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P. Križan,23,16 P. Krokovny,1 T. Kuhr,18 A. Kuzmin,1 Y.-J. Kwon,58 J. S. Lange,5 S.-H. Lee,20 J. Li,43 Y. Li,55 J. Libby,11

C.-L. Lim,58 C. Liu,42 Y. Liu,3 Z. Q. Liu,12 D. Liventsev,15 R. Louvot,22 D. Matvienko,1 Y. Miyazaki,28 R. Mizuk,15

G. B. Mohanty,46 A. Moll,26,47 T. Mori,28 N. Muramatsu,40 Y. Nagasaka,9 E. Nakano,38 M. Nakao,8 H. Nakazawa,31

Z. Natkaniec,34 S. Nishida,8 K. Nishimura,7 O. Nitoh,54 S. Ogawa,48 T. Ohshima,28 S. Okuno,17 S. L. Olsen,43,7 Y. Onuki,51

W. Ostrowicz,34 P. Pakhlov,15 G. Pakhlova,15 C.W. Park,44 H. K. Park,21 K. S. Park,44 T. K. Pedlar,24 R. Pestotnik,16
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G. Tatishvili,39 Y. Teramoto,38 K. Trabelsi,8 T. Tsuboyama,8 M. Uchida,52 S. Uehara,8 Y. Unno,6 S. Uno,8 G. Varner,7

K. E. Varvell,45 A. Vinokurova,1 V. Vorobyev,1 C. H. Wang,32 P. Wang,12 X. L. Wang,12 M. Watanabe,36 Y. Watanabe,17

H. Yamamoto,50 Y. Yamashita,35 C. Z. Yuan,12 C. C. Zhang,12 Z. P. Zhang,42 V. Zhilich,1 V. Zhulanov,1 and A. Zupanc18

(Belle Collaboration)

1Budker Institute of Nuclear Physics SB RAS and Novosibirsk State University, Novosibirsk 630090
2Faculty of Mathematics and Physics, Charles University, Prague

3University of Cincinnati, Cincinnati, Ohio 45221
4Department of Physics, Fu Jen Catholic University, Taipei

5Justus-Liebig-Universität Gießen, Gießen
6Hanyang University, Seoul

7University of Hawaii, Honolulu, Hawaii 96822
8High Energy Accelerator Research Organization (KEK), Tsukuba

9Hiroshima Institute of Technology, Hiroshima
10Indian Institute of Technology Guwahati, Guwahati

11Indian Institute of Technology Madras, Madras
12Institute of High Energy Physics, Chinese Academy of Sciences, Beijing

13Institute of High Energy Physics, Vienna
14Institute of High Energy Physics, Protvino

15Institute for Theoretical and Experimental Physics, Moscow
16J. Stefan Institute, Ljubljana

17Kanagawa University, Yokohama
18Institut für Experimentelle Kernphysik, Karlsruher Institut für Technologie, Karlsruhe

19Korea Institute of Science and Technology Information, Daejeon
20Korea University, Seoul

21Kyungpook National University, Taegu
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We observe evidence for CP violation in the decayDþ ! K0
S�

þ using a data sample with an integrated

luminosity of 977 fb�1 collected by the Belle detector at the KEKB eþe� asymmetric-energy collider. The

CP asymmetry in the decay ismeasured to be ð�0:363� 0:094� 0:067Þ%,which is 3.2 standard deviations

away from zero, and is consistent with the expected CP violation due to the neutral kaon in the final state.

DOI: 10.1103/PhysRevLett.109.021601 PACS numbers: 11.30.Er, 13.25.Ft, 14.40.Df, 14.40.Lb

In the standard model (SM), violation of the combined
charge-conjugation and parity symmetries (CP) arises
from a nonvanishing irreducible phase in the Cabibbo-
Kobayashi-Maskawa flavor-mixing matrix [1]. In the SM,
CP violation in the charm sector is expected to be very
small, Oð0:1%Þ or below [2]. Since the discovery of the
J=c [3] and the subsequent discovery of open charm par-
ticles [4],CP violation in charmed particle decays has been
searched for extensively and only recently became experi-
mentally accessible. To date, after the FOCUS [5], CLEO
[6], Belle [7], and BABAR [8] measurements, the world
average of the CP asymmetry in the decay Dþ ! K0

S�
þ

[9] is ð�0:54� 0:14Þ%, which is the first evidence of
CP violation in charmed particles. However, it should
be noted that the observed asymmetry is consistent with
that expected due to the neutral kaon in the final state and is
not ascribed to the charm sector. Recently, LHCb reported
�ACP ¼ ð�0:82� 0:21� 0:11Þ%, where �ACP is the
CP asymmetry difference between D0 ! KþK� and
D0 ! �þ�� decays [10]. This is the first evidence of
nonzero �ACP in charmed particle decays from a single
experiment.

