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Analysis of the nature of thef\gph and f\gp0p0 decays
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We study interference patterns in thef→(ga01p0r)→gph and f→(g f 01p0r)→gp0p0 reactions.
Taking into account the interference, we fit the experimental data and show that the background reaction does
not distort thep0h spectrum in the decayf→gph everywhere over the energy region and does not distort the
p0p0 spectrum in the decayf→gp0p0 in the wide region of thep0p0 system invariant mass,mpp.670
MeV, or when the photon energy is less than 300 MeV. We discuss the details of the scalar meson production
in the radiative decays and note that there are reasonable arguments in favor of the one-loop mechanismf
→K1K2→ga0 andf→K1K2→g f 0. We discuss also distinctions between the four-quark, molecular, and
two-quark models and argue that the Novosibirsk data give evidence in favor of the four-quark nature of the
scalara0(980) andf 0(980) mesons.
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I. INTRODUCTION

As was shown in a number of papers, see Refs.@1–6#, and
references therein, the study of the radiative decaysf
→ga0→gph and f→g f 0→gpp can shed light on the
problem of the scalara0(980) andf 0(980) mesons. Thes
decays have been studied not only theoretically but also
perimentally. Present time data have already been obta
from Novosibirsk with the detectors SND@7–10# and
CMD-2 @11#, which give the following branching
ratios: BR(f→gph)5(0.8860.1460.09)31024 @9#,
BR(f→gp0p0)5(1.22160.09860.061)31024 @10# and
BR(f→gph)5(0.960.2460.1)31024, BR(f→gp0p0)
5(0.9260.0860.06)31024 @11#.

These data give evidence in favor of the four-qua
(q2q̄2) @1,12–16# nature of the scalara0(980) andf 0(980)
mesons. Note that the isovectora0(980) meson is produce
in the radiativef meson decay as intensively as the we
studiedh8 meson involving essentially strange quarksss̄
('66%), responsible for the decay.

As shown in Refs.@1,3,17#, the background situation fo
studying the radiative decaysf→ga0→gp0h and f
→g f 0→gp0p0 is very good. For example, in the case
the decayf→ga0→gp0h, the processf→p0r→gp0h is
the dominant background. The estimation for the soft,
strong interaction standard, photon energy,v,100 MeV,
gives BR(f→p0r0→gp0h,v,100 MeV)'1.531026.
The influence of the background process is negligible, p
vided BR(f→ga0→gp0h,v,100 MeV)>1025. In this
paper, in Sec. II, we calculate the expression for thef
→gp0h decay amplitude taking into account the interfe
ence between thef→ga0→gp0h and f→p0r→gp0h
processes. We show that for the obtained experimental
the influence of the background processes is negligible
erywhere over the photon energy region.

The situation withf→g f 0→gp0p0 decay is not much
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different. As was shown in@1,3,17# the dominant back-
ground is the f→p0r0→gp0p0 process with BR(f
→p0r0→gp0p0,v,100 MeV)'6.431027. The influence
of this background process is negligible, provided BRf
→g f 0→gp0p0,v,100 MeV)>531026.

The exact calculation of the interference patterns betw
the decaysf→g f 0→gp0p0 andf→r0p→gp0p0, which
we present in this paper in Sec. III, shows that the influe
of the background in the decayf→gp0p0 for the obtained
experimental data is negligible in the wide region of t
p0p0 invariant mass,mpp.670 MeV, or in the photon en-
ergy regionv,300 MeV.

In Sec. IV we discuss the mechanism of the scalar me
production in the radiative decays and show that experim
tal data obtained in Novosibirsk give the reasonable ar
ments in favor of the one-loop mechanismf→K1K2

→ga0 and f→K1K2→g f 0 of these decays . In the sam
place we discuss also distinctions between the four-qu
molecular, and two-quark models and explain why these d
give evidence in favor of the four-quark nature of the sca
a0(980) andf 0(980) mesons.

