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To understand the enhanced partial decay width for the decay of �c1 to the vector-meson pair ��

recently observed by the BESIII collaboration, we suggest measuring the polarization parameter of the �

meson by analyzing the jointed angular distribution in the cascade decay eþe� ! c ð2SÞ ! ��cJ !
��� ! �2ðKþK�Þ. The formulas to measure polarization parameters are presented, and they are

estimated in the framework of perturbative QCD (pQCD) and the quark-pair-creation model. In pQCD

we obtain results consistent with the expectation of the helicity selection rule. In the quark-pair-creation

model, the parameter associated with the violation of the helicity selection rule is enhanced relative to that

estimated in pQCD.
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I. INTRODUCTION

Since the discovery of the J=c particle, the study of the
decay of charmonia has continued to be an active field in
understanding the nature of strong interactions [1–5]. In
the charmonium energy region 3� 5 GeV—even though
the charm quark is not as heavy as the b- or t-quark in
high-energy processes—some perturbative QCD (pQCD)
asymptotic behaviors can be expected. For example, the
so-called helicity selection rule (HSR) was obtained in
early pQCD analyses [1,2], which states that if the mass
of a light quark produced from c �c annihilation is neglected,
the vector-gluon coupling conserves quark helicity. Thus
the amplitude will vanish if the spin of the light quark is
reversed by the gluon scattering.

For a charmonium c decay to light hadrons h1ð�1Þ and
h2ð�2Þ, the asymptotic behavior of the branching fraction is
given by pQCD calculations [2,6],

Br½c ð�Þ ! h1ð�1Þh2ð�2Þ� �
��2

QCD

m2
c

�j�1þ�2jþ2
; (1)

where �, �1, and �2 denote the helicity of the
corresponding hadrons, mc is the charm-quark mass,
and �QCD is the QCD energy-scale factor. If the

light-quark mass is neglected, the vector-gluon coupling
conserves quark helicity and this leads to the helicity
selection rule [1]: �1 þ �2 ¼ 0. If the helicity configu-
ration does not satisfy this relation, the branching frac-
tion will be suppressed.

In the quark model, the �cJðJ ¼ 0; 1; 2Þ states are as-
signed as P-wave charmonium states with spin parity and
charge conjugation Jþþ. The decay of �cJ ! �� is a
golden mode used to test the HSR prediction since the
helicity combination of the �� pair can provide us with
the polarization measurement of at most nine spin configu-
rations. The pQCD calculation [7] shows that the partial

decay width with the helicity combination �1 þ �2 � 0 is
highly suppressed due to the HSR, so this leads to the
problem of a calculated decay width for �c0=2 ! ��

smaller than the measured value. Furthermore, the decay
of �c1 to �� is forbidden at the leading order due to the
Landau-Yang theorem [8].
However, the BESIII collaboration [9] has recently ob-

served for the first time the decay of �c1 to a vector-meson
pair VV (VV ¼ ��, !!, and !�) with branching frac-
tion at the same order as �c0;2 decays. The measurement

indicates the evasion of HSR in this energy region [6], and
poses a challenge for the �cJ two-gluon decay mechanism.
In the interplay of the perturbative and nonperturbative
regions, there might be another mechanism contributing
to the HSR decays, such as the charm octet state, the
higher-order Fock state of light hadrons, the final-state
interaction, or other long-distance effects. To account for
the nonperturbative effects, the role of the charm-meson
loop in�c1 ! VV decays has been investigated [6,10]. The
results show that the charm-meson loop can produce the
branching fractions for �c1 ! ��, !! with a large un-
certainty, but it fails to explain the double Okubo-Zweig-
Iizuka decay �c1 ! !�. To consistently understand the
�cJ decay mechanism, more experimental information
is desirable, such as the polarization information of the
vector meson.
Studies on the polarization parameter in the decay of �cJ

to the vector-meson pair �� will shed light on the under-
lying structure of �cJ states and their decay mechanisms.
Experimentally, decays of �cJ ! �� can be easily recon-
structed using � ! K �K or �þ���0 decay modes with
low-level backgrounds. These decays facilitate the mea-
surement of � polarization by analyzing the jointed angu-
lar distribution. In this work, we present the formula for the
joint angular distribution for �cJ ! �� ! 2ðKþK�Þ,
which can be used in data analysis. The polarization
parameters are studied in the pQCD scheme and the
quark-pair-creation model.*chenh@swu.edu.cn
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II. POLARIZATION PARAMETERS

