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Radiative decays �ð1sÞ ! �ð�0; �Þ are studied by an approach which has successfully predicted the

ratio �ðJ= !��0Þ
�ðJ= !��Þ . Strong dependence on quark mass has been found in the decays ðJ= ;�ð1sÞÞ ! �ð�0; �Þ.

Very small decay rates of �ð1sÞ ! �ð�0; �Þ are predicted.
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New small upper limits of the branching ratios of radia-
tive �ð1sÞ decays into � and �0 have been reported by
CLEO [1]

Bð�ð1sÞ ! ��Þ< 1:0� 10�6;

Bð�ð1sÞ ! ��0Þ< 1:9� 10�6
(1)

at the 90% C.L. In an early search for �ð1sÞ ! ��0 by
CLEO [2] the upper limit of the branching ratio is deter-
mined to be 1:6� 10�5 at the 90% C.L. Bð�ð1sÞ !
��Þ< 2:1� 10�5 is obtained in a previous CLEO experi-
ment at the 90% C.L. [3]. Comparing with BðJ= !
��0ð�ÞÞ, the branching ratios of �ð1sÞ ! �ð�0; �Þ are
very small.
J= and�ð1sÞ are heavy vector mesons. It is known that

the decay of heavy vector meson is a test ground of
perturbative QCD (pQCD). The decay of a heavy vector
meson to light hadrons is described as V ! ggg and at the
leading order the decay width is expressed as

� ¼ bmV�
3
sðmVÞ;

where b is a constant which is independent of mV ,
�sðmJ= Þ � 0:3, and �sðm�ð1sÞÞ � 0:18 [4], respectively.

In the process V ! ggg! hadrons q �q pairs are produced
by the three gluons and light hadrons are formed by re-
combinations of the quark pairs. In pQCD V ! �gg is the
process for radiative decay of a heavy vector meson. The
two gluons are color singlets and they can form 0þþ, 0�þ,
and 2þþ states. J= radiative decay has long been regarded
as a fertile hunting ground for glueballs [5]. So far, the
existence of glueballs has not been established. The efforts
in the search for glueballs are complicated by mixture
between the components of gluons and quarks. It is argued
in Ref. [5(a)] that forVðheavyÞ ! �R one expects

BðR½q �q� ! ggÞ �Oð�2
sÞ; BðR½G� ! ggÞ � 1;

where R½q �q� and R½G� are q �q state and glue state, respec-
tively. The production of the quark state in radiative decay
of heavy vector meson is suppressed by Oð�2

sÞ. It is shown
in Ref. [5(b)] that the gluon content of a meson can be
determined by using productions of this meson in both
radiative decays of heavy vector quarkonium and �� col-

lisions. The relation between BðVq �q ! �þ RÞ and BðR!
ggÞ has been proposed in Ref. [5(a)].
The upper limit of Bð� ! ��0Þ (1) is smaller than

BRðJ= ! ��0Þ ¼ ð4:71� 0:27Þ � 10�3 by almost 3 or-
ders of magnitude. This is a challenge to the study of
radiative decay of heavy vector mesons. The difference
between the radiative decays of J= and �ð1sÞ is caused
by the mass difference of c and b quark. As pointed out in
Ref. [1], the Bð�ð1sÞ ! ��0Þ predicted by naive scaling is
too large. There are different theoretical approaches in the
study of the branching ratios of �ð1sÞ ! �ð�0; �Þ. Very
small branching ratios for � ! ��, ��0 (10�6–10�7) are
obtained by employing the vector meson dominance model
in Ref. [6]. BðV ! ��ð�0Þ � ð5–10Þ � 10�5Þ obtained in a
nonrelativistic quark model [7] are too large. By using the
QCD sum rule and the U(1) anomaly, Bð� ! ��0Þ ¼
3:3� 10�5 and Bð� ! ��Þ ¼ 4:4� 10�6 are determined
in Ref. [8]. They are larger than the upper limits (1). It is
pointed out in Ref. [9] that the quark mass dependence of
the decay width of VðheavyÞ ! ��0 obtained in Ref. [8] is
proportional to 1

m4
q
and this factor does not lead to small

Bð� ! ��0Þ [1]. Using m� � 2mb and mJ= � 2mc,

Bð�ð1sÞ ! �þ �0Þ=BðJ= ! �þ �0Þ
� 1:31ðQ2

bm
6
cÞ=ðQ2

cm
6
bÞð�ðmcÞ=�sðmbÞÞ;

Bð�ð1sÞ ! ��Þ � 3:3� 10�7;

Bð�ð1sÞ ! ��0Þ � 1:7� 10�6

are obtained in Ref. [9]. They are compatible with Eq. (1).
In 1984 we studied J= ! ��, ��0 [10]. In this study �0
and � are taken as mixing states of glueballs and q �q
mesons and the gluon contents make dominant contribu-

tions to J= ! ��, ��0. The ratio �ðJ= !��0Þ
�ðJ= !��Þ has been

successfully predicted [10]. In this short paper the same
approach is applied to study � ! ��0ð�Þ.
It has been known for a long time that �0 contains

substantial gluon content. The U(1) anomaly of the �0
meson [11] shows that there is strong coupling between
�0 and two gluons. The contribution of the quark compo-
nents to the mass of the �0 meson is