II. INTERFERENCE BETWEEN THE REACTIONS
f\ga0\gp0h AND f\p0r0\gp0h

As was shown in Refs.@1,3# the background proces
e1e2→f→p0r0→gp0h is dominant. The amplitudes o
the processese1e2→r0(v)→hr0(v)→gp0h are much
less than the amplitudes of thee1e2→r0(v)→p0v(r0)
→gp0h processes. In its turn, the amplitudes of thee1e2

→r0(v)→p0v(r0)→gp0h processes are much less th
the amplitudes of thee1e2→f→p0r0→gp0h processes.
The amplitude of thee1e2→f→hf→gp0h process is
also much less than the amplitude ofe1e2→f→p0r0

→gp0h process.
The amplitude of the background processf(p)→p0r0

→g(q)p0(k1)h(k2) is

MB5
gfrpgrhg

Dr~p2k1!
fak1mpned~p2k1!vqeeabmnebdve .

~1!
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For the amplitude of the signalf→ga0→gp0h we use
the model suggested in Ref.@1#, in which the one-loop
mechanism of the decayf→K1K2→ga0 is considered:

Ma5g~m!
ga0K1K2ga0ph

Da0
~m! S ~fe!2

~fq!~ep!

~pq! D , ~2!

wherem25(k11k2)2, fa, andem are the polarization vec
tors of f meson and photon, the functiong(m) was deter-
mined in Refs.@1,3#. The mass spectrum is

G~f→gph!

dm
5

dGa0

dm
1

dGback~m!

dm
6

dG int~m!

dm
, ~3!

where the mass spectrum for the signal is

dGa0

dm
5

2

p

m2G@f→ga0~m!#G@a0~m!→ph#

uDa0
~m!u2

5
2ug~m!u2php~mf

2 2m2!

3~4p!3mf
3 Uga0K1K2ga0ph

Da0
~m! U2

. ~4!

Accordingly, the mass spectrum for the background p
cesse1e2→f→p0r→gp0h is

dGback~m!

dm
5

~mf
2 2m2!pph

128p3mf
3 E

21

1

dxAback~m,x!, ~5!

where

Aback~m,x!5
1

3 ( uMBu2

5
1

24
~mh

4mp
4 12m2mh

2mp
2 m̃r

222mh
4mp

2 m̃r
2

22mh
2mp

4 m̃r
212m4m̃r

422m2mh
2m̃r

4

12mh
4m̃r

422m2mp
2 m̃r

414mh
2mp

2 m̃r
4

1mp
4 m̃r

412m2m̃r
622mh

2m̃r
622mp

2 m̃r
6

1m̃r
822mh

4mp
2 mf

2 22m2mh
2mf

2 m̃r
2

12mh
2mp

2 mf
2 m̃r

222m2mf
2 m̃r

412mh
2mf

2 m̃r
4

22mf
2 m̃r

61mh
4mf

4 1mf
4 m̃r

4! Ugfrpgrhg

Dr~m̃r!
U2

~6!

and

m̃r
25mh

21
~m21mh

22mp
2 !~mf

2 2m2!

2m2
2

~mf
2 2m2!x

m
pph

pph5
A@m22~mh2mp!2#@m22~mh1mp!2#

2m
. ~7!
09400
-

The interference between the background process am
tude and the signal amplitude is written in the followin
way:

dG int~m!

dm
5

~mf
2 2m2!pph

128p3mf
3 E

21

1

dxAint~m,x!, ~8!

where

Aint~m,x!5
2

3
Re( MaMB*

5
1

3 S ~m22mf
2 !m̃r

21
mf

2 ~m̃r
22mh

2 !2

mf
2 2m2 D

3ReH g~m!ga0K1K2ga0phgfrpgrhg

Dr* ~m̃r!Da0
~m!

J . ~9!

The inverse propagator ofa0 meson,Da0
(m), is presented

in Refs. @1,3#. The inverse propagator ofr meson has the
following expression:

Dr~m!5mr
22m22 im2

grpp
2

48p S 12
4mp

2

m2 D 3/2

. ~10!

We use the coupling constantgfK1K254.6860.05 ob-
tained form the decayf→K1K2 @18#, and the coupling
constantgrhg50.57260.08 GeV21 obtained from the decay
r→hg @19#, with the help of the following expressions:

G~f→K1K2!5
gfK1K2

2

48p
mfS 12

4mK
2

mf
2 D 3/2

,

G~r→hg!5
grhg

2

96pmr
3 ~mr

22mh
2 !3. ~11!

