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Abstract. We define a general procedure, based on analyticity and dispersion relations, to estimate low-
energy amplitudes for processes like: ¢ — ete” M and ¢ — vM, starting from cross-section data on
ete™ — ¢M, where M is a generic light scalar or pseudoscalar meson. In particular this procedure is
constructed to obtain predictions on the radiative decay rate which are crucially linked on the assumed
quark structure for the meson M under consideration. Three cases are analyzed: M =7, M = fo(qq) and
M = fo(qqqq). While in the n case the estimate of the branching fraction for the radiative decay ¢ — ny
is in agreement with the data, in the case of fo, such agreement is obtained only under the hypothesis of
a tetraquark scalar meson.

PACS. 11.55.-n S-matrix theory; analytic structure of amplitudes — 13.25.-k Hadronic decays of mesons

— 13.40.Gp Electromagnetic form factors

1 Introduction
1.1 The known properties of the f;(980) scalar meson

The f,(980) is the more extensively studied isospin zero
scalar meson [1]. The properties of such a meson are
very peculiar and, in some cases, in spite of the deep
experimental investigation, they are still poorly known.
In fact, while the mass is rather well measured My, =
980 &+ 10 MeV [1], the width is known with a large uncer-
tainty: Iy, = 40-100MeV [1]. This is a consequence of
the scalar nature of this meson, which does not allow un-
ambiguous interpretations when the resonance is studied
by means of the usual Breit-Wigner analysis. The fy has
the quantum number of the vacuum, the Higgs boson and
also of the expected lowest-lying glueball [2].

Usually, this scalar meson is considered as a “bridge”
between light (u and d) and strange quarks because it can
be produced by both strange and non-strange particles.

1.2 Long outstanding questions

By following the standard quark model [1], where mesons
are described as colorless gg bound states and classified
in JPC multiplets, we expect there should be the conven-
tional flavor SU(3) scalar nonet (0TF):

(1)
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In such a scenario the fy represents the singlet and, due to
the large s5 component, it should be the heaviest meson of
this multiplet, in contradiction with the experimental data
which provide: My, ~ M,, and no degeneracy between ag
and og (My, > My, ~ 450MeV). Also the absolute values
of the masses are not in agreement with the expectation,
in fact, being ¢g bound in P-wave, these masses should lie
in the > 1 GeV energy region of other P-wave states. This
means that the gg bound state is only a small component
of the fy Fock space.

Since some years, the interpretations in terms of te-
traquark states (in different combinations) [3-9] is the ob-
ject of deep theoretical and experimental investigation and
also in this work we will focus on this possibility.

2 Probing the intrinsic nature of f
2.1 Common practice

At present, the main source of information on the fy struc-
ture is the radiative decay ¢ — foy [9], whose surprisingly
high branching fraction is interpreted in terms of an ab-
normally strong affinity between the ¢ vector meson and
the fo itself. Such an affinity has been described in differ-
ent ways by different authors, even though, each of them
put the cue on the key role played by the coupling g{?K.
In particular, there are two schools of thought, the first
one describes this coupling by introducing in the ¢ — foy
amplitude a K K-loop [3], while the second, in order to



Fig. 1. Feynman diagram for the ete™
proximation, with intermediate vector mesons V.

— ¢M in Born ap-

avoid any model-dependent description, adopts a usual
parameterization in terms of meson propagators with free
couplings [6]. In both these descriptions, with different

languages, the message is the same: the coupling (g}cg )2
is more than twice the (gfo )2 [10].

2.2 The strategy

The idea of this work consists in probing the intrinsic na-
ture of the fy by considering different processes to inves-
tigate the transition form factor (tff) which describes the
coupling ¢ foy. All the information on the tff are then used
under the constraint of an assumed fy quark structure,
which strongly affects every step of the procedure.

3 First step: parameterization in the
resonance region [3M,, ~ 3 GeV]

The amplitude of ete™ — ¢M (fig. 1) is parameterized in
terms of a tff, which describes the coupling between the
virtual photon and the intermediate vector mesons Vj, i.e.:

Nv g;ﬁu M2
S — pv - 9
MAnmhl Z M2 _q —’LFM FV T ( )
where J, = —iev(py )y u(p-), € is the ¢ polarization

vector and, Fy; and 9;3\4 are couplings with the initial and
the final state. The second-rank tensors 7,;” accounts for
the dynamics of the meson M.