We consider the decay �cJ ! �� ! 2ðKþK�Þ, where
the �cJðJ ¼ 0; 1; 2Þ states are produced from the transi-
tions c ð2SÞ ! ��cJ, which are characterized by the spin
density matrix �ðJÞ. The � polarization parameter can be

measured through the analysis of the angular distribution.
The joint amplitudes for the sequential decays are con-
structed with helicity angles as follows.

(i) For the first decay �cJ ! ��, the solid angle of the
� meson [�1ð�1; ’1Þ] refers to the �cJ rest frame,
where the z axis is taken along the outgoing direction
of the �cJ state in the c ð2SÞ rest frame.

(ii) Similarly, for the decay� ! KþK�, the solid angle
of the kaon [�2ð�2; ’2Þ] (�3 for another � decay)
refers to the � meson rest frame, where the z axis is
taken along the outgoing direction of the � state in
the �cJ rest frame.

Given � helicity states, the amplitudes for these decays
are denoted by

BðJÞ
�1;�2

for �cJðm1Þ ! �ð�1Þ�ð�2Þð�1Þ; (2)

b for �ð�1Þ ! KþK�ð�2Þ; (3)

b for �ð�2Þ ! KþK�ð�3Þ; (4)

where �1;2 denotes the � helicity value, and �ið�i; ’iÞ
(i ¼ 1, 2, 3) stands for the solid angle for the correspond-
ing decay.

The joint amplitude for the �cJðJ ¼ 0; 1; 2Þ sequential
decay reads

jMj2J /
X

m1;m
0
1
;�i

�
ðm1;m

0
1
Þ

ðJÞ DJ
m1;�1��2

ð�1ÞDJ�
m0

1;�
0
1��0

2
ð�1Þ

� BðJÞ
�1;�2

BðJÞ�
�0
1
;�0

2
D1

�1;0
ð�2ÞD1�

�0
1
;0ð�2Þ

�D1
�2;0

ð�3ÞD1�
�0
2
;0ð�3Þjbj4: (5)

Here the spin-density matrix �ðJÞ describing the �cJ pro-

duction can be estimated from the eþe� ! c ð2SÞ ! ��cJ

process, which is determined by

�
ð�0;�

0
0
Þ

ðJÞ ¼
Z

d cos�0d�0

X
M;��¼�1

D1
M;���m1

ð�0; �0Þ

�D1�
M;���m0

1
ð�0; �0ÞAðJÞ

��;m1
AðJÞ�
��;m

0
1
; (6)

whereM, ��, and m1 are the helicity values for the c ð2SÞ,
photon, and �cJ states, respectively, and AðJÞ

��;m1
is the

helicity amplitude for c ð2SÞ ! ��cJ with the helicity
angle �0ð�0; �0Þ. The sum over M takes M ¼ �1 since
the c ð2SÞ is produced from the eþe� annihilation. Recent
measurements have shown that the contribution of high
magnetic and electric multipoles to �cJ production is
negligible, and the E1 transition dominates this process

