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We report on a search for CP violation in �� ! K0
S�

��� decays using a data sample of 699 fb�1

collected by the Belle experiment at the KEKB electron-positron asymmetric-energy collider. The CP

asymmetry is measured in four bins of the invariant mass of the K0
S�

� system and found to be compatible

with zero with a precision of Oð10�3Þ in each mass bin. Limits for the CP violation parameter Imð�SÞ are
given at the 90% confidence level. These limits are jImð�SÞj< 0:026 or better, depending on the

parametrization used to describe the hadronic form factors, and improve upon previous limits by 1 order

of magnitude.

DOI: 10.1103/PhysRevLett.107.131801 PACS numbers: 13.35.Dx, 11.30.Er, 12.60.Fr, 14.80.Fd

To date CP violation (CPV) has been observed only in
the K and B meson systems. In the standard model (SM),
all observed CPV effects can be explained by the irreduc-
ible complex phase in the Cabibbo-Kobayashi-Maskawa
quark mixing matrix [1]. To find new physics, it is impor-
tant to look for other CP-violating effects in as many
systems as possible. One such system is the � lepton. In
hadronic � decays, one can search for CPV effects of
possible new physics that could originate, for example,
from the minimal supersymmetric standard model [2,3]
or from multi-Higgs-doublet models (MHDM) [4,5] that
play an important role in strangeness changing processes.

This Letter describes a search for CPV in �� !
K0

S�
��� decays. It should be noted that CPV in K0 decays

leads to a small SM CP asymmetry of Oð10�3Þ in the rates
of this � decay mode [6,7]. This asymmetry is just below

our experimental sensitivity. Here the focus will be on CPV

that could arise from a charged scalar boson exchange [8],

e.g., a charged Higgs boson. This type of CPV cannot be

observed from measurement of �� decay rates. However,

it can be detected as a difference in the �� decay angular

distributions and is accessible without requiring informa-

tion about the � polarization or the determination of the �
rest frame. Limits for the CPV parameter in this

decay mode have been published previously by the

CLEO Collaboration from an analysis of 13:3 fb�1 of

data [9].
In the SM, the differential decay width in the hadronic

rest frame ( ~q1 þ ~q2 ¼ 0) is given by (see [8] for details)

d��� ¼ G2
F

2m�

sin2�c
1

ð4�Þ3
ðm2

� �Q2Þ2
m2

�

j ~q1j

� 1

2

�X
X

�LXWX

�
dQ2ffiffiffiffiffiffi
Q2

p d cos�

2

d�

2�

d cos�

2
; (1)

whereGF is the Fermi coupling constant, �c is the Cabibbo
angle, m� is the mass of the � lepton, ~q1 and ~q2 denote the
three-momenta of the K0

S and ��, respectively, and Q2 ¼
ðq1 þ q2Þ2 is the square of the invariant mass of the K0

S�
�

system. The four hadronic functions WX with X 2
ðB; SA; SF; SGÞ (see [10]) are formed from the vector
and scalar form factors FðQ2Þ and FSðQ2Þ and are propor-
tional to jFj2, jFSj2, ReðFFSÞ, and ImðFFSÞ, respectively.
The LX functions, which contain the angular dependence,
can be calculated from electroweak theory (see [8]). The
angle � is defined by cos� ¼ ~nL � q̂1, where q̂1 ¼ ~q1=j ~q1j
is the direction of the K0

S and ~nL is the direction of the

eþe� center of mass (c.m.) system, both observed in the
hadronic rest frame. The azimuthal angle � is not observ-
able in this experiment and has to be integrated over. The
variable � is the angle between the direction opposite to the
direction of the c.m. system and the direction of the had-
ronic system in the � rest frame. In this experiment, the
direction of the � is not known, but � can be calculated
from the hadronic energy Eh measured in the c.m. system:

cos� ¼ 2xm2
� �m2

� �Q2

ðm2
� �Q2Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 4m2
�=s

p ; x ¼ 2
Ehffiffiffi
s

p ; (2)

where s ¼ 4E2
beam denotes the squared c.m. energy.
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The effect of the exchange of a charged scalar boson can
be introduced by replacing the scalar form factor FS with