The formal expression of the ¢M tff, in the resonance
region, as extracted from the amplitude of eq. (2), is

N Vj
FRes( ):ZV Mj oM FJ'MJ' (3)
— eFy; Ij M7 —q*—il;M;’

This parameterization integrates all the information about
the meson M structure'. In case of radiative decay, by
using the previous arguments, the amplitude is:

MrRad = Fom(0) Thy eu(p)ey (q), (4)

L E.q., for M = fo, a strong affinity of the fo with the KK
intermediate-state (kaon loop) should manifest itself in an en-
hancement of the coupling gfﬁf , since in the s-channel the KK
state is almost completely resonant in ¢(1020).
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it is constant and proportional to the value of the tff at
q> = 0. To give the explicit expressions of the second-rank
tensors T4; we have to specify the nature of the mesons
under consideration. We will study two cases

- 9" (pq), (5)

where p and ¢ are 4-momenta as labeled in fig. 1.
The formal expressions for total annihilation cross-
sections and decay rates are (egs. (2), (5))

T =" ppte,  Th =p"¢"

0on(5) = Py (N Eon(s)*,  Lon = 74, Fyn (0%,

Toso(8) = pif ()| Fopo (5)I7,

(6)

Ty =T Fop (0)°,

where s = ¢%. These quantities are products between kine-
matic factors (p¥"(s) and 7%"), which, depending on the
nature of the meson M, are different in the two cases
(M =n and M = fy), and the modulus squared of the
corresponding tff’s.

3.1 Step two: selection of the contributions

In this so-called resonance region, i.e., from the theoret-
ical threshold, which is sp = (3M,)? since the isoscalar
final state, up to ~ (3 GeV)?2, we adopt the parameteriza-
tion of eq. (3). The first criterion used to select the vector
mesons which contribute to the tff’s is the quantum num-
ber conservation. For both ¢n and ¢ f; final state we have:
I9(JPY) = 0=(177), hence only contributions from the
w- and ¢-family are expected. However, if we consider ex-
plicitly the structure of the mesons in terms of valence
quarks, assuming the fy as gg bound state, we have

= Xylu, d; =) +Yyls; =),

o m
|¢) = 53 = Xpfudi+) + Vplsib), ()

| fo)

with the normalization: X2 , + 7Y, =1 and where the
state |q1, g2, - - . ; P) indicates a normalized combination of
017y, 25, etc., with parity P and J = 07,

While the ¢-family contributions are allowed (fig. 2),
the w-family contributions are instead OZI-forbidden [11].
In fact, as it is shown in fig. 3, the corresponding Feyn-
man diagrams have disconnected flavor lines in the vector
sector.

It follows that, in light of the quantum number conser-
vation and the OZI rule, only ¢-family contributions are

‘\Sww) 5N35¢)
o %{ vl _/

Fig. 2. Feynman diagram for ¢* — ¢n(fo) with: |¢) = s5

+\f\/?¢
and |n(fo)) = X500, d; F) + Yy, 50|8; F). The two components

|u,d; F) and |s; F) are separately shown.
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Fig. 3. Feynman diagram for w* — ¢n(fo) with: |¢) = s3
and |n(fo)) = X, 0|0, d; F) + Y5, 10 |s; F). The two components
|u, d; F) and |s; F) are separately shown.

expected, not only for the ¢n, but also for ¢fy tff under
the hypothesis of a g fo.

In addition, the uncertainty due to the unknown w-¢
mixing, allows only to reduce the ¢ny coupling with re-
spect to ¢ foy. In fact, by putting Y, = 0, it should remain
the only |u,d; —) component, which, being OZI forbidden
(see first diagram in fig. 2), should give g%ly = 0. Contrary,
by putting Yz, = 0, the remaining component |u,d; +) is a
combination of u and d quarks with scalar quantum num-
bers (JFC = 0%%) and then it is not OZI suppressed [12].