1
3 ðm2

Kþ þm2
K0 þm2

�Þ ¼ 0:17 GeV2
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which is much less than m2
�0 ¼ 0:918 GeV2. Therefore,

gluon components in �0 are required and they should
make an important contribution to m2

�0 . Experimental

data [4] shows that BRðJ= ! !ð�Þ�Þ> BRðJ= !
!ð�Þ�0Þ. In pQCD J= ! light hadrons is described as
J= ! ggg, ggg! q �q pairs. This experimental result
can be understood since the quark content in � is more
than the one in �0. On the other hand, BðJ= ! ��0Þ>
BðJ= ! ��Þ has been reported [4]. It is known that the
gluon contents of �0 and�make dominant contributions to
J= ! ��0ð�Þ, and �0 contains more gluons than � does.
The larger branching ratio of J= ! ��0 can be explained
by these arguments. The experimental data and theoretical
arguments mentioned above support that in radiative de-
cays of J= to ð�0; �Þ quark contents of �0 and � are
suppressed and the gluon contents of �0 and � play domi-
nant roles. J= , � ! ��� are another example of sup-
pression of quark components. The resonance structure of
the �� channel is complicated. We concentrate in the
region of �ð600Þ.� is a 0þþ mesonic state made of quarks,
and �! �� is the main decay channel. � has been
observed in J= ! !�, �! �� with a large branching
ratio by the DM2 Collaboration [12] and by the BES
Collaboration [13], respectively. However, J= ! ��,
�! �� has not been reported by BES [14]. In Ref. [15]
the decay � ! ��� has been studied by using the soft-
collinear effective theory and nonrelativistic QCD. The

ratio Bð�!���Þ
BðJ= !���Þ � 0:01–0:02 has been predicted in the

range of low m2
�� [15]. Because J= ! ��, �! ��

has not been observed, the theory [15] predicts very small
Bð� ! ���Þ in the same region. No � ! ��� events
have yet been found in the � region [16]. These experi-
mental results and theoretical study are consistent with that
because the suppression of q �q BðVðheavyÞ ! �R½q �q�Þ is
small.

A brief review of the study done in Ref. [10] is presented
below. There are two parts: the amplitude of J= ! �gg is
calculated by pQCD and the couplings gg! �0ð�Þ are
dominated by the gluon contents of �0 and �. The flavor
singlet part of � and �0 is a mixing state of glueballs and
quark singlets

j�0i ¼ sin�jGi þ cos�jq �qi;
where � is the mixing angle. It is argued in Ref. [10] that
the quark contents of � and �0 are suppressed in J= !
��ð�0Þ by Oð�2

sÞ. Therefore, only the glueball content is
taken into account in the calculations of �ðJ= !
��ð�0ÞÞ. The coupling between state G and two gluons is
expressed as

hGjTfAa�ðx1ÞAb�ðx2Þgj0i

¼ �ab
ffiffiffiffiffiffiffiffiffi

2EG
p 	��
�ðx1 � x2Þ
p�fGðx1 � x2Þeði=2ÞpGðx1þx2Þ:

(2)

The function fGðx1 � x2Þ is unknown. In order to see the
effect of this function fGðx1 � x2Þ is taken as a harmonic
function at first to calculate the decay width, then instead
fGðx1 � x2Þ fGð0Þ is taken. �ðJ= ! ��ð�0ÞÞ obtained
from these two expressions of fGðx1 � x2Þ are different
by about 10% [10]. The possible dependence of fGðx1 �
x2Þ on x1 � x2 has been ignored and fG is taken as a
parameter. The decay widths are derived as

�ðJ= ! ��0Þ ¼ cos2�sin2�
211

81
��2

sðmcÞ 2
Jð0Þf2G

1

m8
c

�
ð1� m2

�0
m2
J

Þ3

f1� 2
m2

�0
m2
J

þ 4m2
c

m2
J

g2

�
�

2m2
J � 3m2

�0

�

1þ 2mc

mJ

�

� 16
m3
c

mJ

�

2
;

(3)

�ðJ= ! ��Þ ¼ sin2�sin2�
211

81
��2

sðmcÞ 2
Jð0Þf2G

1

m8
c

�
ð1� m2

�

m2
J

Þ3

f1� 2
m2
�

m2
J

þ 4m2
c

m2
J

g2

�
�

2m2
J � 3m2

�

�

1þ 2mc

mJ

�

� 16
m3
c

mJ

�

2
;

(4)

where � is the mixing angle between � and �0, and  Jð0Þ is
the wave function of J= at the origin, which is determined
by the decay rate of J= ! eeþ