In this Letter we report the first evidence forCP violation
in charmedmeson decays from a single experiment and in a
single decay mode, Dþ ! K0

S�
þ, where K0

S decays to

�þ��. The CP asymmetry in the decay, ACP, is defined as

A
Dþ!K0

S
�þ

CP � �ðDþ ! K0
S�

þÞ � �ðD� ! K0
S�

�Þ
�ðDþ ! K0

S�
þÞ þ �ðD� ! K0

S�
�Þ

¼ A�C
CP þ A

�K0

CP; (1)

where � is the partial decay width, and A�C
CP and A

�K0

CP [11]

denote CP asymmetries in the charm decay (�C) and
in K0 � �K0 mixing in the SM [12,13], respectively.
The observed K0

S�
þ final state is a coherent sum of ampli-

tudes forDþ ! �K0�þ andDþ ! K0�þ decays where the
former is Cabibbo-favored (CF) and the latter is doubly
Cabibbo-suppressed (DCS). In the absence of direct CP
violation in CF and DCS decays (as expected within the
SM), the CP asymmetry in Dþ ! K0

S�
þ decay within the

SM is A
�K0

CP, which is measured to be ð�0:332� 0:006Þ%
[14] from K0

L semileptonic decays [15]. On the other hand,
if processes beyond the SM contain additional weak phases
other than the one in the Kobayashi-Maskawa ansatz [1],
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interference between CF and DCS decays could generate
anOð1%Þ direct CP asymmetry in the decayDþ ! K0

S�
þ

[13]. Thus, observation of ACP inconsistent with A
�K0

CP in

Dþ ! K0
S�

þ decaywould be strong evidence for processes

involving new physics [13,16].

We determine A
Dþ!K0

S
�þ

CP by measuring the asymmetry

in the signal yield

A
Dþ!K0

S
�þ

rec ¼ N
Dþ!K0

S
�þ

rec � N
D�!K0

S
��

rec

N
Dþ!K0

S
�þ

rec þ N
D�!K0

S
��

rec

; (2)

where Nrec is the number of reconstructed decays. The
asymmetry in Eq. (2) includes the forward-backward asym-
metry (AFB) due to �� � Z0 interference and higher order
QED effects in eþe� ! c �c [17], and the detection efficiency

asymmetry between �þ and �� (A�þ
� ) as well as ACP. In

addition, Ref. [18] calculated another source denotedAD due
to the differences in interactions of �K0 and K0 mesons with
the material of the detector. (The existence of this effect was
pointed out in Ref. [7].) Since we reconstruct the K0

S with

�þ�� combinations, the �þ�� detection asymmetry can-
cels out for K0

S. The asymmetry of Eq. (2) can be written as

A
Dþ!K0

S
�þ

rec ¼ A
Dþ!K0

S
�þ

CP þ ADþ
FB ðcos�CMS

Dþ Þ
þ A�þ

� ðplab
T�þ ; cos�lab�þÞ þ ADðplab

K0
S

Þ (3)

by neglecting the terms involving the product of asymme-
tries. InEq. (3),ACP is independent of all kinematic variables
other thanK0

S decay time due to theK0
S in the final state [19],

ADþ
FB is an odd function of the cosine of the polar angle of the

Dþ momentum in the center-of-mass system (c.m.s.), A�þ
�

depends on the transverse momentum and the polar angle
of the�þ in the laboratory frame (lab), and AD is a function

of the momentum of the K0
S in the lab. To correct for A

�þ
� in

Eq. (3), we use Dþ ! K��þ�þ and D0 ! K��þ�0 de-
cays, and assume the sameAFB forD