FSðQ2Þ ! ~FSðQ2Þ ¼ FSðQ2Þ þ �S

m�

FHðQ2Þ; (3)

where FH denotes the form factor for the scalar boson
exchange [FH ¼ hK0ðq1Þ��ðq2Þj �usj0i] and �S is the cor-
responding dimensionless complex coupling constant
[8,11,12]. The differential decay width for the CP conju-
gate process, d��þ , is obtained from Eqs. (1) and (3) by the
replacement �S ! ��

S. Using this relation the CP violating

quantity is given by [8]

�LW � 1

2

�X
X

�LXWXð�SÞ �
X
X

�LXWXð��
SÞ
�

¼ �4
m�ffiffiffiffiffiffi
Q2

p j ~q1jImðFF�
HÞ Imð�SÞ cosc cos�; (4)

where c denotes the angle between the direction of the
c.m. frame and the direction of the � as seen from the
hadronic rest frame and can be calculated as

cosc ¼ xðm2
� þQ2Þ � 2Q2

ðm2
� �Q2Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 � 4Q2=s
p : (5)

Since the CP violating term is proportional to cos� cosc ,
it cancels out if one integrates over the angles � and c ,
e.g., for branching fractions. Furthermore, theCP violating
effect is only observable if ImðFF�

HÞ � 0. The form factor
FH is related to the SM weak scalar form factor FS via

FHðQ2Þ ¼ Q2

mu �ms

FSðQ2Þ; (6)

where mu and ms denote the up and strange quark masses,
respectively. The derivation of Eq. (6) is discussed in [8]
although FH is not used there explicitly. The chosen value
ðmu �msÞ ¼ �0:1 GeV=c2 defines the scale of the CPV
parameter Imð�SÞ. Because the CLEO Collaboration used
a different relation FH ¼ MFS with M ¼ 1 GeV=c2 as
well as a different normalization of FSðQ2Þ, Imð�SÞ is
not the same as the CP parameter � that was used in [9].
In the following, the approximate relation Imð�SÞ ’
�1:1� is used to enable a comparison of the results.

To extract the CP violating term in Eq. (4), we define an
asymmetry in bin i of Q2 using the difference of the
differential �þ and �� decay widths weighted by
cos� cosc :

ACP
i ¼

RRRQ2
2;i

Q2
1;i

cos� cosc ðd���
d! � d��þ

d! Þd!
1
2

RRRQ2
2;i

Q2
1;i

ðd���
d! þ d��þ

d! Þd!
’ hcos� cosc ii�� � hcos� cosc ii

�þ ; (7)

with d! ¼ dQ2d cos�d cos�. In other words, ACP is the
difference between the mean values of cos� cosc for �þ
and �� events evaluated in bins of Q2.

We use 699 fb�1 of data collected at the �ð3SÞ, �ð4SÞ,
and �ð5SÞ resonances and off resonance with the Belle
detector [13] at the KEKB asymmetric-energy eþe� col-
lider [14]. The signal and backgrounds from �þ�� events
are generated by KKMC/TAUOLA [15]. The detector re-
sponse is simulated by a GEANT3 [16] based program.
Using standard event topology requirements, a eþe� !

�þ��ð�Þ sample is selected as described in [17].
In the c.m. frame, the event is divided into two hemi-

spheres using the plane perpendicular to the direction of
the thrust axis [18]. Events with one charged track from an
electron, muon, or pion in one hemisphere (tag side) and a
charged pion and a K0

S ! �þ�� candidate in the other

hemisphere (signal side) are chosen. TheK0
S candidates are

required to have an invariant mass in the range 0:485<
M�� < 0:511 GeV=c2 and a reconstructed K0

S decay

length greater than 2 cm. The selection criteria for the
signal side and particle identification criteria are described
in detail in [19]. Backgrounds from decays with a �0 are
suppressed by rejecting events containing photons on the
signal side with energies greater than 0.15 GeV. To further
suppress background from eþe� ! q �q (q ¼ u, d, s, and c)
processes, a thrust value above 0.9 is required, and for
events with a pion on the tag side, the number of tag side
photons with energies greater than 0.1 GeV must be less
than five. In total, ð162:2� 0:4Þ � 103 �þ ! K0

