
PHYSICAL REVIEW D 66, 034007 ~2002!
Identifying the quark content of the isoscalar scalar mesonsf 0„980…, f 0„1370…, and f 0„1500…
from weak and electromagnetic processes
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The assignments of the isoscalar scalar mesonsf 0(980), f 0(1370), andf 0(1500) in terms of their flavor
substructure is still a matter of heated dispute. Here we employ the weak and electromagnetic decaysDs

1

→ f 0p1 and f 0→gg, respectively, to identify thef 0(980) andf 0(1500) as mostlys̄s, and thef 0(1370) as

dominantlyn̄n, in agreement with previous work. The two-photon decays can be satisfactorily described with
quark as well as with meson loops, though the latter ones provide a less model-dependent and more quantita-
tive description.
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I. INTRODUCTION

A proper classification of the scalar mesons is still be
clouded by two major problems, which mutually hamper t
resolution of either. The first difficulty is the apparent exce
of experimentally confirmed scalar resonances with resp

to the number of theoretically expectedq̄q states. The sec

ond problem is to unambiguously identify theq̄q configura-
tion of the isoscalar scalar mesons, i.e., thef 0(400–1200)
~or s), f 0(980), f 0(1370), f 0(1500), andf 0(1710). In pre-
vious work, especially the former issue has been addres
showing that the light~below 1 GeV! scalars can be de
scribed as a complete nonet ofq̄q states, resulting from ei
ther the dynamical breaking of chiral symmetry@1# or the
coupling of bareP-wave q̄q systems to the meson-meso
continuum in a unitarized approach@2,3#. We believe that
these two mechanisms are intimately related to one ano
though in a not yet completely understood fashion. In a
case, in both pictures the scalar mesons between 1.3 an
GeV form another nonet, and so forth. So we conclude th
is no excess of observed resonances, thus dispensing wit
introduction of new degrees of freedom.

Here, we want to focus on the second issue, namely
identification of the isoscalars, especially the vehemen
disputedf 0(980), f 0(1370), andf 0(1500), in an as model
independent way as one may achieve. In Refs.@4,5# qualita-
tive arguments from observed hadronic decays have alre
been presented that favor, in our view, a mainlys̄s configu-
ration for thef 0(980) andf 0(1500), and a dominantly non
strangeq̄q content for thef 0(1370). Furthermore, we ar
engaged in substantiating these arguments by analyzing
the four-pion decays of these scalars via intermediaterr and
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ss two-resonance states, in a similar way as done for
v→rp→ppp cascade process in Ref.@6#. In the present
work, we shall employ the weak and electromagnetic dec
~as opposed to the more complicated strong-interaction
namics! Ds

1→ f 0p1 and f 0→gg, respectively, which will

give quantitative support for ourq̄q assignments. These pro
cesses will be analyzed in a simpleq̄q picture for the corre-
sponding f 0 resonances, with a minimum of mode
dependent input.

This paper is organized as follows. In Sec. II we comp
the weak decays Ds

1→p1 f 0(980), p1 f 0(1500),
p1 f 0(1710) usingW1 emission. In Sec. III we calculate th
f 0(980), f 0(1370)→2g electromagnetic decays, employin
quark as well as meson loops. Conclusions are drawn in
IV.

II. WEAK DECAYS Ds
¿\p¿f 0

First we compute the parity-conserving weak decaysDs
1

→p1 f 0(980) andp1 f 0(1500), supposing for the momen
that both of these final-state scalar mesons are purelys̄s.
Given the Fermi Hamiltonian densityHW5(GF/2A2)(J J1

1J1J) with @7# GF51.16639(1)31025 GeV22 and Fp

5 f p1 /A2.(92.4260.27) MeV, the magnitudes of the co
responding weak decay amplitudes ofW1 emission are@8#
~also see Ref.@9#!

uM „Ds
1→p1 f 0~980!…u

5
GFuVuduuVcsu

2
Fp~mD

s
1

2
2mf 0(980)

2 !

5~159624!31028 GeV, ~1!

uM „Ds
1→p1 f 0~1500!…u

5
GFuVuduuVcsu

2
Fp~mD

s
1

2
2mf 0(1500)

2 !