 2
Jð0Þ ¼

27

64��2
m2
J�J= !eeþ : (5)

mc ¼ 1:25� 0:09 GeV are presented in Ref. [4]. In the
study of J= ! �þ fð1273Þ [17], it is found that mc ¼
1:3 GeV fits the data very well and this value is in the range

of mc [4]. In the ratio �ðJ= !��0Þ
�ðJ= !��Þ , the unknown parameter

fG is canceled. The mixing angle of �� �0 is determined
by the following equations:

tan 2� ¼ m2
88 �m2

�

m2
�0 �m2

88

; m2
88 ¼

1

3
ð4m2

K �m2
�Þ;

� ¼ �10:750 � 0:050:

Takingmc ¼ 1:3 GeV and the value of the mixing angle, it
is predicted

�ðJ= ! ��0Þ
�ðJ= ! ��Þ ¼ 5:30� 0:05; (6)

where the errors are from the mixing angle only. The
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prediction agrees with current experimental value
4:81ð1� 0:15Þ [4] (in Ref. [10] � ¼ �110 is taken and
the ratio is predicted to be 5.1).

The factor 1
m8
c
in Eqs. (3) and (4) shows strong depen-

dence of the decay rate on mc (3) and (4). Because of the
cancellation between mJ and mc in the factors

�

2m2
J � 3m2

�0

�

1þ 2mc

mJ

�

� 16
m3
c

mJ

�

2ð3Þ;
�

2m2
J � 3m2

�

�

1þ 2mc

mJ

�

� 16
m3
c

mJ

�

2ð4Þ;

the decay rates are very sensitive to the value of mc. This
sensitivity has been found in the study of the decay J= !
�þ fð1273Þ [17] too.

By changing corresponding quantities, the decay rates of
�ð1sÞ ! ��0, �� are obtained from Eqs. (3) and (4). The
ratio is determined to be

R�0 ¼ Bð� ! ��0Þ
BðJ= ! ��0Þ

¼ 1

4

�2
sðmbÞ

�2
sðmcÞ

 2
�ð0Þ
 2
Jð0Þ

m8
c

m8
b

ð1� m2

�0
m2

�

Þ3

ð1� m2

�0
m2
J

Þ2
ð1� 2

m2

�0
m2
J

þ 4 m
2
c

m2
J

Þ2

ð1� 2
m2

�0
m2

�

þ 4
m2
b

m2
�

Þ2

� f2m2
� � 3m2

�0 ð1þ 2mb

m�
Þ � 16

m3
b

m�
g2

f2m2
J � 3m2

�0 ð1þ 2mc

mJ
Þ � 16 m

3
c

mJ
g3

�J= 
��

; (7)

where

 2
�ð0Þ
 2
Jð0Þ

¼ 4
��!eeþ

�J= !eeþ
m2

�

m2
J

: (8)

In order to compare with the result obtained in Ref. [9]
mJ ¼ 2mc and m� ¼ 2mb are taken in Eq. (7)

R�0 ¼ Bð� ! ��0Þ
BðJ= ! ��0Þ

¼ �ð� ! ��0Þ=�ð� ! light hadronsÞ
�ðJ= ! ��0Þ=�ðJ= ! light hadronsÞ
� Bð� ! light hadronsÞ
BðJ= ! light hadronsÞ

¼ �sðmcÞ
�sðmbÞ

�

mc

mb

�

7 1�
m2

�0
4m2

b

1� m2

�0
4m2

c

Bð� ! light hadronsÞ
BðJ= ! light hadronsÞ

� ��!ee
�J= !ee

¼ 0:29
�sðmcÞ
�sðmbÞ

�

mc

mb

�

7
: (9)

Stronger dependence on quark masses and small coeffi-
cients are obtained by this approach.
Both �ðJ= ! ��0; ��Þ and �ð� ! ��0; ��Þ are sen-

sitive to the values ofmc andmb, respectively.mJ ¼ 2mc is
not a good approximation. In Ref. [4], mb ¼ ð4:7�
0:07Þ GeV is listed. m� ¼ 2mb works well. In this paper,
mb ¼ 4:7 GeV and mc ¼ 1:3 GeV are taken. Inputting
BðJ= ! ��0Þ into Eq. (7),

Bð� ! ��0Þ ¼ R�0 BðJ= ! ��0Þ ¼ 1:04��7

(10)

is obtained. Replacingm�0 bym� in Eq. (7), the ratio R� is

obtained. Inputting BðJ= ! ��Þ into R�,
Bð� ! ��Þ ¼ 0:022 Bð� ! ��0Þ ¼ 0:23� 10�8

(11)

is determined. Both branching ratios are less than the
experimental upper limits [1].
The approach used in Ref. [10] is applied to study the

decays of�ð1sÞ ! ��0ð�Þ. Very strong dependence of the
decay rate on quark mass is revealed. The ratio �ðJ= !��0Þ

�ðJ= !��Þ
and very small branching ratios of �ð1sÞ ! ��0ð�Þ are
predicted. The predictions agree with the data very well.
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