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Two photon decay of neutral scalars below 1.5 GeV in a chiral model for qq and qqqq states
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We study the two photon decay of neutral scalars below 1.5 GeV in the context of a recently proposed
chiral model for qq and qqqq states. We find good agreement with experimental results for the a0�980� !
�� decay. Our calculations for f0�980� ! �� shows that further work is necessary in order to understand
the structure of this meson. The model predicts ��a0�1450� ! ��� � 0:16� 0:10 KeV, ���! ��� �
�0–1:13� KeV, ��f0�1370� ! ��� � �0–0:22� KeV, ��f0�1500� ! ��� � �0–1:51� KeV.
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I. INTRODUCTION

The understanding of the lowest lying scalar mesons
remains as one of the most challenging problems in low
energy QCD. Over the past years, experimental evidence
has accumulated for the existence of light scalar mesons
[1,2], but there is still an intense debate about the structure
of these hadrons. In spite of the fact that a light isoscalar
scalar, the so-called sigma meson, was predicted by uni-
tarized models [1] and effective models [2,3], it reentered
the Particle Data Group classification of particles until the
2002 edition as f0�600� [4]. After an intense activity on the
experimental side over the past few years, compelling
evidence has been accumulated for the existence of this
state and its mass has been measured [5]. Nowadays, we
can safely say that we have a universal acceptance for the
existence of enhancements at low energy in the s-wave
isoscalar meson-meson scattering, but the interpretation of
this phenomena is still controversial. Concerning the iso-
spinor channel, a resonance with a mass around 900 MeV
has been predicted by unitarized quark models [3], effec-
tive models [6], and unitarized chiral perturbation theory
calculations [7]. The K	 s-wave data has been reanalyzed,
finding a relatively strong attraction in the I � 1=2 channel
[8]. This enhancement in the isoscalar channel of K	
scattering is identified with an S-matrix pole at approxi-
mately 900 MeV [
�900�]. More recently, the existence of
this state was claimed to be necessary in order to explain
the mass distribution data in D� ! K�	�	� [9]. It must
be mentioned, however, that there are objections to the
existence of this state [10].

There are essentially two proposals for the structure of
light scalar mesons: a qq structure and a qqqq one. In the
latter case, there are at least three possible dynamical
configurations: a meson-meson molecule, a diquark-
diquark state, and a compact genuine qqqq state. In addi-
tion, there exists the possibility that isosinglet scalars con-
tain a certain amount of glueball. Most recent work has
been dedicated to understanding the properties of light
scalars in light of these pictures, explored in different
formalisms.
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Since photons couple to charge, electromagnetic decays
of mesons have been intensively used in the past to obtain
information on their structure. As for scalar mesons, there
exist calculations for the a0�980�; f0�980� ! 2� decays
using a variety of approaches [11–14], in particular, in
different versions of the quark model [11,15], with very
different results depending on the details of the model. The
generally accepted conclusion is that the measured
a0�980�; f0�980� ! �� decay widths [16] are not consis-
tent with a qq structure. In light of these results, other
possibilities for the structure of light scalars such as a
molecule picture [12] and a qqqq structure [14] were
explored.

More recently, some tools to determine the glueball
content of mesons from their branching fractions in radia-
tive quarkonium decays and production cross sections in
�� collisions were developed in Ref. [17]. Also, the two
photon decay of the lightest scalar, f0�600� or �, has been
studied using different formalisms [18–20] yielding very
disparate predictions. The possibility that this meson has a
large glueball content was analyzed in Ref. [21] using the
two photon decay channel. As shown in this work, the
extraction of the two photon coupling of light isoscalars
from data on ��! 		 is not straightforward and requires
a careful analysis in order to get reliable results.