5~89613!31028 GeV, ~2!
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being both close to the data@7# (178640)31028 GeV and
(96628)31028 GeV, respectively. The latter amplitude
are extracted from the observed decay ratesG according to
uM u5mD

s
1A8p G/qcm. The agreement of Eqs.~1! and ~2!

with the data, which has already been noted in Refs.@5# and
@10#, respectively, shows that first-order perturbative we
graphs have impressive predictive power.

The formulas of Eqs.~1! and~2! are based on the standa
description of weak interactions in terms of Fermi theo
which is a low-energy tree-level approximation of the sta
dard model Lagrangian, or in other words, a lowest-or
description in the spirit of Wilson’s operator product expa
sion ~OPE!. In the language of Ref.@11#, we only consider
the current-current operatorQ2 multiplied by the Wilson co-
efficient C2. Higher orders could be included by taking in
account further operators,Q1 , Q3 , Q4 , Q5 , Q6, multiplied
by the corresponding Wilson coefficientsC1 , C3 , C4 , C5 ,
C6. From Ref.@11# we learn that the corresponding cont
butions are suppressed and often negative forK and D de-
cays. Throughout this work we assumeC251, thereby ab-
sorbing the anticipated negative marginal contributions
the further operators as a correction to the valueC2'1.25
quoted in Ref.@11#. Furthermore, we may observe that, sin
decay rates ofq̄q systems are to a good approximation pr
portional to q̄q probability distributions at theq̄q center of
mass@12#, the higher-order OPE terms seem to cancel c
rections from theq̄q wave function, such that we meet th
experimental data.

The coincidence that both effects—one perturbative
one nonperturbative—compensate each other may h
some physical roots. It is also important to notice that,
though we do not rely on wave functions in this paper,
bear in mind the nonet assignment given in Refs.@2,3#,
which classifies both the light nonet of scalar resonances
the nonet between 1.3 and 1.5 GeV as ground states,
from a different origin. As a consequence, we do not fore
the usual suppression factors for radial excitations in the c
of the f 0(1500) @and also thef 0(1370)#, as for instance used
in Ref. @13#.

Another way to study Eqs.~1! and~2! above is to take the
ratio

U M „Ds
1→p1 f 0~980!…

M „Ds
1→p1 f 0~1500!…

U
u f 0&5us̄s&

5

mD
s
1

2
2mf 0(980)

2

mD
s
1

2
2mf 0(1500)

2
51.7960.04, ~3!

@using mf 0(980)5(980610) MeV, mf 0(1500)5(1500610)

MeV, andmD
s
15(1968.660.6) MeV#, which is independen

of the weak scaleGF , the Cabibbo-Kobayashi-Maskaw
~CKM! parametersuVudu, uVcsu, and the pion decay constan
Fp . As such, Eq.~3! is the kinematic~model-independent!
infinite-momentum-frame~IMF! ~see, e.g., Ref.@14#! ver-
sion. The data@7# depend on the branching ratio and cent
of-mass~c.m.! momenta as
03400
k

,
-
r

-

f

-

r-

d
ve
l-
e

nd
ch
e
se

-

U M „Ds
1→p1 f 0~980!…

M „Ds
1→p1 f 0~1500!…

U
PDG

5AG„Ds
1→p1 f 0~980!…qcm„Ds

1→p1 f 0~1500!…

G„Ds
1→p1 f 0~1500!…qcm„Ds

1→p1 f 0~980!…

51.8660.68, ~4!

showing again a very good agreement. Here, we have u
the measured branching ratios@7# G„Ds

1→p1 f 0(980)…/
G(Ds

1)5(1.860.8)% and G„Ds
1→p1 f 0(1500)…/G(Ds

1)
5(0.2860.16)%, and the corresponding extracted c.m. m
menta qcm„Ds

1→p1 f 0(980)…5(732.165.1) MeV/c and
qcm„Ds

1→p1 f 0(1500)…5(393.868.1) MeV/c. The large
error 60.68 in Eq.~4! stems from the uncertainties in th
measured branching ratios rather than from the quite ac
rately known c.m. momenta. These uncertainties leave q
some room to allow for significantn̄n admixtures in the
f 0(980) as well as thef 0(1500), without calling into ques-
tion their s̄s dominance. On the other hand, from the failu
to observe the decayDs

1→p1 f 0(1370) @7# ~see, however,
Ref. @15#! it seems safe to conclude that thef 0(1370) does
not have a larges̄s component.