The coupling constantgfrp50.81160.081 GeV21 is ob-
tained using the data on the decayf→rp→p1p2p0 @18#
with the help of the formulas from Ref.@20#.

The fit of the experimental data from the SND detec
@9#, taking into account the relationga0ph50.85ga0K1K2 re-

sulting from theq2q̄2 model @1#, chooses the constructiv
interference and gives

ma0
5985.5160.8 MeV,

ga0K1K252.74760.428 GeV,

ga0K1K2
2

4p
50.660.015 GeV2,

x2/NDF53.1/6. ~12!

The total branching ratio, taking into account the interfe
ence, is BR(f→(ga01p0r)→gph)5(0.7960.2)31024,
7-2
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ANALYSIS OF THE NATURE OF THEf→gph AND . . . PHYSICAL REVIEW D 63 094007
the branching ratio of the signal is BR(f→ga0→gph)
5(0.7560.2)31024 and the branching ratio of the back
ground is BR(f→r0p0→gp0h)53.4331026. So, the in-
tegral part of the interference is negligible. The influence
the interference on the mass spectrum of theph system is
also negligible, see Fig. 1.

The difference of the obtained parameters~12! from the
parameters found in Ref.@9#, which arema0

599468
33 MeV,

ga0K1K2
2 /4p51.0560.25

0.36 GeV2, is due to the fact that in Ref

@9# a more refined fitting was performed considering t
event distribution inside of the each bin. Notice that th
difference is less than two standard deviations.

Let us specially emphasize that the valuega0K1K2
2 /4p

50.660.015 GeV2 obtained by us on no account points
the possibility of theKK̄ molecule description@2# of the a0

meson. In theKK̄ molecule model, the imaginary part of th
K1K2 loop is dominant because the real part of theK1K2

loop is suppressed by the wave function of the molecule@4#,
see also Sec. IV. Due to this fact, we have BR(f→ga0

→gph)'1.531025 @4# in the KK̄ molecule model at the
same coupling constant andma0

5985 MeV, which is almost

by six times less than the experimental value BRf
→gph)5(0.8860.1460.09)31024 @9#. The divergence is
by five standard deviations. In addition, in the case of m
ecule, the bump in the spectrum of theph system is much
narrower than the experimentally observed@4#, see Sec. IV.

III. INTERFERENCE BETWEEN THE e¿eÀ\gf 0\gp0p0

AND e¿eÀ\f\p0r\gp0p0 REACTIONS

When analyzing thef→g f 0→gp0p0 decay, one should
take into account the mixing of thef 0 meson with the isos-
inglet scalar states. The whole formalism of the mixing
two scalarf 0 and s mesons was considered in Ref.@3#. In
this paper, we consider only expressions in regard to
interference with the background reactions.

As was shown in Refs.@1,3#, the dominant background i
the e1e2→f→p0r→gp0p0 reaction. The amplitude o
thee1e2→r→p0v→gp0p0 reaction is much less than th
09400
f

l-

f

e

amplitude of thee1e2→f→p0r→gp0p0 reaction. In its
turn, the amplitude of thee1e2→v→p0r→gp0p0 reac-
tion is much less than the amplitude of thee1e2→r
→p0v→gp0p0 reaction.

The amplitude of the background decayf(p)→p0r
→g(q)p0(k1)p0(k2) is written in the following way:

Mback5grp0fgrp0gfapnedqeeabmnebdve

3S k1mk2v

Dr~q1k2!
1

k2mk1v

Dr~q1k1! D . ~13!

The amplitude of the signalf→g( f 01s)→gp0p0 takes
into account the mixing off 0 ands mesons, see Ref.@3#,

M f 0
5g~m!eidBS ~fe!2

~fq!~ep!

~pq! D
3S (

R,R8
gRK1K2GRR8

21 gR8p0p0D , ~14!

whereR,R85 f 0 ,s. The matrix of propagators is defined i
Ref. @3#. The phase of the signal amplitude is formed by t
phase of the triangle diagram (f→K1K2→gR) and by the
phase ofpp scattering which in its turn is defined by th
phase of thef 02s complex, and by the phase of the elas
background ofpp scatteringdB see details in Refs.@6,3,13#.

