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The ratio of KSKS (KLKL) and KSKL production rates is calculated by considering K0 � �K0 oscillation
in J= ! K0 �K0 decay. The theoretical uncertainty due to strong interaction in J= decay is completely
canceled in the ratio; therefore, the absolute branching fractions of the CP-violating processes of J= !
KSKS and KLKL can be cleanly and model-independently determined in the case that J= ! KSKL decay
is precisely measured. In the future �-charm factory, the expected CP violating process of J= ! KSKS
should be reached. It is important to measure J= to KSKS and KSKL decays simultaneously, so that many
systematic errors will be canceled. More precise measurements are suggested to examine the predicted
isospin relation in J= ! K �K decays. All results can be extended to decays of other vector quarkonia, �,
 �2S�, and ��1S�, etc.

DOI: 10.1103/PhysRevLett.96.192001 PACS numbers: 13.25.Gv, 11.30.Er
In the standard model (SM), CP violation arises from
an irreducible weak phase in the Cabibbo-Kobayashi-
Maskawa (CKM) quark-mixing matrix [1]. CP violation
has been established in both K and B systems. Currently,
all experimental measurements are consistent with the
CKM picture of CP violation, and the CKM is, very likely,
the dominant source of CP violation in low energy flavor-
changing processes [2]. However, the surprising point is
that the CKM mechanism for CP violation fails to account
for the baryogenesis [3]. It is crucial to probe CP violation
in various reactions, to see the correlations between differ-
ent processes and probe the source of CP violation.

In this Letter, we consider the possible CP asymmetric
observation in J= ! K0 �K0 decay, in which KSKS and
KLKL pairs can be formed in addition to KSKL. Within the
SM, the possible CP-violating decay processes of J= !
KSKS and KLKL are due to K0 � �K0 oscillation, here we
assume that possible strong multiquark effects that involve
seaquarks play no role in J= ! KSKS, KLKL, and KSKL
decays [4]. The J= decays will provide another oppor-
tunity to understand the source of CP violation. The am-
plitude for J= decaying to K0 �K0 is hK0 �K0jHjJ= i, and
the K0 �K0 pair system is in a state with charge parity C �
�1, which can be defined as
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jK0 �KiC��1 �
1���
2
p �jK0ij �K0i � j �K0ijK0i�: (1)

Although there is weak current contribution in J= !
K0 �K0 decay, which may not conserve charge parity, the
K0 �K0 pair cannot be in a state with C � �1. The reason is
that the relative orbital angular momentum of the K0 �K0

pair must be l � 1 because of angular momentum conser-
vation. A boson-pair with l � 1 must be in an antisym-
metric state, the antisymmetric state of particle–anti-
particle pair must be in a state with C � �1. This con-
clusion can also be illustrated by a direct calculation.

For explicitness, let us denote the particle state jK0iwith
momentum p1 as jK0�p1�i, and j �K0iwith momentum p2 as
j �K0�p2�i. The general structure of the effective Hamitonian
for J= ! K0 �K0 decay is

H � CW
X
i�d;s

�qi�
��a� b�5�qi �c���a

0 � b0�5�c; (2)

where qi (i � d; s) and c denote the quarks d, s and c, CW
is the Wilson coefficient, and a, b, a0, and b0 are the
relevant coefficients for the vector and axial-vector cur-
rents. Then the amplitude for J= decaying into a state
jK0�p1� �K0�p2�i is
hK0�p1� �K0�p2�jHjJ= i � CWa0hK0�p1� �K0�p2�j
X
i�d;s

�qi���a� b�5�qij0i � h0j �c��cjJ= i; (3)

where h0j �c���5cjJ= i � 0 has been used. From the Lorentz structure of the above matrix element, we have the following
decomposition

hK0�p1� �K0�p2�j
X
i�d;s

�qi���a� b�5�qij0i � F��p1 � p2�
� � F��p1 � p2�

�; (4)
where F� and F� are Lorentz invariant form factors. For
the vector current induced vacuum-J= matrix element,
there is the common decomposition

h0j �c��cjJ= i � fJ= mJ= ��; (5)
where fJ= is the decay constant, and �� the polarization
vector of J= .