To conclude the weak processes, let us look at the si
tion for the f 0(1710). Although the weak decayDs

1

→p1 f 0(1710) has been observed, the quoted rate (
61.9)31023 @7#, corresponding to an amplitude of (9
6123)31028 GeV, only accounts forK1K2 decays of this
resonance. The theoreticalW1-emission amplitude has
magnitude of 5231028 GeV, if we again ignore possible
corrections from the internalq̄q wave function of the
f 0(1710), which may be questionable for this probably e
cited state. Also in view of the huge experimental error,
definite conclusions on theq̄q ~or any other! substructure of
the f 0(1710) are possible for the time being. Neverthele
the sheer observation of the weak decay process seem
preclude a dominantlyn̄n configuration. Indeed, the meso
particle listings conclude that thef 0(1710) ‘‘is consistent

with a large s̄s component’’ ~Ref. @7#, page 470!.

III. ELECTROMAGNETIC SCALAR DECAYS S\2g

An alternative process to analyze the flavor content of
f 0 mesons is the two-photon decay, since the correspon
amplitude is very sensitive to the masses and especially
charges of the particles involved. Moreover, this process m
also provide a tool to determine whether some of these is
calar scalar mesons are in fact glueballs@16#. In our analysis,
we shall restrict ourselves to thosef 0 states for which two-
photon decays have been observed.

A. The decayf 0„980…\2g

The Particle Data Group~PDG! tables @7# now report
the scalar f 0(980)→2g decay rate as (0.3960.12)
7-2
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keV. Given the scalar amplitude structure@17–20#
M«m(k8)«n(k)(gmnk8•k2k8mkn), the two-photon decay rat
is

G~ f 0→2g!5
mf 0

3 uM u2

64p
or

uM „f 0~980!→2g…u5~0.9160.14!31022 GeV21. ~5!

If the f 0(980) were n̄n, the isoscalaru, d quark-loop
analogue of the isovectorp0→2g amplitude, given
by @18# A2aNc Tr@Q2Qn̄n#/(pFp)55aNc /(9pFp)
.0.042 GeV21 with Nc53, would generate anf 0(980)
→2 g decay rate a factor of21 times too large.1 If, instead,
the f 0(980) is a pures̄s state, thef 0→2g amplitude magni-
tude becomes@18# aNcgf 0SS

/(9pms).0.8131022 GeV21,

usinggf 0 SS5A2 2p/A3 and constituent strange quark ma

@21,1# ms5490 MeV.1.44m̂ @from Ref. @21#, FK /Fp

5(m̂1ms)/(2m̂).1.22# with the constituent nonstrang
massm̂.340 MeV. This value lies reasonably close to t
observed amplitude in Eq.~5!.2 However, at this point we
should note that the quark-loop result for the two-pho
decay rate is very sensitive to a possiblen̄n admixture in the
f 0(980), due to an enhancement factor of 25 of then̄n com-
ponent with respect to thes̄s component. This factor come

from the electric charge of the quarks, yielding@( 2
3 )2

1( 1
3 )2#2 for the nonstrange isoscalar (1/A2)(ūu1d̄d), and

( 1
3 )4 for the strange isoscalar.

Therefore, rather than involving the model-depend
quark coupling and constituent quark masses as above
instead consider a combination of the decay chainsf 0
→K1K2→2 g and f 0→p1p2→2 g @17–20#. According
to Refs.@17,20#, the kaon loop is suppressed by 10% due
a, so far experimentally unconfirmed, scalark(900). @How-
ever, very recent results from the E791 Collaboration pres
preliminary evidence for a lightk ~see the e-print in Ref
@15#!, which would confirm the prediction@1,2# of such a
state.# In order to proceed, we have to remind the reader
the standard mixing scheme between the ‘‘physical’’ sta
(us(600)& and u f 0(980)&), and the nonstrange and stran
basis statesun̄n& and us̄s&, i.e.,

us~600!&5cosfsun̄n&2sinfsus̄s&,
~6!

1We introduced the SU~3! charge matrixQ5T31Y/25diag@2/3,

21/3,21/3#5(l31l8 /A3)/2 and then̄n5(ūu1d̄d)/A2 analogue
Qn̄n5diag@1/A2,1/A2,0#5(l01l8 /A2)/A3.