[11]. Hence, the components of the helicity amplitude are

chosen to satisfy the E1 relation [12], namely, Að1Þ
1;1 ¼ Að1Þ

1;0

for �c1 and Að2Þ
1;2 ¼

ffiffiffi
2

p
Að2Þ
1;1 ¼

ffiffiffi
6

p
Að2Þ
1;0 for �c2. Further, by

considering the requirement of parity conservation, one has

the relation AðJÞ
���;�m1

¼ ð�1ÞJAðJÞ
��;m1

. Thus the spin den-

sities are determined to be �ðJ¼0Þ ¼ 1, �ðJ¼1Þ /
diagf1; 2; 1g, and �ðJ¼2Þ / diagf2; 1; 2=3; 1; 2g.
The decay rate for the decay of �cJ to a �� pair is

expected to be dominated by the strong interaction, by
which c �c quarks are annihilated into gluons and then
materialize into the final state. In the strong decay the
parity is conserved such that the helicity amplitude satisfies

the relation BðJÞ
��1;��2

¼ ð�ÞJBðJÞ
�1;�2

. Thus one has the rela-

tions Bð1Þ
1;1 ¼ �Bð1Þ

�1;�1, B
ð1Þ
1;0 ¼ �Bð1Þ

�1;0, B
ð1Þ
0;1 ¼ �Bð1Þ

0;�1, and

Bð1Þ
0;0 ¼ 0 for �c1 decays, while for �c0;2 decays, one has the

relation BðJÞ
0;0 � 0 with J ¼ 0, 2.

By taking the identical particle symmetry into consid-
eration, the helicity amplitude for the decay of �cJ to a��

pair satisfies the relation BðJÞ
�1;�2

¼ ð�1ÞJBðJÞ
�2;�1

, which in-

dicates that the structure of the amplitude for the decay
�c1 ! �� is antisymmetric by exchanging two�mesons,
and hence an amplitude with �1 ¼ �2 will vanish, while a

nonvanishing amplitude satisfies the relation Bð1Þ
1;0 ¼ �Bð1Þ

0;1.

As for the �c0;2 ! �� decay, all amplitudes are nonvan-

ishing and symmetric in terms of exchanging two �

mesons. Thus one can obtain the relation Bð2Þ
1;0 ¼ Bð2Þ

0;1 for

�c2 decays.
Using these relations, one obtains the jointed angular

distribution for the �c0 ! �� decay,

djMj20
dcos�1dcos�2dcos�3

/ 2cos2�2cos
2�3þxsin2�2sin

2�3;

(7)

where the variable x ¼ jBð0Þ
1;1j2=jBð0Þ

0;0j2 measures the

fraction of transverse over longitudinal polarization.
For the �c1 ! �� decay, one has

djMj21
dcos�1dcos�2d cos�3

/ ð2þ sin 2�1Þðsin 2�2cos
2�3

þ u1cos
2�2sin

2�3Þ
þ u2ð1þ cos 2�1Þsin 2�2sin

2�3;

(8)

with the variables u1 ¼ jBð1Þ
0;1j2=jBð1Þ

1;0j2 and u2 ¼
jBð1Þ

1;1j2=jBð1Þ
1;0j2. The requirement of identical particle

symmetry leads to the results u1 ¼ 1 and u2 ¼ 0.
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For the �c2 ! �� decay, one has

djMj22
d cos�1d cos�2d cos�3

/ ð7� 3 cos 2�1Þcos 2�2cos 2�3
þ w1ð9� 3cos 2�1Þcos 2�2sin 2�3

þ w2ð3þ 3cos 2�1Þsin 2�2sin
2�3

þ w3ð9� 3cos 2�1Þsin 2�2cos
2�3

þ w4ð5� 3cos 2�1Þsin 2�2sin
2�3; (9)

where the variables w1 ¼ jBð2Þ
0;1j2=jBð2Þ

0;0j2, w2 ¼
jBð2Þ

1;�1j2=jBð2Þ
0;0j2, w3 ¼ jBð2Þ

1;0j2=jBð2Þ
0;0j2, and w4 ¼

jBð2Þ
1;1j2=jBð2Þ

0;0j2 measure fractions of transverse over

longitudinal polarization. The requirement of identical
particle symmetry leads to the relation w1 ¼ w3.