Substituting Eqs. (4) and (5) into Eq. (3), and using
� � �p1 � p2� � � � p � 0, where p is the momentum of
J= , we can obtain
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hK0�p1� �K0�p2�jHjJ= i�CWa0fJ= mJ= F�� � �p1�p2�:

(6)

Exchanging p1 and p2, we can get another amplitude

h �K0�p1�K
0�p2�jHjJ= i�CWa

0fJ= mJ= F
�� � �p2�p1�:

(7)

The above two equations directly give

hK0�p1� �K0�p2� � �K0�p1�K0�p2�jHjJ= i � 0; (8)

which shows that the amplitude for J= decaying into the
K0 �K0 pair with charge parity C � �1 is zero. Therefore,
only a state with C � �1 can be produced in J= ! K0 �K0

decay.
Note that Eq. (3) is based on the factorization approxi-

mation. However, the conclusion that the K0 �K0 pair pro-
duced from a vector meson decay must be in the C � �1
state does not depend on the factorization approximation, it
can be drawn directly from the momentum conservation.
The above computation should be only viewed as a com-
plementary illustration rather than demonstration.

Next we shall analyze the time evolution of the K0 �K0

system produced in J= decay.
The weak eigenstates of the K0 � �K0 system are jKSi �

pjK0i � qj �K0i and jKLi � pjK0i � qj �K0i with eigenval-
ues �S � mS �

i
2 �S and �L � mL �

i
2 �L, respectively,

where the mS and �S (mL and �L) are the mass and width
of KS (KL) meson. Following the J= ! K0 �K0 decay, the
K0 and �K0 will go separately and the time evolution of the
particle states jK0�t�i and j �K0�t�i are given by jK0�t�i �
1

2p �e
�i�StjKSi � e

�i�LtjKLi� and j �K0�t�i � 1
2q 	

�e�i�StjKSi � e�i�LtjKLi�, respectively. Then the time
evolution of the K0 � �K0 system with C � �1 is

jK0 �K0�t1; t2�iC��1 �
1���
2
p �jK0�t1�ij �K0�t2�i

� j �K0�t1�ijK0�t2�i�

�
1

2
���
2
p
pq
�gLSjKLijKSi

� gSLjKSijKLi�; (9)

where gLS � e�i�Lt1�i�St2 and gSL � e�i�St1�i�Lt2 . Since
the states jKSi and jKLi are unorthogonal, we have
hKSjKLi � hKLjKSi � jpj2 � jqj2 and hKSjKSi �
hKLjKLi � 1. Then the amplitudes to find the KSKS,
KSKL, KLKS, and KLKL pairs are

A1�t1; t2� 
 hKSKSjK0 �K0�t1; t2�iC��1

�
1

2
���
2
p
pq
��jpj2 � jqj2��gLS � gSL��; (10)

A2�t1; t2� 
 hKSKLjK
0 �K0�t1; t2�i

C��1

�
1

2
���
2
p
pq
�gLS � �jpj

2 � jqj2�2gSL�; (11)
19200
A3�t1; t2� 
 hKLKSjK
0 �K0�t1; t2�i

C��1

�
1

2
���
2
p
pq
��jpj2 � jqj2�2gLS � gSL�; (12)

A4�t1; t2� 
 hKLKLjK
0 �K0�t1; t2�i

C��1

�
1

2
���
2
p
pq
��jpj2 � jqj2��gLS � gSL��: (13)

Therefore, one can find A1�t1; t2� � A4�t1; t2� and
A3�t1; t2� � �A2�t2; t1�. If CP is conserved, i.e., jq=pj �
1, or the two particles are observed at the same time,
namely, t1 � t2, then A1�t1; t2� � A4�t1; t2� � 0 for KSKS
and KLKL cases because Bose-Einstein statistics prevents
two identical bosons from being in an antisymmetric state.
In other words, only KS and KL can be seen at the same
time in J= ! K0 �K0 decay.

Squaring the amplitudes Ai�t1; t2�’s, one can get the
time-dependent possibilities to find KSKS, KSKL, and
KLKL pairs

d2P �KS�t1�; KS�t2��
dt1dt2


N fjA1�t1; t2�j
2

�N f
�jpj2 � jqj2�2

4jpqj2

	 e���t1�t2��cosh�y��t2 � t1�

� cos�x��t2 � t1��; (14)

d2P �KL�t1�;KS�t2��
dt1dt2


N fjA2�t1;t2�j2

�N f
1

8jpqj2
e���t1�t2��ey��t2�t1�

�2�jpj2�jqj2�2 cos�x��t2� t1��

��jpj2�jqj2�4e�y��t2�t1��; (15)

d2P �KS�t1�; KL�t2��
dt1dt2


N fjA3�t1; t2�j2

�N fjA2�t2; t1�j2; (16)

d2P �KL�t1�; KL�t2��
dt1dt2


N fjA4�t1; t2�j2

�N fjA1�t1; t2�j2; (17)

where N f is a common normalization factor, � � �S��L
2 ,

x � �m
� , and y � ��

2� (�m is the mass difference of KL and
KS, i.e., �m � mL �mS, while �� � �L � �S is the
width difference).