2Without changes, we could of course also use
identity A2aNc Tr@Q2Qs̄s#/(pFs̄s)5A2aNc /(9pFs̄s).0.81
31022GeV21, with Fs̄s5A3ms /(2p)5135.1 MeV.1.2FK

.2FK2Fp.A2Fp andQs̄s5diag@0,0,1#5(l0 /A22l8)/A3. The
use of @7# FK5 f K1 /A25(113.0061.04) MeV instead ofFs̄s

would bring us even closer to the data, asA2aNc /(9pFK)
.0.97231022 GeV21.
03400
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u f 0~980!&5sinfsun̄n&1cosfsus̄s&.

With quadratic mass mixing, one can define for the sta
un̄n& and us̄s& the nonstrange and strange mass parame
mn̄n andms̄s by @18# as

mn̄n
2

5cos2fsms
21sin2fsmf 0

2

5@~646610! MeV#2,
~7!

ms̄s
2

5sin2fsms
21cos2fsmf 0

2

5@~950611! MeV#2.

Throughout this paper we choose a mixing angle of3 fs
.18°62° @1,22,21,18# or fs.2(18°62°) @20#, and as-
sume the scalar-meson masses to bemf 0(980)5(980

610) MeV @7# and ms(600)5600 MeV. Since the interac
tion Lagrangians between thef 0 and the pseudoscalarsp6

and K6 are proportional tof 0, the Lagrangians can, within
the same mixing scheme, be simultaneously reexpresse
terms of nonstrange and strange fields, i.e.,

L~ f 0pp!1L~ f 0KK !5sinfs@L~ n̄npp!1L~ n̄nKK!#

1cosfs@L~ s̄spp!1L~ s̄sKK!#.

~8!

Within the usual nonet, that is, the U~3! picture, the scalar
~S! and pseudoscalar~P! fields are proportional to linea
combinations of the Gell-Mann matricesl0 ,l1 , . . . ,l8 (l0

denotes hereA2/3 13 with 13 being the 3-dimensional uni
matrix!, denoted byQS and QP , respectively. From the
quark content of the corresponding mesonic systems,
easy to derive

n̄n5
1

A2
~ ūu1d̄d!⇒Qn̄n5

1

A3
S l01

1

A2
l8D ,

s̄s⇒Qs̄s5
1

A3
S 1

A2
l02l8D , ~9!

p15d̄u, p25ūd⇒Qp65
1

2
~l16 il2!,

K15 s̄u, K25ūs⇒QK65
1

2
~l46 il5!.

In the linears model ~LSM!, the interaction Lagrangian
L(SP1P2) is proportional to the flavor trace T
(QS $QP1

,QP2
%), and so are the corresponding coupling coe

3The sign of the mixing angle, which cannot be identified from
quadratic mass mixing scheme, has still to be determined from
oretical consistency arguments, as it has a strong influence on
interference terms in the present work.
7-3
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stants. It should be mentioned that the charge of a mes
systemf is determined by Tr(Q @Qf ,Qf

T #). Thus, we derive

for the relevant channels under consideration, i.e.,n̄n

→pp, n̄n→KK, s̄s→pp, and s̄s→KK:

dn̄np1p25
1

A2
Tr~Qn̄n$Qp1,Qp2%!51,

dn̄nK1K25
1

A2
Tr~Qn̄n$QK1,QK2%!5

1

2
,

~10!

ds̄sp1p25
1

A2
Tr~Qs̄s$Qp1,Qp2%!50,

ds̄sK1K25
1

A2
Tr~Qs̄s$QK1,QK2%!5

1

A2
.