The two photon decay of a0�980� and f0�980� mesons
was also studied in Ref. [22] in the framework of a chiral
theory involving scalars and a linear realization of chiral
symmetry, a linear sigma model (L�M), where the key
interaction is the one violating UA�1� symmetry [23]. This
interaction is assumed to be the manifestation at the hadron
level of the effective six-quark interaction (for NF � 3)
induced by instantons [24]. In this concern, this interaction
identifies the fields entering the model as qq states. In this
formalism, the two photon decay of neutral scalars is
induced at the one-loop level. The scalars decay first into
two (real or virtual) charged mesons which annihilate
into two photons. As to the information on the internal
structure of scalars which can be inferred in this calcula-
tion, we must stress that a naive estimation of the distances
explored by the photons in this decay is of the order of
-1  2005 The American Physical Society



FIG. 1. Charged meson loop contributions to S! ��.
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d � 1=k � 2=mS � 0:4 fm, which is of the same order as
the kaon charge radius; thus, the effective degrees of free-
dom seen by the photons are actually mesons rather than
quarks. In this sense, we can infer that the decaying mesons
are qq states, but this bare state has large quantum fluctua-
tions into meson-meson states whose exact amount is
difficult to quantify.

Recently, we pointed out the existence of a quasidegen-
erate chiral nonet in the energy region around 1.4 GeV and
studied the possibility that mesons below 1.5 GeV arise as
admixtures of normal qq and qqqq states, with the latter
lying at its natural scale as dictated by the linear rising of
meson masses with the number of constituent quarks
[25,26]. This model has the nice feature of reducing to
the one explored in Ref. [23] in the case when we decouple
the qqqq states.

In this work, we explore the predictions of the model
presented in Refs. [25,26] for the two photon decay widths
of all neutral scalars below 1.5 GeV.
II. MESON LOOP CONTRIBUTIONS TO S!��

The most general form for the S�p� ! ��k; ����q; ��
transition amplitude is dictated by Lorentz covariance and
gauge invariance as

M �S! ��k; ����q; ���

�
i�
	fK

VS�g��k 	 q� k�q������; (1)

where fK denotes the kaon weak decay constant and �
denotes the electromagnetic fine constant. The factors �,
	, fK in Eq. (1) are introduced for convenience in future
manipulations.

In the effective theory formulated in Refs. [25,26], the
two photon decays of neutral scalar mesons below 1.5 GeV
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are induced by loops of charged mesons as depicted in
Fig. 1. A straightforward calculation yields

VSM �
2fKgSMM
m2
S

�
�

1

2
� !SMI�!

S
M�

�
; (2)

where !SM � m2
M=m

2
S, gSMM denotes the coupling constant

of the decaying scalar S to the meson pair (M�M�) in the
loops, and I�x� denotes the loop integral
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The decay width is given by

��S! ��� �
�2

64	3

m3
S

f2K
jVSj2: (4)

The experimental data for a0�980�; f0�980� decay into two
photons is [16]

��a0�980� ! ����BR�a0�980� !	
0�� � 0:24�0:08

�0:07 KeV;

��f0�980� ! ��� � 0:39�0:10
�0:13 KeV;

and, assuming that the decay a0�980� ! 	� is the domi-
nant mode [BR�a0�980� ! 	0�� ’ 1], we obtain the form
factors jVa0�980�j and jVf0�980�j at p2 � m2

S as

jVa0�980�Exp j � 0:34� 0:05; jVf0�980�Exp j � 0:44� 0:07:

There exists no confident experimental information for the
two photon decays of a0�1450�, f0�600�, f0�1370�, and
f0�1500� mesons [16].
III. TWO PHOTON DECAY OF a0�980�AND a0�1450�

For the a0�980� ! �� and a0�1450� ! �� decays, the
model in Refs. [25,26] yields contributions coming from
K, 
�900� and their respective heavy ‘‘partners’’ K�1469�
and K


0�1430� in the loops. For the sake of simplicity, we
denote these mesons as K, 
, K̂, and 
̂ respectively. The
couplings entering in the loops were calculated in Ref. [26]
and are listed in Table I; we refer the reader to Ref. [26] for
details of the notation.