In the �cJ helicity frame, the polar angular distribution
of the � meson is reduced to

djMj2
d cos�1

/ ð1þ �cos 2�1Þ; (10)

with

� ¼

8>>>>>><
>>>>>>:

0 for �c0;

2jBð1Þ
1;1
j2�jBð1Þ

0;1
j2�jBð1Þ

1;0
j2

3ðjBð1Þ
1;0
j2þjBð1Þ

0;1
j2Þþ2jBð1Þ

1;1
j2 for �c1;

� 6jBð2Þ
1;1
j2þ3jBð2Þ

1;0
j2�6jBð2Þ

1;�1
j2þ3jBð2Þ

0;1
j2þ3jBð2Þ

0;0
j2

10jBð2Þ
1;1
j2þ9jBð2Þ

1;0
j2þ6jBð2Þ

1;�1
j2þ9jBð2Þ

0;1
j2þ5jBð2Þ

0;0
j2 for �c2;

(11)

where � is the angular distribution parameter, which in-
dicates that �c0 decays into a �� pair yield a flat polar
angle distribution due to its zero spin, while for �c1 decays
the requirement of identical particle symmetry yields
� ¼ �1=3.

The above formula can be generalized to the decay
�c0;1;2 ! !! ! 2ð�þ���0Þ. For the three-body decay

!ðJ¼1Þ ! �þðE1Þ��ðE2Þ�0ðE3Þ, following the convention
used in Ref. [13], the amplitude is given by

AðmÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1

8�2

s
FJ
	ðE1E2E3ÞDJ�

m	ð�;
; �Þ; (12)

where m is the eigenvalue of the component of the angular
momentum operator J along an axis chosen to define the!
helicity, 	 is the eigenvalue of angular momentum along
the normal to the three-pion-decay plane, Eiði ¼ 1; 2; 3Þ
denotes the pion energy measured in the ! rest frame,
J ¼ 1 is the spin of the ! particle, and �, 
, � are the
Euler angles, which are defined as the angles to rotate the
normal to the three-pion-decay plane along the! outgoing
direction seen in the �cJ rest frame. FJ

	ðEiÞ is the helicity
amplitude, which satisfies the relation required by parity
conservation,

FJ
	ðE1E2E3Þ ¼ ð�1Þ	FJ

	ðE1E2E3Þ: (13)

So one has FJ�ðE1E2E3Þ ¼ 0, and the amplitude is
reduced to

AðmÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1

8�2

s
F1
0ðE1E2E3ÞD1�

m0ð�;
; 0Þ: (14)

Compared to the �cJ ! �� ! 2ðKþK�Þ decay, the joint
angular distribution for �cJ ! !! can be obtained by
making the replacement with �i ! 
i�1ði ¼ 2; 3Þ in
Eqs. (7)–(9).

III. �cJ ! �� DECAYS IN THE PQCD SCHEME

We first estimate the �-meson polarization parameters
in the pQCD scheme. To the lowest order, the decay of the
�cJ meson proceeds via two steps. First, the �c0;2 states

annihilate into two gluons (gg), and then materialize into
two outgoing (anti)quarks, as illustrated in Fig. 1(a). The

FIG. 1. Mechanisms for �cJ ! ��: (a) The perturbative QCD scheme and (b) the 3P0 quark-pair-creation scheme.
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next leading order contributes via another two additional
gluon exchanges between the two pairs of strange quarks.
These amplitudes are suppressed by a factor ð�s

� Þ4. In our

previous work, it was found that the leading-order approxi-
mation can produce a comparable branching fraction for
�c2 ! �� [7]. As per the usual treatment, the helicity
amplitude can be decomposed into a hard-scattering part
multiplied by the wave functions of two-� mesons. Thus
one has the helicity amplitude for �cJð�Þ ! �ð�1Þ�ð�2Þ,
Mð�; �1; �2Þ � hc ðP1; �1Þc ðP2; �2ÞjTJj�cJi