S�
þ ��� and

ð162:0� 0:4Þ � 103 �� ! K0
S�

��� candidates are se-

lected. Background contributions from � decays with the
exception of �� ! ���

��þ�� and contributions from
eþe� ! q �q and two-photon processes are estimated
from Monte Carlo (MC) simulation [20–22] using the
branching fractions from [23]. Contributions from �� !
���

��þ�� are estimated using the data in the two K0
S

sideband regions, 0:469<M�� < 0:482 GeV=c2 and
0:514<M�� < 0:527 GeV=c2 [24].
The largest background contribution is due to other �

decays, namely, ð9:5� 3:2Þ% of the events in the selected
signal sample from �� ! ��K

0
SK

0
L�

�, ð3:7� 1:2Þ% from

�� ! ��K
0
S�

��0, ð1:7� 0:2Þ% from �� ! ��K
0
SK

�, and
ð1:79� 0:03Þ% from �� ! ���

��þ��. The contribution
from eþe� ! q �q is ð3:4� 1:0Þ%. The backgrounds from
b �b, Bhabha, and two-photon processes are negligible.
The total contribution of background processes is ð22:1�
3:6Þ%. The invariant mass of theK0

S�
� system,W ¼ ffiffiffiffiffiffi

Q2
p

,

for the selected data events is shown in Fig. 1 together with
simulated signal events and the background contributions
discussed above. Signal events were generated by a modi-
fied version of TAUOLA that incorporates the results of [19].
To avoid possible bias, the CPV search is performed as a

blind analysis. First, possible sources of artificial CPV,
such as forward-backward (FB) asymmetries in the
eþe� ! �þ�� production (�� Z interference effects
and higher-order QED effects) and detector induced dif-
ferences between �þ and �� reconstruction efficiencies,
are studied using the data. Other unknown sources are
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investigated in the data by measuring the CP asymmetry in
a control sample described below.

The FB asymmetry is measured in �� ! ���
��þ��

events (excluding K0
S ! �þ�� signal candidates by using

a mass and decay length veto) as a function of the momen-
tum and polar angle of the���þ�� system. An effect of a
few percent is observed, which is described well by the MC
simulation. The asymmetry for �� detection, which can
arise because of the different nuclear interaction cross
sections for positively and negatively charged hadrons, is
studied in the laboratory system as a function of momen-
tum and polar angle of the charged pions in �� !
���

��þ�� (excluding �þ�� combinations consistent
with K0

S decays) events and found to be of Oð10�2Þ (see
[25] for details). Using these measurements, correction
tables are obtained that are then applied as weights for
each event. Since the CP asymmetry is measured as a
function of angles relative to the � direction rather than
polar angles in the laboratory, the net effect of these
corrections on the CP asymmetry is very small [Oð10�4Þ
for FB asymmetry effects and Oð10�3Þ for the �� detec-
tion asymmetry].

A control sample is selected from �� ! ���
��þ��

events [26] by requiring that the invariant mass of both
�þ�� combinations lie outside of the K0

S mass window

but the mass of one of the combinations lie in the sideband
of this window. The resulting sample consists of about 106

events, i.e., about 3 times more than the signal sample. The
CP asymmetry measured in this control sample is very
small [Oð10�3Þ] (see [25] for details) and serves as an
estimate of the remaining unknown systematic effects.
The observed CP asymmetry in the selected �� !

