71<V~0!<0.89,

0.32<A1~0!<0.42, 20.43<A2~0!<20.37.
~36!

The value obtained forf 1(0) is smaller than the value ob
tained for the same form factor in Ref.@12# by using the
constituent quark meson model.

The t dependence of the form factors evaluated atM2

57 GeV2 is shown in Fig. 3. In the range20.5<t
<0.4 GeV2, no non-Landau singularities occur for ou
choices of the continuum thresholds. The QCD sum ru
results can, in thist range, be very well approximated by
monopole expression

F~ t !5
F~0!

12
t

M P
2

, ~37!

for all four form factors. The result of the fit is also shown
Fig. 3. The different values for the pole mass,M P , for the
different form factors are given by

FIG. 3. t dependence of the form factors. The solid, dot-dash
dotted, and dashed lines give the monopole parametrization, in
~37!, to the QCD sum rule results for2A2 ~circles!, A1 ~triangles
up!, f 1 ~squares!, andV ~triangles down!.
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M P55
~1.660.2! GeV for f 1~ t !

~4.260.5! GeV for A1~ t !

~8.062.0! GeV for A2~ t !

~1.9560.10! GeV for V~ t !.

~38!

In the case ofA2 we get a very highM P showing a very
weak t dependence. This approximatet independence stem
from a mutual cancellation in the sum rule of an increase
the perturbative and a decrease in the quark condensate
tributions. Even forA1 the t dependence is much weake
than for f 1 andV. It is also interesting to notice thatM P

(V) is
of the same order as that for the semileptonicD→K* ,n,

found in @13#, andM P
( f 1) is compatible with those found fo

the Ds decays intoh @17# andD→k,n, @18#.
Having the form factors we can evaluate the decay wid

for the Ds
1→fp1 andDs

1→f,1n, decays, given by Eqs
~4! and~15!, respectively. We obtain the following branchin
ratios:

B~Ds
1→fp1!5~2.860.7!% ~39!

and

B~Ds
1→f,1n!5~1.460.4!%, ~40!

where we have usedVud5Vcs50.975, f p50.132 and the
valuesc1(mc)51.263 andc2(mc)520.513, corresponding
to the results for the Wilson coefficients obtained at the le
ing order in renormalization group improved perturbati
theory atm.1.3 GeV @17#. The errors in the above result
were estimated only by taking into account the uncertain
in the form factors in Eq.~36! and should be understood a
limiting values for the branching ratios.

We see that, within the errors, our results are compat
with the experimental results given in Eqs.~2! and ~3!.
Therefore, in the case of theDs decay intof, we can say
that the factorization approximation works well. From this,
seems reasonable to suppose that, iff 0(980) has a dominan
s̄s component, the factorization approximation should a
work well for theDs decay intof 0(980). Using Eqs.~4!, ~5!,
and ~7!, and the values for the form factors att50 given in
Eq. ~36!, we get

G„Ds
1→ f 0~980!p1

…

G~Ds
1→fp1!

50.4460.18. ~41!

In the recently measured spectra from the reactionDs
1

→p1p1p2 @10#, the relative weight of the channe
p1 f 0(980) is evaluated to be

B„Ds
1→p1 f 0~980!…B„f 0~980!→p1p2

…

B~Ds
1→p1p1p2!

5~56.566.4!%,

~42!

and the ratio of yields

,
q.
1-6
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G~Ds
1→p1p1p2!

G~Ds
1→fp1!

50.24560.02820.012
10.019 ~43!

is measured. Taking into account the results in Eqs.~42! and
~43!, one gets

R5
G„Ds

1→ f 0~980!p1
…

G~Ds
1→fp1!

5
0.14060.046

B~ f 0→p1p2!
. ~44!

Using the branching ratioB„f 0(980)→p1p2
….53%, the

authors in Ref. @11# have estimated the ratio beR
50.275(160.25). In a different way E791, using couple
channel Breit-Wigner function@10#, found a nonsignificative
gK , which means indirectly a nonsignificative contributio
for the decay channelf 0(980)→KK. Thus if we assume tha
B„f 0(980)→pp…;1 which implies B„f 0(980)→p1p2

…

;2/3 ~2/3 being the isospin factor!, using this in Eq.~44!, we
get

G„Ds
1→ f 0~980!p1

…

G~Ds
1→fp1!

50.21060.069. ~45!

Therefore, from our result in Eq.~41!, we conclude that there
is a significant deviation from the factorization approxim
tion for theDs

1→ f 0(980)p1 decay. This could be an indi
cation that there is a sizable nonstrange component in
f 0(980) meson, or even that thef 0(980) structure is more
complex than indicated by the naive quark model.

It is interesting to notice that the result obtained in R
@12# for the ratio in Eq.~1! is very similar to our result in Eq
~41!. However, the authors in@12# concluded that their resul
supports a description off 0(980) as ass̄ state with a pos-
sible virtual KK̄ cloud, but with no substantial mixture o
uū, dd̄. We believe that this conclusion was reached beca
the authors in Ref.@12# misinterpreted the experimental re
sult @10#. In their words, the E791 collaboration measur
R50.62, with a very small error. From the Particle Da
Group@1# we only know thatB( f 0→pp) is dominant with-
out knowing the exact number, there is still an indetermi
tion in the ratio, Eq.~44!. As explained above, if we conside
B( f 0→p1p2);2/3, we arrive at the result in Eq.~45!,
which is smaller than our result in Eq.~41!, leading us to an
opposite conclusion compared with@12#.

One possible way to test if there really is a sizable n
strange component in thef 0(980) is through the measure
ment of the semileptonicDs

1→ f 0(980),1n decay, since in
this decay we do not have problems with the factorizat
approximation. Our prediction for the branching ratio o
tained from Eq.~10!, by supposingf 0(980) as as̄s state, is

B„Ds
1→ f 0~980!,1n…5~0.5560.10!%. ~46!