¼
Z �Y2

i¼1

d3qid
3q0

i

�
hc ðP1; �1Þc ðP2; �2Þ

� jqi; si; q0i; s0iihqi; si; q0i; s0ijTJj�cJð�Þi
� �3ðP1 � q1 � q2Þ�3ðP2 � q0

1 � q0
2Þ;
(15)

where c ðPi; �iÞ (i ¼ 1, 2) is the wave function of the �
meson with momentum Pi and helicity value �i. The
hard-scattering amplitude hqi; si; q0i; s0ijTJj�cJi can be ob-
tained according to standard Feynman rules for the process
�cJ ! gg ! ðs�sÞðs�sÞ, as shown in Fig. 1(a).

If we neglect dynamical contributions from c �c
quarks, and parametrize the decay of �cJ ! gg into a
decay constant fJðJ ¼ 0; 2Þ, then one obtains

hqi; si; q0i; s0ijT0j�c0i

¼ f0ca�sg	� �uðq1; s1Þ�	vðq01; s01Þ �uðq02; s02Þ��vðq2; s2Þ
ðq1 þ q01Þ2ðq2 þ q02Þ2

(16)

for �c0 decays, where uðqi; siÞ and vðqi; siÞ are free
Dirac spinors for a quark and antiquark with momentum
qi and spin si, respectively. They are normalized as
uþðqi; siÞuðqi; s0iÞ ¼ �vþðqi; siÞvðqi; s0iÞ ¼ �ss0 . �s is a
strong coupling constant, and ca is the color factor for

the process shown in Fig. 1(a) with ca ¼ 1
3 ½�a

2 �ik �
½�a

2 �jl�ij�kl ¼ 1=3, where �a is the color SU(3) matrix.

As for �c2 decays, we have

hqi;si;q0i;s0ijT2j�c2ð�Þi

¼f2ca�s�	�ð�Þ �uðq1;s1Þ�	vðq01;s01Þ �uðq02;s02Þ��vðq2;s2Þ
ðq1þq01Þ2ðq2þq02Þ2

;

(17)

where f2 is a decay constant for �c2 ! gg, and �	�ð�Þ is
the covariant spin wave function of �c2 with the helicity
value �, which can be built out of the polarization vector
from the relation

�	�ð�Þ ¼
X

m1;m2

h1m1; 1m2j2�i	ðm1Þ�ðm2Þ; (18)

where ðmiÞ is the polarization vector for the spin-1 parti-
cle with helicity value mi.

IV. �cJ ! �� DECAYS IN THE 3P0 MODEL

Figure 1(b) shows the decay of �cJ to a �� pair via the
mechanism of the 3P0 quark-pair creation. The decay is

assumed to proceed via two steps. First, the c �c quarks
annihilate into two gluons, then two gluons materialize
into a strange-quark pair. Due to the quark-gluon coupling,
another quark-antiquark pair (q �q) is allowed to be pro-
duced from the QCD vacuum with the quantum number
JPC ¼ 0þþ, which corresponds to the q �q state of 3P0.

Generally, a quark pair with any flavor and color can be
generated anywhere in space, but only those whose flavor-
color wave function and spacial wave function overlap
with those of outgoing � mesons can make a contribution
to the partial decay width. Following the usual procedure,
the Hamiltonian for the created quark pair in the 3P0 model

[14] is expressed in terms of the quark and antiquark
creation operators bþ and dþ as

HI ¼
X

i;j;�;
;s;s0
2mq�

Z
d3k½ �uð ~k; sÞvð� ~k; s0Þ�bþ�;ið ~ksÞ

� dþ
;jð� ~k; s0Þ��
ĈI; (19)

where �ð
Þ and iðjÞ are the flavor and color indices of the
created quark(antiquark), and uðk; sÞ and vðk0; s0Þ are free
Dirac spinors for the quark and antiquark, respectively.