The mass spectrum of the process is

G~f→gp0p0!

dm
5

dG f 0

dm
1

dGback~m!

dm
6

dG int~m!

dm
, ~15!

where the mass specrum of the signal has the form

dG f 0

dm
5

ug~m!u2Am224mp
2 ~mf

2 2m2!

3~4p!3mf
3

3U (
R,R8

gRK1K2GRR8
21 gR8p0p0U2

. ~16!
e
e.
FIG. 1. Fitting of dBR(f→gph)/dm with
the background is shown with the solid line, th
signal contribution is shown with the dashed lin
7-3
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The mass spectrum for the background processe1e2→f→p0r→gp0p0 is

dGback~m!

dm
5

1

2

~mf
2 2m2!Am224mp

2

256p3mf
3 E

21

1

dxAback~m,x!, ~17!

where

Aback~m,x!5
1

3 ( uMbacku2

5
1

24
gfrp

2 grpg
2 H ~mp

8 12m2mp
4 m̃r

224mp
6 m̃r

212m4m̃r
424m2mp

2 m̃r
416mp

4 m̃r
412m2m̃r

624mp
2 m̃r

61m̃r
822mp

6 mf
2

22m2mp
2 m̃r

2mf
2 12mp

4 m̃r
2mf

2 22m2m̃r
4mf

2 12mp
2 m̃r

4mf
2 22m̃r

6mf
2 1mp

4 mf
4 1m̃r

4mf
4 !

3S 1

uDr~mr!u2
1

1

uDr~m̃r* !u2D 1~mf
2 2m2!~m222mp

2 12m̃r
22mf

2 !~2m2mp
2 12mp

2 mf
2 2m4!

1

uDr~m̃r* !u2

12ReS 1

Dr~mr!Dr* ~m̃r* !
D ~mp

8 2m6m̃r
212m4mp

2 m̃r
212m2mp

4 m̃r
224mp

6 m̃r
224m2mp

2 m̃r
416mp

4 m̃r
412m2m̃r

6

24mp
2 m̃r

61m̃r
81m2mp

4 mf
2 22mp

6 mf
2 12m4m̃r

2mf
2 24m2mp

2 m̃r
2mf

2 12mp
4 m̃r

2mf
2 2m2m̃r

4mf
2 12mp

2 m̃r
4mf

2

22m̃r
6mf

2 2mp
4 mf

4 2m2m̃r
2mf

4 12mp
2 m̃r

2mf
4 1m̃r

4mf
4 !J ~18!
ck

e

of
and

m̃r
25mp

2 1
~mf

2 2m2!

2 S 12xA12
4mp

2

m2 D ,

m̃r*
25mf

2 12mp
2 2m22m̃r

2. ~19!

The interference between the amplitudes of the ba
ground process and the signal has the form

dG int~m!

dm
5

1

A2

Am224mp
2

256p3mf
3 E

21

1

dxAint~m,x!, ~20!

where
09400
-

Aint~m,x!5
2

3
Re( M fMback*

5
1

3
ReH g~m!edbgfrpgrp0g

3S (
R,R8

gRK1K2GRR8
21 gR8p0p0D

3S @~m̃r
22mp

2 !2mf
2 2~mf

2 2m2!2m̃r
2#

Dr* ~m̃r!

1
@~m̃r*

22mp
2 !2mf

2 2~mf
2 2m2!2m̃r*

2#

Dr* ~m̃r* !
D J .

~21!

The factor 1/2 in Eq.~17! and the factor 1/A2 in Eq. ~20!
take into account the identity of pions. In Eq.~16!, the iden-
tity of pions is taken into account by the definition of th
coupling constantgRp0p05gRp1p2 /A2. For the fitting of the
experimental data we use the model ofpp scattering con-
sidered in Ref.@3#. The phase of the elastic background
7-4
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FIG. 2. Fitting ofdBR(f→gp0p0)/dm with
the background is shown with the solid line, th
signal contribution is shown with the dashed lin
The dotted line is the interference term. The da
are from the SND detector.
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pp scattering is taken in the formdB5bAm224mp
2 . We fit

simultaneously the phase ofpp scattering and the exper
mental data on the decayf→gp0p0.