K0
S�

��� candidate sample is shown in Table I for four

bins of the hadronic mass W ¼ ffiffiffiffiffiffi
Q2

p
before and after

applying the corrections for higher-order QED and ��
detection asymmetry effects. The fourth column shows
the final values of the CP asymmetry after subtraction of
the background contributions. Here, we assume that there
is no CP asymmetry in the background and correct the
background effects as

ACP
i ¼ hcos� cosc ii��

1� f�b;i
� hcos� cosc ii

�þ

1� fþb;i
; (8)

where f�b;i are the fractions of background in the selected

�� samples in W bin i.
In order to account for possible systematic uncertainties

due to detector effects, the quadratic sum of the values of
ACP measured in the control sample and their statistical
errors are used as an estimate of the systematic error. Other
contributions to the systematic error arise in the back-
ground subtraction because of uncertainties in the esti-
mated number of background candidates and limited MC
statistics. These contributions are, however, small in com-
parison. A summary of the systematic uncertainties is
given in Table II.
The background subtracted asymmetry is shown in

Figs. 2(a) and 2(b) with statistical and systematic errors
added in quadrature. The asymmetry is small and except
for the lowest mass bin within 1 standard deviation (	) of
zero. For comparison, the predicted CP asymmetry is
shown in Fig. 2(a) for Imð�SÞ ¼ 0:1 and Reð�SÞ ¼ 0
[27]. Note that the current best limit by the CLEO experi-
ment [9] corresponds to jImð�SÞj< 0:19.

TABLE I. CP asymmetry ACP measured in bins of the hadronic massW. The second and third
columns show the observed asymmetry with statistical errors only, before and after correcting
for higher-order QED and �� detection asymmetry effects. The final CP asymmetry after
background subtraction is shown in the fourth column where first and second errors correspond
to statistical and systematic errors, respectively. The fifth column shows the observed number of
signal events ni per W bin (after background subtraction) divided by Ns ¼

P
ini.

W (GeV=c2) Observed ACP (10�3) Corrected Backgr. subtr. ni=Ns (%)

0.625–0.890 �0:1� 2:1 5:2� 2:1 7:9� 3:0� 2:8 36:53� 0:14
0.890–1.110 �2:7� 1:7 1:6� 1:7 1:8� 2:1� 1:4 57:85� 0:15
1.110–1.420 �5:1� 4:7 �3:5� 4:7 �4:6� 7:2� 1:7 4:87� 0:04
1.420–1.775 9:3� 12:1 9:6� 12:1 �2:3� 19:1� 5:5 0:75� 0:02

)2W (GeV/c

0.8 1 1.2 1.4 1.6

2
E

ve
n

ts
/0

.0
11

5G
eV

/c

10

210

310

410

510

data
πS Kτν→τ

0)≥ (n0π nL KS Kπτν→τ
 (n>0)0π nπS Kτν→τ

0π K nS Kτν→τ
0)≥ (n0π nS KS Kπτν→τ

 decaysτother
 sideband dataSK

s, sd, duu
cc

data
πS Kτν→τ

0)≥ (n0π nL KS Kπτν→τ
 (n>0)0π nπS Kτν→τ

0π K nS Kτν→τ
0)≥ (n0π nS KS Kπτν→τ

 decaysτother
 sideband dataSK

s, sd, duu
cc

data
πS Kτν→τ

0)≥ (n0π nL KS Kπτν→τ
 (n>0)0π nπS Kτν→τ

0π K nS Kτν→τ
0)≥ (n0π nS KS Kπτν→τ

 decaysτother
 sideband dataSK

s, sd, duu
cc

FIG. 1 (color online). Mass spectrum of the K0
S�

� system.
Data are indicated by the squares, simulated signal and the
estimated background contributions are shown by the colored
histograms. All background modes have been determined
from Monte Carlo simulations with the exception of �� !
���

��þ�� which has been estimated from K0
S sideband data.
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From the measured values of ACP the CPV parameter
Imð�SÞ can be extracted, which allows an interpretation
in the context of NP models. Taking into account the
detector efficiencies, the relation between ACP and
Imð�SÞ is given as

ACP
i ’ Imð�SÞNs

ni

Z Q2
2;i

Q2
1;i

CðQ2Þ ImðFF�
HÞ

m�

dQ2 � ci Imð�SÞ;

(9)

where ni is the observed number of �� ! K0
S�

��� events

in Q2 bin i (Q2 2 ½Q2
1;i; Q

2
2;i�) and Ns ¼ P

ini is the total

number of observed �� ! K0
S�

��� events. The function

CðQ2Þ includes the detector efficiency as well as all model-
independent terms. First, the efficiency is determined as a
function of Q2, �, and �, then CðQ2Þ is obtained after
numerical integration over the decay angles � and �. The
parametrization of CðQ2Þ is given in [25].