It is worth noticing that the coupling of light scalars to
light pseudoscalars quoted above reduce to the ones ob-
tained in the linear sigma model [23] when we decouple
the heavy fields. The two photon decays are, of course,
dominated by light meson in the loops, heavy meson con-
tributions being suppressed by powers of the correspond-
ing inverse mass. The values extracted in Ref. [25] for the
mixing angles entering these expressions are
Angle (1 (1=2 )1 )1=2
 �
 *
 *0
-2
Prediction 18:2� � 4:3� 23:0� � 4:8� 39:8� � 4:5� 46:7� � 9:5�
 �9:1� � 0:5�
 21:5� � 6:5�
 51:4� � 8:3�



TABLE II. Loop contributions to the form factors describing a0 ! �� decays.

Contr. K K;
 K; 
; K̂ K; 
; K̂; 
̂

jVa0�980�j 0:33� 0:08 0:32� 0:08 0:32� 0:08 0:32� 0:08
jVa0�1450�j 0:15� 0:05 0:15� 0:05 0:15� 0:05 0:15� 0:05

TABLE III. Comparison of the results of the present model with those of Ref. [22] and
experimental results.

Form factor L�M This model Exp.

jVa0�980�j 0:35� 0:04 0:32� 0:08 0:34� 0:05
jVa0�1450�j 	 	 	 0:15� 0:05 	 	 	

TABLE IV. Predictions of the chiral model for qq and qqqq states for the SP�P�and SS�S�

couplings entering the loops in f0 ! �� decays.
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TABLE I. Predictions of the chiral model for qq and qqqq states for the SP�P�and SS�S�

couplings entering the loops in a0 ! �� decays.
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TABLE V. Predictions of the L�M [22] for the form factor describing f0�980� ! ��
revisited.

Contr. K K;	 K;	; 


jVf0�980�jL�M 0:45� 0:12 0:78� 0:20 0:90� 0:14

TABLE VI. Loop contributions to the form factors describing f0 ! �� decays.

Contr. jVf0�980�j jVf0�1500�j jVf0�600�j jVf0�1370�j

K 0:41� 0:13 0:28� 0:09 0:01� 0:02 0:01� 0:02
K;	 0:60� 0:13 0:25� 0:09 1:49� 0:93 0:06� 0:07
K;	; 
 0:66� 0:15 0:31� 0:13 1:45� 0:94 0:10� 0:10
K; 
;	; K̂ 0:66� 0:14 0:31� 0:14 1:44� 0:94 0:10� 0:10
K;
;	; K̂; 	̂ 0:66� 0:14 0:31� 0:14 1:44� 0:94 0:10� 0:10

Total 0:68� 0:15 0:32� 0:15 1:43� 0:94 0:12� 0:11
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The vacuum expectation values a; b are related to the
weak decay constants by

a �
f	���

2
p

cos�(1�
; a� b �

���
2

p
fK

cos�(1=2�
: (5)

Using these values and the masses quoted in Ref. [16], we
obtain the results listed in Table II for the form factors. We
include the contributions of different mesons in the loops
step by step in order to clearly exhibit the corresponding
effects.

As expected, the main contribution comes from kaon
loops due to its relatively light mass. These results are in
good agreement with the world average in the case of the
two photon decay of a0�980�. The modifications intro-
duced by the mixing between qq and qqqq fields to the
picture in the conventional (updated) linear sigma model
[22] are also exhibited in Table III.
TABLE VII. Predictions of the chiral model for qq and qqqq sta
predictions in the literature.