Any significant deviation from that will definitively imply in
a sizable nonstrange component in thef 0(980) meson, which
could or could not be accommodated in the naive qu
model. Therefore, we urge the experimentalists to search
this decay.
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V. SUMMARY AND CONCLUSIONS

We have presented a QCD sum rule study of theDs
1

decays to final states containingf and f 0(980) mesons. We
have evaluated thet dependence of the form factorsf 1(t),
A1(t), A2(t), and V(t) in the region20.5<t<0.4 GeV2.
The t dependence of the form factors could be fitted by
monopole form and extrapolated to the full kinematical
gion. The axial-vector form factorsA1 andA2 have a much
weakert dependence than the form factorsf 1 andV.

The form factors were used to evaluate the branching
tios for the decaysDs

1→fp1 and Ds
1→f,1n, and we

have obtained a good agreement with experimental d
Since the evaluation of the decay width, in the nonlepto
decay, is based on the factorization approximation, our fi
conclusion is that the factorization approximation works w
in the case of the decayDs

1→fp1.
We have also evaluated the ratioDs

1→ f 0(980)p1/(Ds
1

→fp1) and we got a result greater than the estimate ba
on experimental data. Based on the fact that factoriza
approximation works well in the case of the decayDs

1

→fp1, this result can be interpreted as an indication t
there is a sizable nonstrange component in thef 0(980) me-
son, or even that thef 0(980) structure is more complex tha
indicated by the naive quark model. This hypothesis could
tested by the measurement of the semileptonicDs

1

→ f 0(980),1n decay, since there is no problem with th
factorization approximation in the semileptonic decays.
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APPENDIX A: TWO-POINT SUM RULES

In Ref. @9# the two-point sum rule for thef 0(980) meson
was evaluated by consideringf 0 as as̄s state. They got

mf 0

2 f f 0

2 e2mf 0

2 /M2
5

3

8p2E
4ms

2

u0
duuS 12

4ms
2

u D 3/2

e2u/M2

1mse
2ms

2/M2F ^s̄s&S 31
ms

2

M2D
1

^s̄gssGs&

M2 S 12
ms

2

2M2D G . ~A1!

ConsideringM2 in the interval 1<M2<2 GeV2, u051.6
60.1 GeV2 they got

f f 0
5~0.18060.015! GeV. ~A2!

If we considerms
250, the result forf f 0

does not change

significantly, and we getf f 0
5(0.1960.02) GeV.

The sum rule forf is given by@19#
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f f
2 e2mf

2 /M2
5

1

4p2E
4ms

2

u0
du

~u12ms
2!Au24ms

2

u3/2
e2u/M2

1
2ms^ s̄s&

M2
1

^g2G2&
48p2M2 . ~A3!

Considering ms at most linearly and usingu052.0
60.1 GeV2, we get

f f5~0.23260.010! GeV ~A4!

in the interval 1<M2<2 GeV2, in very good agreemen
with the experimental valuef f

exp50.234 GeV@1#.
For f Ds

the two-point sum rule is given by

mDs

4 f Ds

2

~mc1ms!
2

e2mDs

2 /M2
5

3

8p2E
(mc1ms)

2

s0
dsS 12

~mc2ms!
2

s D
3Al~s,mc

2 ,ms
2!e2s/M2

1^ s̄s&e2mc
2/M2S 2mc1

ms

2
1

msmc
2

M2 D
2

mc^s̄gssGs&

2M2
e2mc

2/M2

3S 12
mc

2

2M2D . ~A5!

Consideringms at most linearly and usings058.8 GeV2, we
get

f Ds
5~0.2260.02! GeV ~A6!

in the interval 2.3<M2<4.5 GeV2, in good agreement with
the value quoted in Ref.@20#, and also with recent lattice
determination@21#: f Ds

5(0.25260.009) GeV.

APPENDIX B: PERTURBATIVE CONTRIBUTIONS
TO THE THREE-POINT FUNCTIONS

In all this work we take into account the mass of t
strange quark at most linearly. We have checked that
contribution of terms proportional toms

2 and higher powers
are negligible. The perturbative contributions for the su
rules defined in Sec. III are
. B

03600
e

r1~s,u,t !5
3

l3/2~s,u,t !
$u@2mcms~2mc

22s2t1u!

1mc
2~s2t1u!1s~2s1t1u!#

2~2mc
22s2t1u!~su1mcms~s2t1u!!%

3u~s2sM !, ~B1!

r1~s,u,t !52
3

2l3/2~s,u,t !
$mcu@l~s,u,t !

12mc
2~mc

22s2t1u!12st#

1ms@s32t312ut21ut~2mc
22u!

22mc
2u~mc

21u!2s2~3t12u!

1s~3t222tu1u~2mc
21u!!#%u~s2sM !,

~B2!

r2~s,u,t !5
3

2l5/2~s,u,t !
$mcu~s2t2u!@l~s,u,t !16st

16mc
2~mc

22s2t1u!#1ms@s41t42t3u

12mc
2u2~3mc

21u!2ut2~10mc
21u!

2s3~4t13u!1tu~6mc
418mc

2u1u2!

1s2~6t22tu1u~2mc
213u!!

2s~4t325t2u24tu~2mc
21u!

1u~6mc
414mc

2u1u2!!#%u~s2sM !, ~B3!

rV~s,u,t !5
3

2l3/2~s,u,t !
$mcu~2mc

22s2t1u!1ms@s2

1t22ut22umc
22s~2t1u!#%u~s2sM !,

~B4!

where

sM5mc
21

mc
2u

mc
22t

. ~B5!
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