Using the function CðQ2Þ and the fractions Ns=ni which
are given in Table I, the linearity constants ci, which relate
ACP and Imð�SÞ, can be determined for any parametriza-
tion of the form factors F and FH simply by calculating the
integral in Eq. (9) [28].

To determine limits for jImð�SÞj, three parametrizations
of F and FS [exploiting Eq. (6)] as linear combinations of
Breit-Wigner shapes of the vector resonances K�ð892Þ and
K�ð1410Þ and the scalar resonances K�

0ð800Þ and K�
0ð1430Þ

are used. These parametrizations were determined in an
earlier Belle measurement of the K0

S�
� mass spectrum

[19]. In addition, a constant strong interaction phase
difference between F and FS, 
S ¼ arg½FSðQ2

minÞ� �
arg½FðQ2

minÞ� with Q2
min ¼ ðm� þmK0

S
Þ2, is introduced for

generality because such a relative phase cannot be deter-
mined from the K0

S�
� mass spectrum.

Using Eq. (9), the linearity constants ci are calculated in
each mass bin for 
S ¼ 0�; 5�; . . . ; 360� and the obtained
values of Imð�SÞ with associated uncertainties are com-
bined to determine upper limits for jImð�SÞj. For each
parametrization, the value
S giving the most conservative
limit is chosen. For the three parametrizations of F and FS,
this results in the range of limits jImð�SÞj< ð0:012–0:026Þ
at 90% confidence level. If we fix 
S � 0, the range
jImð�SÞj< ð0:011–0:023Þ is obtained. The parametriza-
tions of F and FS used by the CLEO Collaboration [9]
yield a comparable limit jImð�SÞj< 0:013. These results
are about 1 order of magnitude more restrictive than the
previous best upper limit, jImð�SÞj< 0:19, obtained by the
CLEO Collaboration [9].
Theoretical predictions for Imð�SÞ can be given in the

context of a MHDM with three or more Higgs doublets
[4,5]. In such models �S is given by [12]

�S ’ m�ms

M2
H�

X�Z (10)

if numerically small terms proportional to mu are ignored.
Here,MH� is the mass of the lightest charged Higgs boson
and the complex constants Z and X describe the coupling
of the Higgs boson to the � and �� and the u and s quarks,
respectively (see [5,12]). The limit jImð�SÞj< 0:026 is
therefore equivalent to

jImðXZ�Þj< 0:15
M2

H�

1 GeV2=c4
: (11)

In summary, we have searched for CP violation in �� !
K0

S�
��� decays, analyzing the decay angular distributions.

No significant CP asymmetry has been observed. Upper
limits for the CP violation parameter Imð�SÞ at 90% con-
fidence level are in the range jImð�SÞj< 0:026 or better,
depending on the parametrization used to describe the
hadronic form factors and improve upon previous limits
by 1 order of magnitude.
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TABLE II. Systematic uncertainties in the CP asymmetry
ACP. The second column shows the uncertainties due to effects
introduced by the detector, which are estimated from the ACP

measurement in the control sample. Contributions from uncer-
tainties in the background estimates and limited MC statistics are
small in comparison.

Systematic uncertainties (10�3)

W (GeV=c2Þ Detector Backgr. MC stat. Total

0.625–0.890 2.76 0.59 0.15 2.83

0.890–1.110 1.40 0.04 0.10 1.40

1.110–1.420 1.50 0.25 0.79 1.71

1.420–1.775 5.18 0.96 1.38 5.45
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FIG. 2 (color online). (a) Measured CP violation asymmetry
after background subtraction (squares). The vertical error bars
are the statistical error and systematic errors added in quadrature.
The CP asymmetry measured in the control sample is indicated
by the blue triangles (statistical errors only) and the inverted red
triangles show the expected asymmetry for Imð�SÞ ¼ 0:1
[Reð�SÞ ¼ 0]. (b) Expanded view (the vertical scale is reduced
by a factor of 5).
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