3.2 The asymptotic region

Another crucial point of this procedure is the knowledge
of the time-like asymptotic behaviour of a hadronic form
factor. To this purpose, the nominal power law, as pre-
dicted by the perturbative QCD (pQCD) [13], is used. The
power to be considered, linearly depends on the number of
elementary constituents, i.e. valence quarks, even though
further sub-structures are present (e.g.: deuteron [14]).
In addition, in order to describe the asymptotic be-
haviour of the tff’s under consideration, we have also to
account for the flip of the hadronic helicity? [15], which
passes from zero, in the leptonic initial state, to one in
the ¢n(fo) final state (A,(s,) = 0, |Ay| = 1). This implies
an additional suppression, and then the asymptotic be-
haviour to be considered, starting from a certain energy

U(fo) is [15, 16]

Sasy

1 ng+
asy
F¢n(fo)( 5) o (;)

where ny = |/\,7(f0) + /\¢| =1, ng =2, = 0(1). The
power is a function of the number of hadronic fields ng,
the modulus of the total helicity ny and the relative angu-
lar momentum of the quarks which constitute the meson
1 (I = 0) or fo (I = 1). The parameterization of eq. (8)
provides different asymptotic powers for ¢n and ¢ fo(qq)
tff.

atamt ()
s> sgg‘o), (8)

2 The virtual photon of the annihilation ete™ — 4* — ¢M,
at high energies, always has spin +1 along the beam axis.
Angular-momentum conservation implies that the total angu-
lar momentum is 1. In the center-of-mass frame: p, = —pn =

667

3.3 The region below the theoretical threshold sp

Unitarity assures that a generic hadronic tff Fy(s) is an
analytic function in the s-complex plane with a cut, along
the real axis, starting from the theoretical threshold sg
up to infinity. This property, together with a power law
vanishing asymptotic behaviour allows to use spectral rep-
resentations for the tff’s as, for instance, the dispersion
relation (DR) for the imaginary part [17]. However, to
use directly the experimental data and the asymptotic be-
haviour (eq. (8)) in the time-like region, we use the DR
for the logarithm [18]:

\/50——/

In |Fp(s)|
Gt Mds, (10)

which relates the real values of the tff below the theoret-
ical threshold (¢ < sg) to its modulus over the cut. The
DR for the logarithm can be used in the form of eq. (10)
only if Fy(s) has neither zeros nor poles on the physi-
cal sheet. The parameterization used in the resonance re-
gion (eq. (3)) guarantees the absence of singularities for
the tff’s in the physical sheet.

Since we know the modulus of the tff F, ) (s) over
the cut (egs. (3),(8)), the DR for the logarithm allows to
perform an analytic continuation of the parameterization
below the theoretical threshold and it gives:

(fo) Res
V5o —1 525" In |F
Fin(so) (1) = exp [7(; /

In[Fp (1)) =

Sl
N

+/OO wd t< (11)
s1do) (s—t)y/s—s0 ik %o-

3.4 The overall parameterization

We are now ready to write down the parameterization
which covers the whole s-real axis (in principle the whole
s-complex plane), it is a three-fold definition:

Fins)(8) 5 < 50 (eq. (11)),
Fon(10)(8) = er(s;(ﬁ)( ) s0 < s <smd  (eq. (3)),
Fontin(®) 5> 5" (ea. (8))-
(12)
p it follows that
I i I U

where Ay and Ay are the helicities of the final mesons. But,
since hadronic helicity conservation requires: Ay + Axr = 0, or
Ao — Am = 2Xg = —2An, eq. (9) holds, in case of mesons,
only if |Ag| = |Aar| = 0. In the cases under consideration, the
coupling v*¢M (M = n, fo) is described in terms of only one
tff Fiyas(s) and this requires [Ay| = 1. Helicity zero would mean
that the ¢ spin lies in the plane orthogonal to its 3-momentum,
in this case we would need an additional degree of freedom (for
instance: the azimuthal angle) and then an additional tff to
describe this process. But since the tff is only one it follows
that the ¢ spin lies in 3-momentum direction, i.e. [Ay| = 1.
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Fig. 4. Reconstructed |Fy, (s)|? tff. The grey band represents
the error. The circles are the preliminary BABAR data used as
input, while the triangles (CMD-2: ¢ — ne™e~) and the star
(PDG: ¢ — ny) are not included in the computation. The dot-
ted and the dashed vertical lines represent the theoretical and
the physical thresholds, and the lined region in the obtained
interval for sl .

Table 1. Parameters obtained for the ¢n tff. The values with-
out error are fixed.

| Res | g,(GevY) | My(MeV) | Tv(MeV) |
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Fig. 5. Reconstructed ¢fo(qq) tff. The grey band represents
the error. The circles are the BABAR data used as input, while
the star (PDG: ¢ — foy) is not included in the computation.
The dotted and the dashed vertical lines represent the theo-
retical and the physical thresholds, and the lined region in the
obtained interval for sggy.