The corresponding equivalent symmetric structure const
d n̄n 33, d n̄n K0K0, d s̄s 33, d s̄s K0K0, with dabc
5Tr(la$lb ,lc%)/4, for two neutral pseudoscalars in the fin
state have already been derived in Ref.@21#. In accordance
with the s-model results, we determine the correspond
SU~3! couplings for fs.1(18°62°) and fs.2(18°
62°) as

gn̄npp
8 5dn̄np1p2

mn̄n
2

2mp6
2

2Fp

5
cos2fsms

21sin2fsmf 0

2 2mp6
2

2 Fp

5~2.15260.068! GeV,
03400
ic

ts

l

g

gn̄nKK
8 5dn̄nK1K2

mn̄n
2

2mK6
2

FK

5
cos2fsms

21sin2fsmf 0

2 2mK6
2

2FK

5~0.76860.056! GeV,

gs̄spp
8 5ds̄sp1p2

ms̄s
2

2mp6
2

2Fp
50, ~11!

gs̄sKK
8 5ds̄sK1K2

ms̄s
2

2mK6
2

FK

5
sin2fsms

21cos2fsmf 0

2 2mK6
2

A2FK

5~4.12660.141! GeV,

yielding for fs.1(18°62°)

~sinfsgn̄npp
8 1cosfsgs̄spp

8 !5~0.66560.093! GeV,

~12!
~sinfsgn̄nKK

8 1cosfsgs̄sKK
8 !5~4.16260.138! GeV,

and forfs.2(18°62°)

~sinfsgn̄npp
8 1cosfsgs̄spp

8 !5~20.66560.093! GeV,

~13!
~sinfsgn̄nKK

8 1cosfsgs̄sKK
8 !5~3.68760.194! GeV.

In order to compute these numbers, we usedFp.(92.42
60.27) MeV, FK.(113.0061.04) MeV, i.e. FK /Fp

.1.22. Putting all this together, we obtain for the pion- a
kaon-loop amplitudes@17#
Mp loop5
2a~sinfsgn̄npp

8 1cosfsgs̄spp
8 !

pmf 0

2 F2
1

2
1jpI ~jp!G

5@20.17760.0251 i ~10.07960.012!#31022 GeV21 for fs.1~18°62°!

5@10.17760.0251 i ~20.07960.012!#31022 GeV21 for fs.2~18°62°!,

MK loop5
2a~sinfsgn̄nKK

8 1cosfsgs̄sKK
8 !

pmf 0

2 F2
1

2
1jKI ~jK!G

5~1.13860.254!31022GeV21 for fs.1~18°62°!

5~1.00860.229!31022 GeV21 for fs.2~18°62°!, ~14!

Mp loop1MK loop5@0.96060.2551 i ~10.07960.012!#31022 GeV21 for fs.1~18°62°!

5@1.18560.2301 i ~20.07960.012!#31022 GeV21 for fs.2~18°62°!,

uMp loop1MK loopu5~0.96460.255!31022 GeV21 for fs.1~18°62°!

5~1.18860.230!31022 GeV21 for fs.2~18°62°!.
7-4
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As jp5mp1
2 /mf 0(980)

2 50.0202860.00042,1/4, the value of

the pion-loop integral is obtained from~see also pages 23
and 422 in Ref.@23#!

I ~jp!5E
0

1

dyE
0

1

dx
y

jp2xy~12y!

52Fp

2
1 i lnSA 1

4jp
1A 1

4jp
21D G2

5
p2

2
22 ln2FA 1

4jp
1A 1

4jp
21G

12p i lnFA 1

4jp
1A 1

4jp
21G

522.50060.0831 i ~12.11460.067!,

while, asjK5mK1
2 /mf 0(980)

2 50.253860.0052.1/4, the kaon

loop follows from

I ~jK!5E
0

1

dyE
0

1

dx
y

jK2xy~12y!

52FarcsinA 1

4jK
G2

54.19760.482, ~15!

yielding, respectively,

2
1

2
1jpI ~jp!520.550760.0020

1 i ~0.245760.0037!, ~16!

2
1

2
1jKI ~jK!50.565160.1242.

Reducing the kaon-loop amplitude in Eq.~14! by 10% @ow-
ing to the scalark(900) loop#, but leaving the value of its
error unaltered, predicts (0.8560.26)31022 GeV21 @fs.
1(18°62°)# or (1.0960.23)31022 GeV21 @fs.2(18°
62°)# for the modulus of thef 0(980)→2g amplitude, rea-
sonably near the data@7# in Eq. ~5!. Therefore, whether we
employ quark loops or insteadp andK loops as in Eq.~14!,
it is clear that thef 0(980)→2g amplitude can only be un
derstood, if thef 0(980) is mostlys̄s.4 This is the same con
clusion as obtained, more easily, from the weak decayDs

1

→p1 f 0(980) in Eq.~1!.
Similar conclusions for the flavor content of thef 0(980)

can be found in Refs.@24,25#. Furthermore, in Ref.@26# two

4Surely, the error bars of the presented analysis rely strongly
the assumption that we choose a sharps-meson massms

5600 MeV, without any uncertainty.
03400
possibilities are indicated, either dominantlys̄s, or flavor oc-

tet, which is dominantlys̄s as well.