Process Width (KeV) this work Width (K

�! �� (0–1.13) 0:024�
0:38�

1
3:8�

a0�980� ! �� 0:25� 0:12
�2–5�

0
f0�980� ! �� 0:92� 0:40 0:34�

0:51�
0:28

0
f0�1370� ! �� (0–0.22) 3:21�

7:71�
a0�1450� ! �� 0:16� 0:10
f0�1500� ! �� (0–1.51)

074008
The form factors predicted by the chiral model for qq
and qqqq states listed in Table II give the following decay
widths:

��a0�980� ! ��� � 0:25� 0:12 KeV; (6)

��a0�1450� ! ��� � 0:16� 0:10 KeV: (7)

IV. TWO PHOTON DECAY OF
ISOSINGLET SCALARS

Next we work out the predictions of the model for
f0�600� (or �), f0�980�, f0�1370�, and f0�1500� decay
into two photons. In this case, we expect the main contri-
bution to come from 	, K, and 
 meson loops. In Table IV
we list the couplings involved in these processes as arising
from the chiral model for qq and qqqq states.

Again, couplings for light scalars to light pseudoscalars
listed in Table IV reduce to the linear sigma model ones
when we decouple heavy fields. In this respect, we would
tes for the decay widths of S! �� and comparison with other

eV) other work Comments Exp. (KeV)

0:023 [18] VMD1
0:09 [18] VMD2

23 [20] m� � 1 GeV
1:5 [21]

6 [15] qq 0:24�0:08
�0:07

� 10�4 [28] q q qq
.19 [29] qq

0:21 [19] ’s � 18� � 2� 0:39�0:10
�0:13

0:23 [19] ’s � �18� � 2�
�0:09
�0:13 [21]

.36 [29] qq
1:26 [19] ’0

s � 18� � 2�

2:70 [19] ’0
s � �18� � 2�
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like to note that the naive mixing factor used in Ref. [22]
for gf0�980�
�
� contains an incorrect minus sign [27]. Even
though contributions coming from charged 
 loops are
suppressed, they are crucial in the understanding of the
two photon decay of f0�980�. Indeed, the sign assumed in
Ref. [22] drives the result arising from kaon and pion loops
in the right direction to match experiment. We recalculated
this decay in the L�M corrected for this sign, finding a 

contribution in the opposite direction. The different con-
tributions to this form factor as obtained in the L�M are
quoted in Table V.

Using the couplings listed in Table IV, we obtain the
predictions of the chiral model for qq and qqqq states for
the different contributions to the form factors describing
the two photon decay of f0�600�, f0�980�, f0�1370�, and
f0�1500� shown in Table VI.

These form factors yield the decay widths quoted in
Table VII, where we collect our results and compare with
other results in the literature.
V. CONCLUSIONS

In this paper, we work out the predictions of the chiral
model for qq and qqqq states [25,26] for the two photon
decay of all neutral scalars below 1.5 GeV. Except for
a0�980� and f0�980�, there is no experimental information
on these decays. The predictions of the model for the
074008
a0�980� ! �� decay are in good agreement with experi-
ment. As for f0�980� ! ��, we recalculate and update the
linear sigma model predictions for this decay, finding a
discrepancy with the experimental results. The situation is
improved by the mixing inherent to the chiral model for qq
and qqqq states [25,26]. Nevertheless, on the one side, the
extraction of the width from experimental data is not an
easy task as shown in Ref. [21]; thus, the world average
quoted in Ref. [16] should be taken with some care; on the
other side, we expect f0�980� to arise actually as a mixing
of qq, qqqq, and glueball. The latter has not been included
in the model under consideration, and, according to recent
analysis based on chiral symmetry, f0�980� can acquire
some component along the glueball direction [30,31]; thus,
we expect modifications to the present picture upon the
inclusion of glueball degrees of freedom. Finally, the
model gives definite predictions for the two photon decays
of f0�600�, f0�1370�, and f0�1500�. The small decay width
of the latter two mesons into two photons, even if they are
composed of quarks in this model, is particularly interest-
ing. The small width of these mesons has been usually
argued as the signal for a large glueball component.
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