þ andD0 mesons. Since
these are CF decays for which the direct CP asymmetry is

expected to be negligible, in analogy toEq. (3),ADþ!K��þ�þ
rec

and AD0!K��þ�0

rec include AFB, A
K�
� , and A�þ

� . Thus with the

additional A�þ
� term in ADþ!K��þ�þ

rec , one can measure A�þ
�

by subtracting AD0!K��þ�0

rec from ADþ!K��þ�þ
rec . We obtain

AD according to Ref. [18]. Using A
Dþ!K0

S
�þ

corr
rec shown in

Eq. (4), which isA
Dþ!K0

S
�þ

rec after theA�þ
� andAD corrections,

A
Dþ!K0

S
�þ

corr
rec ¼ A

Dþ!K0
S
�þ

CP þ ADþ
FB ðcos�c:m:s:

Dþ Þ; (4)

we extract ACP and AFB using

A
Dþ!K0

S
�þ

CP ¼ ½ADþ!K0
S
�þ
corr

rec ðþ cos�c:m:s:
Dþ Þ

þ A
Dþ!K0

S
�þ
corr

rec ð� cos�c:m:s:
Dþ Þ�=2; (5a)

ADþ
FB ¼ ½ADþ!K0

S
�þ
corr

rec ðþ cos�c:m:s:
Dþ Þ

� A
Dþ!K0

S
�þ
corr

rec ð� cos�c:m:s:
Dþ Þ�=2: (5b)

Note that extractingACP inEq. (4) is crucial inBelle due to the
asymmetric detector acceptance in cos�c:m:s:

Dþ .

The data used in this analysis were recorded at the�ðnSÞ
resonances (n ¼ 1, 2, 3, 4, 5) or near the �ð4SÞ resonance
with the Belle detector [20] at the eþe� asymmetric-
energy collider KEKB [21]. The data sample corresponds
to an integrated luminosity of 977 fb�1.
We apply the same charged track selection criteria that

were used in Ref. [22] without requiring associated hits in
the silicon vertex detector [23]. We use the standard Belle
charged kaon and pion identification [22]. We form K0

S

candidates from �þ�� pairs, fitted to a common vertex
and requiring the invariant mass of the pair Mð�þ��Þ to
be within ½0:4826; 0:5126� GeV=c2, regardless of whether
the candidate satisfies the standard K0

S requirements [22].

(We refer to the K0
S candidates not satisfying the standard

criteria as ‘‘loose K0
S’’.) The K0

S and �þ candidates are

combined to form a Dþ candidate by fitting them to a
common vertex and the Dþ candidate is fitted to the eþe�
interaction point to give the production vertex. To remove
combinatorial background as well as Dþ mesons, which
are produced in possibly CP violating Bmeson decays, we
require the Dþ meson momentum calculated in the c.m.s.
(p�

Dþ) to be greater than 2.5 and 3:0 GeV=c for the data

taken at the�ð4SÞ and �ð5SÞ resonances, respectively. For
the data taken below �ð4SÞ, which is free of B mesons, we
apply the requirement p�

Dþ > 2:0 GeV=c. In addition to

the selections described above, we further optimize the
signal sensitivity with four variables: the �2 of the Dþ
decay and production vertex fits (�2

D and �2
P), the trans-

verse momentum of the �þ (pT�þ), and the angle between
the Dþ momentum vector, as reconstructed from the
daughters, and the vector joining the Dþ production and
decay vertices (�) [24]. An optimization is performed by

maximizing N S=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N S þN B

p

with the four variables
varied simultaneously [25], where N S þN B and N B

are the yields in the K0
S�

þ invariant mass signal

(½1:855; 1:885� GeV=c2) and sideband ([1.825,1.840]
and ½1:900; 1:915� GeV=c2) regions, respectively. The op-
timal set of (�2

D, �
2
P, pT�þ , �) requirements are found

to be (< 100, <10, >0:50 GeV=c, <160�), (< 100,
<10, >0:45 GeV=c, <170�), and (< 100, <10,
>0:40 GeV=c, no requirement) for the data taken below
the�ð4SÞ, at the�ð4SÞ, and at the�ð5SÞ, respectively. The
Dþ candidates with the loose K0

S requirement are further

optimized with two additional variables which are the �2

of the fit of pions from the K0
S decay and the pion from the

Dþ meson decay to a single vertex (�2
3�), and the angle

between the K0
S momentum vector, as reconstructed from

the daughters, and the vector joining the Dþ and K0
S decay

vertices (�). The two variables are again varied simulta-
neously and the optimum is found to be �2

3� > 6 and � <
4� for all data. The inclusion of Dþ candidates with the
looseK0

S requirement improves the statistical sensitivity by

approximately 5%. After the final selections described
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above, there remains a background with a broad peaking
structure in the K0