B. The decayf 0„1370…\2g

Now we study the processf 0(1370)→2g, using the same
techniques as above. In the meson listings of the Part
Data Group@7#, two values are given for the two-photo
partial width of thef 0(1370), i.e., (3.861.5) keV and (5.4
62.3) keV, from Refs.@27# and@28#, respectively. In these
analyses, the 2g coupling is determined from theS-wave
gg→pp cross section in the energy region under t
f 2(1270). However, the peaking of this cross section abov
GeV is explained by the authors as a consequence of a
mass-scalar suppression due to gauge invariance~see also
Ref. @16#!, pushing the corresponding distribution towar
the high-mass end of thef 0(400–1200), rather than as
signal of thef 0(1370). For the purpose of our present stud
we abide by the current PDG interpretation favoring t
f 0(1370), but keeping in mind that the experimental situ
tion is anything but settled. Furthermore, we average the
data on the two-photon partial width, providing us with
albeit preliminary, theoretical value of (4.662.8) keV, with
the amplitude given by @using mf 0(1370)5(1370

6170) MeV#

G~ f 0→2g!5
mf 0

3 uM u2

64p
or

~17!

uM „f 0~1370!→2g…u5~1.9060.68!31022 GeV21.

In order to apply again a meson-loop approach, we
velop once more a meson-mixing scheme, namely,

u f 0~1370!&5cosfs8un̄n&2sinfs8us̄s&
~18!

u f 0~1500!&5sinfs8un̄n&1cosfs8us̄s&.

Again we define, using quadratic mass mixing with resp
to the statesun̄n& and us̄s&, the nonstrange and strange ma
parametersmn̄n

8 andms̄s
8 by

mn̄n
82

5cos2fs8mf 0(1370)
2 1sin2fs8mf 0(1500)

2 ,

~19!

ms̄s
82

5sin2fs8mf 0(1370)
2 1cos2fs8mf 0(1500)

2 .

Consequently, we use the couplings

n
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gn̄npp
8 5dn̄np1p2

mn̄n
82

2mp6
2

2Fp
5

cos2fs8mf 0(1370)
2 1sin2fs8mf 0(1500)

2 2mp6
2

2Fp

5~10.0562.53! GeV for fs850°

5~10.2462.29! GeV for fs8.6~18°62°!,

gn̄nKK
8 5dn̄nK1K2

mn̄n
82

2mK6
2

FK
5

cos2fs8mf 0(1370)
2 1sin2fs8mf 0(1500)

2 2mK6
2

2FK

5~7.2362.07! GeV for fs850°

5~7.3861.87! GeV for fs8.6~18°62°!, ~20!

gs̄spp
8 5ds̄sp1p2

ms̄s
82

2mp6
2

2Fp
50,

gs̄sKK
8 5ds̄sK1K2

ms̄s
82

2mK6
2

FK
5

sin2fs8mf 0(1370)
2 1cos2fs8mf 0(1500)

2 2mK6
2

A2FK

5~12.5660.23! GeV for fs850°

5~12.3360.35! GeV for fs8.6~18°62°!,

yielding, respectively,

~cosfs8gn̄npp
8 2sinfs8gs̄spp

8 !5~10.0562.53! GeV for fs850°

5~9.7462.17! GeV for fs8.1~18°62°!

5~9.7462.17! GeV for fs8.2~18°62°!,
~21!

~cosfs8gn̄nKK
8 2sinfs8gs̄sKK

8 !5~7.2362.07! GeV for fs850°

5~3.2161.75! GeV for fs8.1~18°62°!

5~10.8361.90! GeV for fs8.2~18°62°!

to determine the pion- and kaon-loop amplitudes

Mp loop5
2a~cosfs8gn̄npp

8 2sinfs8gs̄spp
8 !

pmf 0(1370)
2 F2

1

2
1jpI ~jp!G ,

~22!