Table 2. Parameters obtained in the case of the ¢fo(qq) tff.
The additional resonance ¢" is included by hand [21]. The
values without error are fixed.

¢

13+1.4

1019.4

4.3

¢I

56 £ 6

1622 £ 15

203 £ 12

The real axis has been divided into three intervals to
parameterize the tff. From higher energies: the asymptotic
region, where the pQCD power law is used with power 2
for the n and 5/2 for the fy(qq); the resonance region,
where the tff is written in terms of vector propagators
and coupling constants; the analytic region, where the tff
is reconstructed by means of a DR.

4 The ¢n transition form factor

In fig. 4 the reconstructed ¢n tff is shown. This result
has been obtained by considering only ¢-family contribu-
tions in the resonance region, namely the ¢(1020) = ¢
and ¢(1680) = ¢', and a power law asymptotic behaviour
o (1/s)?. Higher-mass resonances are not included be-
cause their effect in the low-energy region under consider-
ation is negligible.

By using only the BABAR data (circles in fig. 4) and
the analyticity to fix the free parameters of the procedure,
the function defined in eq. (12) reproduces the low-energy
behaviour of the tff in good agreement with the data. The
obtained parameters are shown in table 1.

| Res | 0¥, (GeV™) | My (MeV) | Tv(MeV) |
¢ 35409 1019.4 4.3
¢ 26 +3 1622 203
¢" | Fypr(6.4+0.3)-107° /My 2176 51

By using eq. (6) we get: BR(¢ — ny) = (1.3 £0.2)%,
to be compared with [1]: BRppg(¢ — ny) = (1.301 £
0.024)% (see fig. 4). This good agreement provides an im-
portant positive check for two key points of the procedure
i.e., the description in terms of resonances in the low-
energy region and the power law asymptotic behaviour.

5 The ¢fq(qq) transition form factor

In fig. 5 is shown the reconstructed ¢fo(qq) tff, under the
hypothesis of a ¢ fo and the corresponding parameters
are reported in table 2. This result has been obtained with
the same prescriptions used in the previous ¢n case, i.e. by
considering only ¢-family contributions (here there is also
the ¢ [21]) and a (1/s)%/? asymptotic power law (eq. (8)).
In this case we get: BR(¢ — foy) = (2.1£0.8)-107¢,
while: BRppa (¢ — foy) = (4.40 & 0.21) - 10~* [1]. We
stress that this result has been obtained assuming for the
fo a quark structure identical to that of the n (eq. (7)).
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Fig. 6. Feynman diagrams for the ¢* and w* contribution to
the ¢ fo final state with a tetraquark fo.

6 The ¢fy(qqqq) transition form factor

To account for an fu with a tetraquark structure like:
(nsms), where n = u,d, two steps in our procedure need
improvement,.

The first upgrade concerns the resonance region, where
the tetraquark structure allows both the ¢- and w-family
contributions (see fig. 6), which were previously forbid-
den. The second is about the asymptotic behaviour. Since
the pQCD asymptotic power depends on the number of
hadronic fields, an additional valence quark implies a fur-
ther factor (1/s) and, having the two pairs ¢q and gq zero
relative angular momentum and total spin [22], there is
no more the {, = 1 attenuation and the asymptotic power
becomes: p(ng = 3,n\ =1,1, =0) = 3.

The new overall parameterization is

2}10 (S)a s < S0,
_ Res(o,
Fypotarn = § For @ (s), so<s<sf,  (13)
x 573, s> slo,

where the only w(782) has been included in the region
Js0,s19,] (higher mass w-recurrences have no important
effects) and a faster vanishing asymptotic behaviour is im-

plemented for s > s{:gy.

6.1 Results for fy(qqqq)

In fig. 7 is shown the ¢fy tff obtained under the
hypothesis of a tetraquark f; and the correspond-
ing parameters are reported in table 3. In this
scenario our prediction for the tff, which gives:
BR(¢ — foy) = (3.9 £0.9) - 107* is in good agree-
ment with the PDG value (mainly due to KLOE [23]),
which is: BRppa (¢ — foy) = (4.40 +£0.21) - 1074,

This drastic change in the low-energy result, with re-
spect to the previous case without the w, is the conse-
quence of a combined effect of the two modifications; the
faster vanishing asymptotic behaviour enhances the res-
onance region and the additional w contribution moves,
down in energy, its mean value. The sum of these two
effects is just a large enhancement of the tff at s = 0.