S�
þ invariant mass signal region, due to

misidentification of charged kaons from Dþ
s ! K0

SK
þ de-

cays. The Dþ ! �þ���þ background is found to be
negligible from simulation [26]. Figure 1 shows the dis-
tributions of MðK0

S�
þÞ and MðK0

S�
�Þ together with the

results of the fits described below.
The D� ! K0

S�
� signals are parameterized as a sum of

a Gaussian and a bifurcated Gaussian distribution with a
common mean. The combinatorial background is para-

meterized with the form e�þ	MðK0
S
��Þ, where � and 	 are

free parameters. The shapes and normalizations of the
D�

s ! K0
SK

� misidentification backgrounds are obtained

with taking the asymmetry inD�
s ! K0

SK
� into account as

described in Refs. [7,22]. Both the shapes and the normal-
izations of the misidentification backgrounds are fixed in
the fit. The asymmetry and the sum of the Dþ and D�
yields are directly obtained from a simultaneous fit to the
Dþ and D� candidate distributions. Besides the asymme-
try and the total signal yield, the common parameters in the
simultaneous fit are the widths of the Gaussian and the
bifurcated Gaussian and the ratio of their amplitudes.
The asymmetry and the sum of the Dþ and D� yields

from the fit are ð�0:146� 0:094Þ% and ð1738� 2Þ � 103,
respectively, where the errors are statistical.

To obtain A�þ
� we first extract AD0!K��þ�0

rec from a simul-
taneous fit with the same parameterizations for the signal
except for the misidentification background. The values of

AD0!K��þ�0

rec are evaluated in 4� 4� 4� 4� 4 bins of the
five-dimensional (5D) phase space (plab

TK� , cos�labK� , plab
T�þ ,

cos�lab
�þ , cos�c:m:s:

D0 ). Each D� ! K����� candidate is

then weighted with a factor of 1� AD0!K��þ�0

rec in the
corresponding bin of the 5D phase space, where the phase
space of the�� with lower pT inD

� ! K����� decay is
used. After this weighting, the asymmetry in Dþ !
K��þ�þ decay sample becomes A�þ

� , where �þ refers
to the �þ with higher pT in the decay. The detector asym-

metry, A�þ
� , is measured from simultaneous fits to the

weighted MðK�����Þ distributions in 10� 10 bins of
the 2D phase space (plab

T�þ , cos�lab�þ) with the same parame-

terization used in D0 ! K��þ�0 decays. Figure 2 shows

)2) (GeV/c+π
S

0M(K
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FIG. 1 (color online). Distributions of MðK0
S�

þÞ (top) and
MðK0

S�
�Þ (bottom). Dots with error bars are the data while

the histograms show the results of the parameterizations of
the data. Open histograms represent the D� ! K0

S�
� signal.

Shaded and hatched regions are D�
s ! K0

SK
� misidentification

and combinatorial backgrounds, respectively.
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FIG. 2 (color online). A�þ
� map in bins of plab

T and cos�lab of
the �þ obtained with the Dþ ! K��þ�þ and D0 ! K��þ�0

samples (triangles). The ADþ!K��þ�þ
rec map is also shown

(rectangles).
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the measured A�þ
� in bins of plab

T�þ and cos�lab
�þ together

with ADþ!K��þ�þ
rec for comparison. The average of A�þ

�

over phase space is ðþ0:078� 0:040Þ%, where the error
is statistical.

Based on a recent study of the AD [18], we obtain the
asymmetry in bins of K0

S momentum in the lab. For the

present analysis, AD is approximately 0.1% after integrat-
ing over the phase space of the two-body decay [18].

The data samples shown in Fig. 1 are divided into 10�
10� 16 bins of the 3D phase space (plab

T�þ , cos�lab�þ , plab
K0

S

).

Each D� ! K0
S�

� candidate is then weighted with a factor

of ð1� A�þ
� Þð1� ADÞ in the 3D phase space. The weighted

MðK0
S�

�Þ distributions in bins of cos�c:m:s:
Dþ are fitted simul-

taneously to obtain the corrected asymmetry. We fit the
linear component in cos�c:m:s:

Dþ to determine AFB while the

ACP component is uniform in cos�c:m:s:
Dþ . Figure 3 shows

A
Dþ!K0

S
�þ

CP and ADþ
FB as a function of j cos�c:m:s:

Dþ j. From a

weighted average over the j cos�c:m:s:
Dþ j bins, we obtain

A
Dþ!K0

S
�þ

CP ¼ ð�0:363� 0:094Þ%, where the error is statis-

tical. Without the AD correction as in previous publications
[5–8], the value of ACP is ð�0:462� 0:094Þ%.