ĈI ¼ �ij is the color operator for q �q and � is the strength

of the quark-pair creation independent of flavor, which is
assumed as a constant in �cJ decays. Note that the ampli-
tude for the q �q pair created in the 3P0 model is free of the

HSR suppression, and hence suggests the evasion of the
HSR.
The four-vector momentum for gluons and the (anti)

quark involved in the 3P0 model [see Fig. 1(b)] are defined

as follows:

qi ¼ �q0
i; q0i ¼ q00i ;

k1 þ k2 ¼ ðM�c
; ~0Þ; k1 � k2 ¼ ð0; 2kÞ:

(20)

Similarly, the helicity amplitude in the 3P0 model is

constructed with the relation given in Eq. (15), and the
hard-scattering amplitude of the �c0 decay reads

hqi; si; q0i; s0ijT0j�c0i

¼ f0cb�s2m�
Z d4k

ð2�Þ4 g	�A
	� �uðq02s02Þvðq2s2Þ

1

k21k
2
2

� �3ðq2 þ q0
2Þ þ ðq1 $ q2; q

0
1 $ q02Þ

¼ �f0cb�s2m�
Z d�k1

8�2
g	�A

	� �uðq02s02Þvðq2s2Þ
� �3ðq2 þ q0

2Þ þ ðq1 $ q2; q
0
1 $ q02Þ; (21)

with
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A	� ¼ �uðq1s1Þ�	 6q1 � 6k1 þm

ðq1 � k1Þ2 �m2
��vðq01s01Þ; (22)

where � is the strength of the 3P0 quark-pair creation,

m is the strange-quark mass, cb ¼ 4=3 is the color factor,
and�k1 is the solid angle for k1. In the above equation, we

have used Cutkosky’s cutting rule [15] and made the
replacement for gluonic propagators, i.e., 1=ðk21k22Þ !ð2�iÞ2�ðk21Þ�ðk22Þ.

The hard-scattering amplitude of the �c2 ! �� decay
is given by

hqi; si; q0i; s0ijT2j�c2ð�Þi

¼ �f2cb�s2m�
Z d�k1

8�2
�	�ð�ÞA	� �uðq02s02Þvðq2s2Þ

� �3ðq2 þ q0
2Þ þ ðq1 $ q2; q

0
1 $ q02Þ; (23)

where �	� is the �c2 polarization vector defined in

Eq. (18).

V. NUMERICAL RESULTS

The calculation of the �cJ polarization parameters in our
model requires the knowledge of the �-meson properties.
However, from perturbative QCD theory, little information
is known about the nonperturbative properties of the light-
meson structure, since the light hadron lies out of the
asymptotic region of pQCD. We simply account for the
properties of the s�s bound state by explicitly including
the bound-state wave function in the naive quark model.
The flavor-spin wave function of the � meson is con-
structed in the representation of the SU(6) group, and the
total wave function c for the � meson is

c ðq; �Þ ¼ �ð�Þ�F�Rð2qÞ; (24)

where �F and �ð�Þ are the flavor and spin wave functions
with a helicity value �, respectively. They are taken as

�F ¼ js�si, and �ð1Þ ¼ j""i, �ð0Þ ¼ ðj"#i þ j#"iÞ= ffiffiffi
2

p
, and

�ð�1Þ ¼ j ##i. The spacial wave function of�R is taken as

�Rð2qÞ ¼ 1

�3=4
3=2
e
� q2

2
2 ; (25)

where
 is the harmonic-oscillator parameter, and 2q is the
momentum difference of the s�s quarks in the � rest frame.
The polarization parameters are independent of the �cJ

decay constants fJ and the strong coupling constant �s,
since they are canceled in the calculation of these parame-
ters, x, wiði ¼ 1; 2; 3; 4Þ, as defined in Eqs. (7)–(9). The
strength of quark-antiquark creation in the 3P0 model is