The time-integrated possibilities to observe KSKS,
KSKL, and KLKL pairs, which are normalized by the
widths of KS and KL, i.e., N f � �S�L, are
1-2
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P �KS;KS� 
 �S�L
Z 1

0
dt2

Z 1
0
dt1jA1�t1; t2�j

2

�
�S�L

�2

�jpj2 � jqj2�2

4jpqj2

�
1

1� y2 �
1

1� x2

�
;

(18)

P �KS;KL�
�S�L
Z 1

0
dt2

Z 1
0
dt1�jA2�t1;t2�j

2�jA3�t1;t2�j
2�

�
�S�L

�2

1

4jpqj2

�
1

1�y2�
2�jpj2�jqj2�2

1�x2

�
�jpj2�jqj2�4

1�y2

�
; (19)

P �KL;KL� 
 �S�L
Z 1

0
dt2

Z 1
0
dt1jA4�t1; t2�j

2

� P �KS;KS�: (20)

The final amplitude squared for the decay process
J= ! K1K2, where K1K2 can be KSKS, KSKL, or
KLKL, which is from the time evolution of the K0 � �K0

system, is

jA�J= ! K1K2�j
2 � P �K1; K2�jhK

0 �K0jHjJ= ij2; (21)

where P �K1; K2� can be obtained from Eqs. (18)–(20).
Finally, the partial widths of the J= ! KSKS, KSKL,
and KLKL are

�� ! KSKS� � P �KS;KS�CjhK
0 �K0jHj ij2; (22)

�� ! KSKL� � P �KS;KL�CjhK
0 �K0jHj ij2; (23)

�� ! KLKL� � P �KL;KL�CjhK0 �K0jHj ij2; (24)

where C � 1
3

1
8�

jPj
m2
J= 

is the phase space factor, mJ= is the

J= mass and P is the three-momentum of the final parti-
cles in the rest frame of J= . Combining Eqs. (20), (22),
and (24), one can get ��J= ! KSKS� � ��J= !
KLKL�. The ratio RSS (RLL) of KSKS (KLKL), and KSKL
production rates is obtained

RSS 

��J= ! KSKS�
��J= ! KSKL�

� �jpj2 � jqj2�2
x2 � y2

1� x2 ; (25)

and

RLL 

��J= ! KLKL�
��J= ! KSKL�

� RSS: (26)

In the ratios, the phase space factor C and the strong matrix
element squared jhK0 �K0jHjJ= ij2 are completely can-
celed, which ensures that the ratios are completely free
from uncertainty caused by strong interaction in J= !
K0 �K0 decay. The expected value of the ratio, RSS (RLL),
can be determined by using experimental measured values
of x, y and jpj2 � jqj2, where jpj2 � jqj2 is related to the
CP asymmetry parameter �L in semileptonic KL decay
19200
�L 

��KL ! l����� � ��KL ! l�����
��KL ! l����� � ��KL ! l�����

� jpj2 � jqj2: (27)

One can further express RSS (RLL) completely in terms of
mixing and CP asymmetry parameters in kaon decays, by
combining Eqs. (25)–(27)

RSS � RLL � ��L�2
x2 � y2

1� x2 ; (28)

where the experimental result of �L is �3:27� 0:12� 	
10�3 [5]. From the measured values of mass difference
and widths of KL and KS [5], one can get x � 0:946 and
y � �0:997. The uncertainties on x and y are negligible.
Therefore, x

2�y2

1�x2 � 1 and RSS � RLL � ��L�2. The domi-
nated uncertainty of RSS (RLL) is from the error of the
measured value of �L. The values of the ratios RSS and RLL
can be obtained

RSS � RLL � �10:66� 0:78� 	 10�6; (29)

which are model independent and theoretically clean. The
total uncertainty of RSS (RLL) is about 7%, and can be
improved in the future if more precise measurement of the
CP violation parameter in KL ! l���
 decays is ob-
tained. In general, one can measure J= to KSKS and
KSKL decays simultaneously in the future �-charm factory,
so that some of the systematic errors can be canceled in the
ratio. It is very interesting that the ratio can be extended to
other quarkonia which can decay into K �K final states, for
example, in �,  �2S�, or ��1S� ! K0 �K0 decays, we have

RSS 

��J= ! KSKS�
��J= ! KSKL�

�
�� �2S� ! KSKS�
�� �2S� ! KSKL�

�
���! KSKS�
���! KSKL�

�
����1S� ! KSKS�
����1S� ! KSKL�

: (30)