MK loop5
2a~cosfs8gn̄nKK

8 2sinfs8gs̄sKK
8 !

pmf 0(1370)
2 F2

1

2
1jKI ~jK!G .

Using jp5mp1
2 /mf 0(1370)

2 50.010460.0026,1/4 and jK5mK1
2 /mf 0(1370)

2 50.129960.0323,1/4, we obtain@17# ~see also

pages 230 and 422 in Ref.@23#!

I ~jp!5
p2

2
22 ln2FA 1

4jp
1A 1

4jp
21G12p i lnFA 1

4jp
1A 1

4jp
21G525.4061.161 i ~14.2860.80!,

~23!

I ~jK!5
p2

2
22 ln2FA 1

4jK
1A 1

4jK
21G12p i lnFA 1

4jK
1A 1

4jK
21G53.4860.621 i ~5.3761.13!,

yielding, respectively,
034007-6
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2 1
2 1jpI ~jp!520.55660.0021 i ~0.14860.029!, ~24!

2 1
2 1jKI ~jK!520.04960.1921 i ~0.69760.027!.

Combining all the previous results, we arrive at

Mp loop5@21.38360.0081 i ~0.36960.071!#31022 GeV21 for fs850°

5@21.34160.0371 i ~0.35760.070!#31022 GeV21 for fs8.1~18°62°!

5@21.34160.0371 i ~0.35760.070!#31022 GeV21 for fs8.2~18°62°!,

MK loop5@20.08760.3431 i ~1.24760.068!#31022 GeV21 for fs850°

5@20.03960.1531 i ~0.55460.173!#31022 GeV21 for fs8.1~18°62°!

5@20.13160.5141 i ~1.86960.173!#31022 GeV21 for fs8.2~18°62°!,
~25!

Mp loop1MK loop5@21.47060.3431 i ~1.61560.099!#31022 GeV21 for fs850°

5@21.37960.1571 i ~0.91260.187!#31022 GeV21 for fs8.1~18°62°!

5@21.47160.5151 i ~2.22660.186!#31022 GeV21 for fs8.2~18°62°!,

uMp loop1MK loopu5~2.18460.242!31022 GeV21 for fs850°

5~1.65360.167!31022 GeV21 for fs8.1~18°62°!

5~2.66860.324!31022 GeV21 for fs8.2~18°62°!.
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If we again reduce the kaon-loop amplitude by 10% o
ing to the k(900), and assume for the moment that t
f 0(1370) is purelyn̄n, we get for the modulus of the deca
amplitude the value (2.0960.25)31022 GeV21, in good
agreement with the experimental result in Eq.~17!. Taking
instead a mixing angle offs8518°62° produces an ampli
tude value of (1.6260.17)31022 GeV21, also well within
the experimental error bars. On the other hand, choosin
negative mixing angle offs85218°62° gives rise to a
somewhat too large amplitude, albeit still compatible w
the experimentally allowed range of values, namely (2
60.34)31022 GeV21. So a positive mixing angle seems
be clearly favored. Further increasing a positivefs8 from
118° will yield smaller and smaller amplitudes, until
about 60° a minimum is reached of'0.9431022 GeV21,
after which the amplitude increases again. Forfs8.80°,
there would be agreement again with experiment. Howe
such a large mixing angle, which would imply an almo
pure s̄s substructure for thef 0(1370), seems to be exclude
by the weak processes discussed in Sec. II, as well a
hadronic decays@5#.

Alternatively, if instead we try then̄n u,d quark loops,
the f 0(1370)→2g amplitude would be @17#, for j
.mu

2/mf 0(1370)
2 .md

2/mf 0(1370)
2 <1/4,
03400
-

a

1

r,
t

by

M „f 0~1370!→2g…5A2Tr@Q2Qn̄n#
aNc

pFp

32j@21~124j!I ~j!#

5
5aNc

9pFp
2j@21~124j!I ~j!#. ~26!