found to be roughly flavor independent in light-meson
decays involving the pair production of u �u, d �d, and s�s. A
global fit [14] to the light-meson decay widths yields � ¼
0:506 with the harmonic-oscillator parameter 
 ’
0:4 GeV. The mass of the constituent s-quark is taken as
one half of the �-meson mass, namely, m ¼ 0:5 GeV. For
the estimation of the uncertainty for the s-quark mass, the
interval of m ¼ 0:45� 0:55 GeV is investigated.
For �c0 ! ��, the polarization parameter x can be

numerically estimated either in the pQCD or 3P0 process

by directly calculating the ratio x ¼ jMðiÞð0; 1; 1Þj2=
jMðiÞð0; 0; 0Þj2 with i ¼ a, b for the process shown in
Figs. 1(a) and 1(b), respectively. For �c2 ! ��, the po-
larization parameters are calculated by the definition in

Eq. (9), w1¼w3¼jP�M
ðiÞð�;0;1Þj2=P�jMðiÞð�;0;0Þj2,

w2 ¼ jP�M
ðiÞð�; 1;�1Þj2=P�jMðiÞð�; 0; 0Þj2, and w4 ¼

jP�M
ðiÞð�; 1; 1Þj2=P�jMðiÞð�; 0; 0Þj2 with i ¼ a, b. We

also investigate the mixing effect between the pQCD pro-
cess and the 3P0 process, and the polarization parameters

are calculated by replacing jMðiÞð�; �1�2Þj2 with

jMðaÞð�; �1�2Þ þMðbÞð�; �1�2Þj2 in the above relations.
For �c1 ! ��, the polarization parameters cannot be

estimated since the decay of �c1 ! gg is prohibited due to
the Landau-Yang theorem [8] at the leading order of the
Feynman diagram. From the helicity-amplitude analysis, it
turns out that the polarization parameters of this decay are
strongly constrained by the requirement of identical parti-

cle symmetry. One gets u1 ¼ jBð1Þ
0;1j2=jBð1Þ

1;0j2 ¼ 1 and u2 ¼
jBð1Þ

1;1j2=jBð1Þ
1;0j2 ¼ 0. This indicates that a nonvanishing po-

larization parameter requires that the two � mesons must
have different polarization configurations. For example, if
one observes a longitudinally polarized �, another � must
be transversely polarized, and vice versa.
Table I lists numerical calculation results of the polar-

ization parameters for �c0;2 ! �� decays. For �c0 ! ��

TABLE I. Numerical results of the polarization parameters defined in Eqs. (7) and (9) in the pQCD [see Fig. 1(a)] and 3P0 [see
Fig. 1(b)] schemes, where the central values are calculated with the parameters m ¼ 0:5 GeV, 
 ¼ 0:4 GeV, and � ¼ 0:506, while
the uncertainties cover the interval of the s-quark mass jm� 0:5j< 0:05 GeV. Values in the last row are calculated in the pQCD
scheme with the � wave function up to twist-3 [16] as a comparison.

Mode �c0 ! �� �c2 ! ��

Parameter x w1 w2 w3 w4

Fig. 1(a) 0:086� 0:010 0:660� 0:015 2:714� 0:112 0:660� 0:015 0:118� 0:007
Fig. 1(b) 0:265� 0:015 1:957� 0:812 0:942� 0:267 1:957� 0:812 0:165� 0:007
Figs. 1(a) and 1(b) 0:375� 0:171 3:004� 2:140 1:694� 1:196 3:004� 2:140 0:265� 0:052
Twist-3 [16] 0.259 0.217 0.749 0.217 0.136
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decay, the polarization parameter x is about a few percent
in the pQCD process, while it receives a significant con-
tribution from the 3P0 quark-creation mechanism, and the

mixture of these two processes yields a higher value, x ¼
0:375� 0:171. For �c2 ! �� decay, in pQCD the pa-
rameter w2 is roughly one order of magnitude larger than
the other parameters, since the helicity amplitude associ-
ated with this parameter does not violate the HSR. The 3P0

process yields aw2 value approximately equal to w1 within
the model parameter uncertainty. The polarization parame-
ters w1, w3, and w4 estimated in the mixture scheme are
larger than those estimated in pQCD; this indicates that
these amplitudes receive a significant contribution from the
3P0 process, which suggests an explanation for the evasion