7 Duality

The pQCD nominal power law of eq. (8) behaves like a
counter of valence quarks involved in a certain process.
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Fig. 7. Reconstructed ¢ fo(qqqq) tff. The grey band represents
the error. The circles, on the right, are the BABAR data used
as input, while the star (PDG: ¢ — foy) is not included in the
computation. The dotted and the dashed vertical lines repre-
sent the theoretical and the physical thresholds, and the lined
region in the obtained interval for sggy.
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Table 3. Parameters obtained in the case of the ¢ fo(qqqq) tff.
The values without error are fixed.

| Res | 0¥ (Gev) | My (MeV) | Iv(MeV) |
w 112 + 13 783.7 8.5
P 5247 1019.4 43
¢ 12+7 1622 203
¢" | Fyr(1.940.4) 1073 /My 2176 51

Nevertheless, there is an objective difficulty in exploit-
ing experimentally this power counting. In fact, the high-
energy values of the tff’s, due to their power law vanishing,
are by definition very small quantities. In the low-energy
region, where the tff’s attain their higher values and then
the experimental observation should be more feasible, the
power law behaviour is covered by the resonances.

However, following the so-called quark-hadron dual-
ity [24], the asymptotic behaviour may be “restored” also
at low energy by averaging the tff’s and then by canceling
the local effects of the resonances.

Figure 8 shows the asymptotic powers of the ¢n, ¢fy
tfi’s and also of the pion form factor Fy.(s), which is
used as a check of the averaging procedure. The results
are in agreement with the expectations and they confirm
the further suppression due to the helicity flip in case of
Fyn(s) (first experimental observation) and the additional
hadronic filed in case of Fyy, (s).
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8 Conclusions

We have defined a dispersive technique to construct, for a
generic oM tff, an analytic parameterization which is de-
fined in the whole s-complex plane (M is a pseudoscalar or
scalar light meson). The main ingredients of this technique
are: the pQCD counting rule [13] (and helicity rule [15]) to
describe the asymptotic behaviour; data on the annihila-
tion cross-section o(¢M); Breit-Wigner parameterization
in the resonance region and DR’s for the logarithm.

In the case of the ¢n tff, by considering only the ¢-
family contributions, assuming the asymptotic behaviour
(1/s%), and using the BABAR data on o(¢n), we achieved
a parameterization Fy, (s) (fig. 4), which is in good agree-
ment with the low energy data, not used in the analysis.

In the case of the ¢ fy tff, the same procedure, i.e., an
analysis under the hypothesis of a ¢g fo with the oppor-
tune (1/s°/2) asymptotic behaviour, gives a prediction in
huge disagreement with the low-energy data (fig. 5).

We modified the procedure in order to account for a te-
traquark fy. The modification concerns two steps: a new
contribution coming from the w-family is included; the
asymptotic behaviour becomes (1/s%) because of the ad-
ditional quarks in the final state and the disappearing of
the angular momentum attenuation. These two upgrades,
if individually considered, give opposite effects: the first re-
duces, while the second enhances the low-energy values of
the tff. However, the combined effect gives an important
enhancement of the tff, which reconciles the prediction
with the data (fig. 7).

In addition, we have performed an analysis in terms of
quark-hadron duality, which, by restoring the power law
behaviour at low energy, allows to extract the asymptotic
power from the data and the parameters of the resonances.
The results are in good agreement with a tetraquark fy
and with the helicity rule, which is for the first time ex-
perimentally confirmed.

Since, by means of this procedure we have tested two
extreme hypotheses concerning the fy structure, i.e. the
two- and the four-quark state, our conclusion is that: the
available data, the analyticity requirement and the pQCD
asymptotic behaviour prove that the tetraquark compo-
nent in the fq is the dominant one.

The European Physical Journal A

A still in progress analysis, where both the components
are included, gives for the ¢ content an upper limit of
12%. It follows that the four-quark state represents at least
the 88% of the fo structure.

I warmly acknowledge R. Baldini, G. Isidori, L. Maiani, G.
Pancheri and A. Polosa for precious discussions on the sub-
ject of this talk and, BABAR and KLOE Collaborations for
support and cooperation.
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