For j,1/4, the values 0.053,j.mu
2/mf 0(1370)

2

.md
2/mf 0(1370)

2 ,0.086 are compatible with the experiment

estimate in Eq. ~17!, i.e., uM „f 0(1370)→2g…u5(1.90
60.68)31022GeV21. For mf 0(1370).1370 MeV, the al-

lowed ranges for j,1/4 yield 315 MeV,mu.md

,402 MeV ~see Fig. 1!. Using I (j) given in Eq.~15!, we
observe that for allj.1/4, which would anyhow imply un-
realistically large quark masses, the quark-loop rate is
consonant with the experimental estimate. The allowed ra
for the constituentu, d mass is quite consistent with th

f 0(1370) being purelyn̄n, or with a smalls̄s admixture, of
course. On the other hand, taking thef 0(1370) to be mostly

s̄s, it is almost impossible to find any reasonable qua
masses and mixing angles to get agreement with experim
7-7
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IV. CONCLUSIONS

In this paper we have studied weak and electromagn
decay processes with isoscalar scalar mesons in the fina
initial state, respectively, in order to identify the quark su
structure of especially thef 0(980), f 0(1370), andf 0(1500)
resonances. Calculating the weak processDs

1→ f 0p1, which
has been observed for thef 0(980), f 0(1500), andf 0(1710),
via the standardW1-emission graph, leads to good agre
ment with experiment for thef 0(980) andf 0(1500), if these
states are assumed to be mostlys̄s. For the f 0(1710), the
large experimental error does not allow a definite conclus
about a possible dominants̄s configuration, but a mostlyn̄n
substructure of this resonance is unlikely. As to thef 0(1370),
the PDG tables do not report the processDs

1

→ f 0(1370)p1 at all, which would exclude a mostlys̄s na-
ture of this resonance. Not even the observation of the p
cess by the E791 Collaboration seems to affect this con
sion, sinceDs

1→ f 0(1370)p1→K1K2p1 is not observed
@15#.

Regarding the electromagnetic processes, calculatio
the experimentally observed two-photon decaysf 0(980)

FIG. 1. Two-photon-decay amplitude of thef 0(1370) deter-
mined byu,d quark loops. Here,j5mn

2/mf 0(1370)
2 , with mn repre-

senting the constituent nonstrange quark massmu5md , andjmin ,
jmax stand for the one-standard-deviation boundaries of the exp
mental estimate given in Eq.~17! for the two-photon decay rate o
the f 0(1370) meson. The corresponding nonstrange quark ma
range from 315 to 402 MeV.
.

on

03400
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nd
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of

→gg and f 0(1370)→gg, using either quark or meso
loops, leads to good agreement with the experimentally m
sured rates, provided that thef 0(980) is assumed to be

mostly s̄s and the f 0(1370) mainly n̄n, and taking, more-
over, the controversial PDG data on thef 0(1370) at face
value~see the discussion in Sec. III B!. While the quark-loop
results depend rather sensitively on the~model-dependent!
quark masses and mixing angles, especially in the case o

f 0(980), the meson-loop results only depend on then̄n vs s̄s
mixing and, therefore, are more stable and reliable.

At this point we should remark that, in a strict SU~3!
extension of the quark-level LSM~qlLSM! @21#, which to
some extent underlied our approach here, both quarkand
meson loops should be included in the two-photon de
amplitude of thef 0(980), being a ground-state scalar meso
As a matter of fact, the contributions of both kinds of loo
are needed for thes~600!—in the SU~2! case—so as to ge
near the not-so-well known experimental two-photon wid
of the f 0(400–1200)~@29#!. However, as mentioned in th
text, the quark-loop result for thef 0(980) is very sensitive to
the quark masses and the mixing angle due to a r
enhancement factor of 25 for the nonstrangeq̄q component.
By a judicious but not unreasonable choice of these par
eters, one can easily make the quark-loop contribution v
ish, which would occur~using gf 0SS5A22p/A3) for, e.g.,

mu,d5340 MeV, ms5490 MeV, fs512.4°, or mu,d
5300 MeV, ms5432 MeV, fs518.3°, or all kinds of in-
termediate values. Therefore, our conclusion on the do
nantly s̄s nature of thef 0(980) is upheld no matter which
framework is used, i.e., either the rigorous SU~3! qlLSM or
the more phenomenological meson-loops-only approach

Summarizing, weak and electromagnetic processes
quantitative evidence to a dominantlys̄s interpretation of the
f 0(980) andf 0(1500), and a mostlyn̄n assignment for the
f 0(1370).
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