The fit of the experimental data@10#, obtained using the
total statistics of SND detector, and the data on thepp scat-
tering phase @21–25#, taking the value grp0g50.295
60.037 GeV21 obtained from the data on ther→p0g de-
cay @19# with the help of the following expression:

G~r→p0g!5
grp0g

2

96pmr
3 ~mr

22mp
2 !3, ~22!

gives the constructive interference and the following para
eters:

gf 0K1K254.02160.011 GeV, ~23!

gf 0p0p051.49460.021 GeV, mf 0
50.99660.0013 GeV,

gsK1K250, gsp0p052.5860.02 GeV,

ms51.50560.012 GeV,
09400
-

b57562.1 ~1°/GeV!, C50.62260.04 GeV2,

gf 0K1K2
2 /4p51.2960.017 GeV2.

The constantC takes into account effectively the contr
bution of multi particle intermediate states in thef 0↔s tran-
sition in GRR8 matrix, see Ref.@3#, and incorporates the sub
traction constant for theR→(0202)→R8 transition. We
treat this constant as a free parameter.

The total branching ratio, with interference being tak
into account, is BR@f→(g f 01p0r)→gp0p0#5(1.26
60.29)31024, the branching ratio of the signal is BR(f
→g f 0→gp0p0)5(1.0160.23)31024, the branching ratio
of the background is BR(f→r0p0→gp0p0)50.1831024.
The results of fitting are shown in Figs. 2 and 3. Note, th
for our aim, the phase in the regionmpp,1.1 GeV is impor-
tant.

The authors of Ref.@10# fit the data taking into accoun
the background reactionf→r0p0→gp0p0. The parameters
found @10# are mf 0

50.969860.0045, gf 0K1K2
2 /4p52.47

60.51
0.73 GeV2 gf 0p1p2

2 /4p50.5460.08
0.09 GeV2. They are differ-

ent from the parameters found in our fitting. The differen
FIG. 3. Fitting of the phased0
0 of pp scatter-

ing.
7-5
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FIG. 4. Fitting ofdBR(f→gp0p0)/dm with
the background is shown with the solid line, th
signal contribution is shown with the dashed lin
The dotted line is the interference term. The da
are from the CMD-2 detector.
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the
is due to the fact that we perform the simultaneous fitting
the data on the decayf→gp0p0 and the data on theS-wave
phase ofpp scattering, taking into account the mixing off 0
ands mesons.

In addition, in Ref. @10#, the interference between th
background and signal is found from the fitting; meanwh
in our paper the interference is calculated. The branch
ratio of the background BR(f→r0p0→gp0p0)50.12
31024 used in Ref.@10# is taken from Ref.@17# in which the
coupling constantgr0p0g is less by 25% than resulting from
the experiment. In our paper, the background is calculated
the basis of experiment and is accordingly larger, BRf
→r0p0→gp0p0)50.1831024. Note that in Ref.@10#, in
contrast to us, the fitting is performed taking into account
event distribution inside each bin.

The fitting of the experimental data of the CMD-2 dete
tor @11# and the data on thepp scattering phase@21–25#
gives the constructive interference and the following para
eters:

gf 0K1K253.87460.17 GeV, ~24!

gf 0p0p050.53660.03 GeV, mf 0
51.001960.002 GeV,
09400
f

g

n

e

-

-

gsK1K250, gsp0p052.6160.1 GeV,

ms51.58560.015 GeV,

b570.762.0 ~1°/GeV!,

C520.59360.06 GeV2,

gf 0K1K2
2 /4p51.1960.03 GeV2.

The total branching ratio, taking into account the interfe
ence, is BR@f→(g f 01p0r)→gp0p0#5(0.9860.21)
31024, the branching ratio of the signal is BR(f→g f 0
→gp0p0)5(0.7460.2)31024, the branching ratio of the
background is BR(f→r0p0→gp0p0)50.1831024. The
results of fitting are shown in Figs. 4 and 5.