of HSR in the �cJ decays into vector-meson pairs.
To check the consistency with the nonrelativistic quark-

model calculation for �c2 ! ��, one takes q1 ¼ q2 ¼
P1=2 and q

0
1 ¼ q02 ¼ P2=2 in Fig. 1(a), and the calculation

yields w1 ¼ w3 ¼ 0:55, w2 ¼ 3:44, and w4 ¼ 0:06, which
are consistent with the nonrelativistic approximation [7]. In
Ref. [16], the processes of �cJ ! �� were investigated

considering high-twist contributions from the � light-cone
distribution amplitude. We quote the helicity decay widths
to estimate the parameters x, w1, w2, and w3, which are
given in Table I. From this comparison, one can see that the
polarization parameters associated with the break of the
helicity selection rule in �cJ ! �� decays receive signifi-
cant contributions from the 3P0 process.

Figure 2 shows the helicity-angle distributions obtained
from Monte Carlo simulations for the �cJ, �, and Kþ in
the cascade decay eþe� ! c ð2SÞ ! ��cJ ! ��� !
�2ðKþK�Þ. The decay c ð2SÞ ! ��cJ is an E1 transition,
whose angular distribution is determined to be
dN=d cos � / ð1þ �cos 2�0Þ with � ¼ 1, �1=3, 1=13
for �c0, �c1, and �c2, respectively [17]. The angular dis-
tributions for �c0;2 decays are produced with the polariza-

tion parameters estimated with the pQCD, 3P0, and a

mixture of the two schemes, as shown in Table I. For the
decay �c1 ! ��, the angular distributions are produced
with the parameters u1 ¼ 1 and u2 ¼ 0. For the decay
�c2 ! ��, the distributions of cos�1 and cos �2 appear
quite different in the pQCD and 3P0 models.
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FIG. 2. Angular distributions for �cJ (top row), � (middle row), and one Kþ (bottom row), where �1 and �2 are defined in Eqs. (7)
and (9), and ��cJ

is the angle for �cJ states. The left, middle, and right columns are for �c0, �c1, and �c2 decays, respectively. In the

plots, the line, dashed, and dotted histograms are produced based on the polarization parameters obtained in the pQCD, 3P0, and a

mixture of the two schemes, respectively. The superimposed histograms are plotted with arbitrary units.
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VI. CONCLUSION

To understand the enhanced partial decay width for the
decay of �cJ to a vector-meson pair ��, we suggest
measuring the �-meson polarization in the decay �cJ !
�� ! 2ðKþK�Þ. The measurement will shed light on
the underlying structure of the �cJ state and its decay
mechanism.

The spin-parity analysis shows that the polarization
parameters for the decay of �c1 to �� can be explicitly
determined by the requirement of parity conservation and
identical particle symmetry. The structure of the antisym-
metric helicity amplitude of this decay requires that the
two � mesons must take different polarization states. If
the polarization vector of one � meson is longitudinal,
another � meson must be transversely polarized, and vice
versa.

The polarization parameters for the decay of �c0;2 to��
were estimated in the pQCD scheme and the 3P0 model.

In the pQCD scheme, the results are consistent with
the expectation of the helicity selection rule, and the

polarization parameters associated with the s-quark spin

reversal are suppressed. In the 3P0 model, the polarization

parameters associated with the break of HSR are enhanced,

which indicates that the 3P0 model provides an explanation

for the evasion of HSR in the decay of �c0;2 to the vector-

meson pair ��. Based on the estimated values of the

polarization parameters, the angular distributions for the

decay c ð2SÞ!��cJ!���!�2ðKþK�Þ were pro-

duced. The angular distributions appear quite different in

the pQCD and 3P0 decay mechanisms, and they will help

us to identify the �cJ decay mechanism if comparisons

with experimental measurements are available in the

future.
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