The method is validated with fully simulated Monte
Carlo events [26] and the result is consistent with no
input asymmetry. We also consider other sources of
systematic uncertainty. The dominant one in the ACP

measurement is the A�þ
� determination, the uncertainty

of which is mainly due to the statistical uncertainties in
the Dþ ! K��þ�þ and D0 ! K��þ�0 samples.
These are found to be 0.040% and 0.048%, respectively,
from a simplified simulation study. A possible ACP in the
D0 ! K��þ�0 final state is estimated with the relation,

ACP ¼ �y sin
 sin�
ffiffiffiffi

R
p

[27]. Using the 95% upper
and lower limits on D0- �D0 mixing and CP violation pa-
rameters [28], ACP in the D0 ! K��þ�0 final state is
estimated to be less than 0.014% and this is included as

one of systematic uncertainties in the A�þ
� determination.

By adding the contributions in quadrature, the systematic

uncertainty in the A�þ
� determination is estimated to be

0.064%. We estimate 0.003% and 0.008% systematic un-
certainties due to the choice of the fitting method and that
of the cos�CMS

Dþ binning, respectively. Finally, we add the

systematic uncertainty in the AD correction, which is
0.016% based on Ref. [18]. The quadratic sum of the above
uncertainties, 0.067%, is taken as the total systematic
uncertainty.

We find A
Dþ!K0

S
�þ

CP ¼ ð�0:363� 0:094� 0:067Þ%.

This measurement supersedes our previous determination

of A
Dþ!K0

S
�þ

CP [7]. In Table I, we compare all the available

measurements and give the new world average.
According to Grossman and Nir [19], we can estimate

the experimentally measured CP asymmetry induced by

SMK0 � �K0 mixing, A
�K0

CP, assuming negligible DCS decay

Dþ ! K0�þ in the final state Dþ ! K0
S�

þ. By multi-

plying A
�K0

CP by the correction factor 1:040� 0:005 due to

the acceptance effects as a function ofK0
S decay time in our

detector, we find the measured asymmetry due to the
neutral kaons to be ð�0:345� 0:008Þ%.
In summary, we report evidence for CP violation in the

decay Dþ ! K0
S�

þ using a data sample corresponding to

an integrated luminosity of 977 fb�1 collected with the
Belle detector. The CP asymmetry in the decay is mea-
sured to be ð�0:363� 0:094� 0:067Þ%, which represents
the first evidence for CP violation in charmed meson
decays from a single experiment and a single decay
mode. After subtracting the contribution due to K0 � �K0

mixing (A
�K0

CP), the CP asymmetry due to the change

of charm (A�C
CP ¼ ADþ! �K0�þ

CP ) is consistent with zero,

A�C
CP ¼ ð�0:018� 0:094� 0:068Þ%. The measurement

in the decayDþ ! K0
S�

þ is the most precise measurement

of ACP in charm decays to date and can be used to place
stringent constraints on new physics models in the charm
sector [13,16].

CMS0 0.5 1

C
P

+ π S0 K
→+ D A

-0.015

-0.01

-0.005

0

0.005

|+D
c.m.s.θ|cos

0 0.5 1

FB+ D A

-0.04

-0.03

-0.02

-0.01

0

FIG. 3 (color online). Measured ACP (top) and AFB (bottom)
values as a function of j cos�c:m:s:

Dþ j. In the top plot, the dashed line
is the mean value of ACP while the hatched band is the �1�total

interval, where �total is the total uncertainty.

TABLE I. Summary of A
Dþ!K0

S
�þ

CP measurements (where the
first uncertainties are statistical and the second systematic),
together with their average (where only the total uncertainty is
quoted).

Experiment A
Dþ!K0

S
�þ

CP ð%Þ
FOCUS [5] �1:6� 1:5� 0:9
CLEO [6] �1:3� 0:7� 0:3
BABAR [8] �0:44� 0:13� 0:10
Belle (this measurement) �0:363� 0:094� 0:067
New world average �0:41� 0:09
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