The parameters found in Ref.@11#, which are
mf 0

50.96960.005, gf 0K1K2
2 /4p51.4960.36 GeV2

gf 0p1p2
2 /4p50.460.06 GeV2, are different from the param

eters found in our fitting. The difference is due to the fa
that we perform the simultaneous fitting of the data on
decayf→gp0p0 and the data on theS-wave phase of the
FIG. 5. Fitting of the phased0
0 of pp scatter-

ing.
7-6
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FIG. 6. The functionug(m)u2 is drawn with
the solid line. The contribution of the imaginar
part is drawn with the dashed line. The contrib
tion of the real part is drawn with the dotted line
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pp scattering, taking into account the mixing off 0 and s
mesons and taking into account the background reactiof
→r0p0→gp0p0.

One can see from Figs. 2 and 4 that the influence of
background process on the spectrum of thef→gp0p0 de-
cay is negligible in the wide region of thep0p0 invariant
mass,mpp.670 MeV, or when photon energy less than 3
MeV.

In the meantime, the difference from the experimen
data is observed in the regionmpp,670 MeV. We suppose
this difference is due to the fact that in the experimen
processing of thee1e2→gp0p0 events the backgroun
eventse1e2→vp0→gp0p0 are excluded with the help o
the invariant mass cutting and simulation, in so doing
part of thee1e2→f→rp0→gp0p0 events is excluded a
well.

It should be noted that the SND and CMD-2 data on
branching ratios of thef→gp0p0 decay are quite consis
tent, in the meantime, the SND and CMD-2 data on
shapes of the spectra of thep0p0 invariant mass are rathe
different. The CMD-2 shape is noticeably more narro
compare Figs. 2 and 4. This difference reflects on the c
pling constantgf 0p0p0 and the constantC, which are quite
different, see Eqs.~23! and ~24!. In all probability, this dif-
ference will disappear when the CMD-2 group processes
total statistics.
09400
e

l

l

e

e

e

,
u-

e

IV. CONCLUSION

The experimental data give evidence not only in favor
the four-quark model but in favor of the dynamical mod
suggested in Ref.@1#, in which the discussed decays proce
through the kaon loop,f→K1K2→g f 0(a0). Indeed, ac-
cording to the gauge invariance condition, the transition a
plitude f→g f 0(a0) is proportional to the electromagnet
tensorFmn ~in our case to the electric field!. Since there are
no pole terms in our case, the functiong(m) in Eqs.~2! and
~14! is proportional to the energy of photonv5(mf

2

2m2)/2mf in the soft photon region. To describe the expe
mental spectra, the functionug(m)u2 should be smooth~al-
most constant! in the rangem<0.99 GeV, see Eqs.~4! and
~16!. Stopping the functionv2 at v0530 MeV, using the
form factor of the form 1/(11R2v2), requires R'100
GeV21. It seems to be incredible to explain the formation
such a huge radius in hadron physics. Based on the large
hadron physics standard,R'10 GeV21, one can obtain an
effective maximum of the mass spectra under discuss
only near 900 MeV. In the meantime, theK1K2 loop gives
the natural description to this threshold effect, see Fig. 6

To demonstrate the threshold character of this effect
present Fig. 7 in which the functionug(m)u2 is shown in the
case ofK1 meson mass is 25 MeV less than in reality. O
can see that in the region 950–1020 MeV the funct
-
d
n

FIG. 7. The functionug(m)u2 for mK5469
MeV is drawn with the solid line. The contribu
tion of the imaginary is drawn with the dashe
line. The contribution of the real part is draw
with the dotted line.
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ug(m)u2 is suppressed by thev2 low. In the mass spectrum
this suppression is increased by one more power ofv, see
Eqs.~4! and~16!, so that we cannot see the resonance in
region 980–995 MeV. The maximum in the spectrum is
fectively shifted to the region 935–950 MeV. In truth th
means thata0(980) andf 0(980) resonances are seen in t
radiative decays off meson owing to theK1K2 intermedi-
ate state, otherwise the maxima in the spectra would
shifted to 900 MeV.

It is worth noting that theK1K2 loop model is practically
accepted by theorists, compare, for example, Eq.@26# with
Eq. @27#; true there is exception@28#.