With current available experimental data, such as,
B�J= ! KSKL� � �1:82� 0:04� 0:13� 	 10�4 [6],
B� �2S� ! KSKL� � �5:24� 0:47� 0:48� 	 10�5 [7],
and B��! KSKL� � �33:7� 0:5�% [5], the branching
fractions of CP-violating decay processes of J= ,  �2S�,
and �! KSKS�KLKL� can be extracted as the following:

B�J= ! KSKS� � �1:94� 0:20� 	 10�9;

B� �2S� ! KSKS� � �0:56� 0:08� 	 10�9;

B��! KSKS� � �3:59� 0:27� 	 10�6;

(31)

which are the first model-independent predictions in rare
quarkonium decays. With more precise measurements of
KSKL decays, the above errors can be reduced further. It is
interesting that the �! KSKS decay can be even reached
at the current KLOE experiment at the DA�NE
accelerator.

The CP-violating decay processes of J= ! KSKS and
 �2S� ! KSKS had been searched for by the BESII
Collaboration. The upper limits on the branching fractions
1-3



PRL 96, 192001 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
19 MAY 2006
at 95% C.L. are set: B�J= ! KSKS�< 1:0	 10�6 and
B� �2S� ! KSKS�< 4:6	 10�6, respectively [8]. The
current bounds of the production rates are beyond the
sensitivity for testing RSS. However, the BESIII experi-
ment will start to take data in the middle of 2007. About
10	 109 J= and 3	 109  �2S� data samples can be
collected per year’s running according to the designed
luminosity of BEPCII in Beijing [9]. Thus, both J= !
KSKS and  �2S� ! KSKS will be reached with data tak-
ing in a few years at BEPCII. The �! KSKS will also
be easily accessible at the future DA�NEII Frascati �
factory at which the designed luminosity is about 1:0	
1034 cm�2 s�1 [10], and the signal is clean and free from
backgrounds because it is just near the K �K threshold.
��1S� ! KSKS and KSKL was studied at the B factory
[10], for example, with the current luminosity at KEK-B,
about 4:0	 109 ��1S� events can be collected with 1 yr
running. It will be very interesting to collect more data at
the future Super-B factory to test the RSS.

Because of isospin symmetry, we have
hK0 �K0jHjJ= i � hK�K�jHjJ= i, then, it is straightfor-
ward to obtain the following relation by neglecting the
phase space difference

B�J= ! KSKL� �AB�J= ! K�K��

� B�J= ! K�K��; (32)

where A is the correction factor due to K0 � �K0 mixing,
which can be derived from Eqs. (19) and (23)

A�
�S�L

�2

1

4jpqj2

�
1

1�y2�
2�jpj2�jqj2�2

1�x2 �
�jpj2�jqj2�4

1�y2

�

�0:972; (33)

where we have used the relation �S�L
�2

1
1�y2 � 1. The uncer-

tainty on A is tiny, at the order of 10�5. The correction
factor A is slightly smaller than 1, which is caused by
K0 � �K0 mixing.

Equations (32) and (33) show that the ratio A �
B�J= !KSKL�
B�J= !K�K�� � 1 even if isospin symmetry is an exact
symmetry. However isospin symmetry is only an approxi-
mate symmetry, it is usually violated by a few percent
level. Electromagnetic effects may be even particularly
important for the K�K� final state. Therefore, the true
value of the factor A may be even largely different from
unity, which should be the total effects of K0 � �K0 mixing
and isospin violation. The isospin violating effect must be
taken into account when comparing the experimental value
of the ratio A � B�J= !KSKL�

B�J= !K�K�� with the theoretical predic-
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tion. However further study of the isospin violating effect
is beyond the scope of this Letter.

One more remark is in the following. Soft photons can
be emitted from the initial and final states in vector quar-
konia to K �K decays. The radiation of the soft photons in
the decays allows the K0 �K0 in a C � �1 state. Such a
process with a soft photon in the KSKS or KLKL final state
is not CP violating. The detection of the soft photons
depends on the sensitivity of the detectors. Therefore the
soft-photon-radiation process is an experimental back-
ground for the test of the RSS and RLL predictions. This
background should be subtracted in experiment.

In conclusion, we have studied the CP-violating decay
processes of J= ,  �2S�, �, and ��1S� quarkonia to KSKS
andKLKL. The ratio RSS (RLL) ofKSKS (KLKL) andKSKL
production rates has been constructed in a model-
independent and theoretically clean way. Simultaneous
measurements of vector quarkonium decays to both
KSKS and KSKL pairs are suggested at higher luminosity
e�e� machines, so that many systematic errors can be
canceled. With the current experimental information, the
absolute branching fractions of the CP-violating processes
are first predicted. The isospin relation is obtained by
considering K0 � �K0 mixing effect.
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