It was noted already in paper@1# that the imaginary par
of the K1K2 loop is calculated practically in a model inde
pendent way making use of the coupling constantsgfK1K2

andga0( f 0)K1K2 due to the Low’s theorem@29# for the pho-

tons with energyv,100 MeV which is soft by the standar
of strong interaction. In the same paper it was noted that
real part of the loop@with accuracy up to 20% in the width o
the f→g f 0(a0) decay# is practically not different for the
pointlike particle and the compact hadron with form fac
which has the cutting radius in the momentum space ab
the mass ofr meson (mr50.77 GeV!. In contrast to the
four-quark state which is the compact hadron@12#, the bound
KK̄ state is the extended state with the spatial radiusR
;1/AmKe, where e is the binding energy. Correspondin
form factor in the momentum space has the radius of
order of AmKe'100 MeV for e520 MeV @30#. The more
detailed calculation@2# gives for the radius in the momentum
space the valuep05140 MeV. As a result, the real part o
the loop of the bound state is negligible@4#. It leads to the
branching ratio much less than the experimental one, a
was noted above. In addition, the spectrum is much narro
in the KK̄ molecule case that contradicts to the experime
see the behavior of the imaginary part contribution in Fig
and in corresponding figures in Ref.@4#.

Of course, the two-quark state is as compact as four-qu
one. The question arises, why is the branching ratio in
two-quark model suppressed in comparison with the bran
ing ratio in the four-quark model? There are two reaso
First, the coupling constant of two-quark states with theKK̄
channel is noticeably less@3,13# and, second, there is th
Okubo-Zweig-Iizuka~OZI! rule that is more important re
ally.

If the isovectora0(980) meson is the two-quark state,
has no strange quarks. Hence@1,3,15#, the decayf→ga0
should be suppressed according to the OZI rule. On the
termediate state level, the OZI rule is formulated as comp
v
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sation of the different intermediate states@31–33#. In our
case these states areKK̄, KK̄* 1K̄K* , K* K̄* and so on.
Since, due to the kinematical reason, the real intermed
state is the onlyK1K2 state, the compensation in the imag
nary part is impossible and it destroys the OZI rule. T
compensation should be in the real part of the amplitu
only. As a result, thef→ga0 decay in the two-quark mode
is mainly due to the imaginary part of the amplitude and
much less intensive than in the four-quark model@1,3#. In
addition, in the two-quark model,a0(980) meson should ap
pear in thef→ga0 decay as a noticeably more narrow res
nance than in other processes, see the behavior of the im
nary part contribution in Fig. 6.

As regards to the isoscalarf 0(980) state, there are two
possibilities in the two-quark model. Iff 0(980) meson does
not contain the strange quarks the all abovementioned a
ments about suppression of thef→ga0 decay and the spec
trum shape are also valid for thef→g f 0 decay. Generally
speaking, there could be the strong OZI violation for t
isoscalarqq̄ states~ mixing of theuū, dd̄ andss̄states! with
regard to the strong mixing of the quark and gluon degree
freedom which is due to the nonperturbative effects of QC
@34#. But, an almost exact degeneration of the masses of
isoscalar f 0(980) and isovectora0(980) mesons exclude
such a possibility. Note also, the experiment points direc
to the weak coupling of f 0(980) meson with gluons
B(J/c→g f 0→gpp),1.431025 @35#.

If f 0(980) meson is close to thess̄ state@15,36# there is
no suppression due to the the OZI rule. Nevertheless
a0(980) andf 0(980) mesons are the members of the sa
multiplet, the f→g f 0 branching ratio BR(f→gp0p0)
5(1/3)BR(f→gpp)'1.831025, is significantly less than
that in the four-quark model, due to the relation between
coupling constants with theKK̄, ph andKK̄, pp channels
inherited in the two-quark model, see Refs.@1,3#.

Only in the case when the nature off 0(980) meson in no
way related to the nature ofa0(980) meson~which, for ex-
ample, is the four-quark state! the branching ratio experi
mentally observedf→g f 0 could be explained byss̄ nature
of f 0(980) meson. But, from the theoretical point of view
such a possibility seems awful@15#.
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