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Introduction
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Quark transition: Cabibbo-Kobayashi-Maskawa (CKM) Matrix 
CP violation is induced by complex phase and 
parameterized as angles of the unitary triangle.

Time-dependent CP violation: Quantum interference between two diagrams. 
Decay rate is described as difference  
of decay time between B0 mesons.
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b→ccs tree diagram

B0→(cc) K0 “Golden mode”
B-B0 mixing box diagram

_

     = S sinΔmΔt           +  　　　　 A cosΔmΔt 

    mixing  induced CPV             direct CPV                 
        Δm: mass difference of eigenstates 
         Δt: decay time difference of eigenstates

_
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Belle experiment

In total, 772 million BB pairs 
are accumulated. Studies using  
full data sample are still ongoing. 
All of the new results shown   
today is based on the full data set.

μ / KL detection

 14/15 layers RPC+Fe

Central Drift Chamber 

small cell +He/C2H6

CsI(Tl) EM calorimeter

Si vertex detector

   3/4 layers DSSD

SC solenoid 1.5T

3.5 GeV e+

8 GeV e−

TOF counter

 Aerogel Cherenkov counter

              n=1.015~1.030

- charged particle tracking  
- momentum measurement 
- particle identification 
- e/γ energy measurement 
- KL cluster detection
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Photon detection in Belle

_

BN 1158 v8: B ! ⇡0⇡0
2015

(a) Vertex of conversion in the Z vs r

within the Detector.

(b) Vertex of conversion in the X vs

Y within the Detector.

Figure 5: The vertex for photons that convert within the detector and still appear within the the
radius of conversion for reconstructed signal (green) and a variety of background (other colours)
photons.

These are then sorted, based on the properties of their +� pairs, in to the type of
particle (Ks, �,�̄ or �) from which they likely came. Particles identified as photon
candidates by fitting and reconstruction were added to the list of possible ⇡

0 daugh-
ters. The potential ⇡0 candidates were then formed from a combination of this new,
more inclusive, list and the initial photon list. However, as the these new photons
and resulting pions do not pass through the same selection processes as those in the
mdst gamma and mdst pi0 tables, di↵erent cuts were applied. Many cuts were ap-
plied implicitly through selection from the mdst vee2 table and will not be covered
here, but additional cuts designed to separate genuine photons from ’fake’ photons
resulting from the pairing of unrelated charged tracks were applied.
The first of these is the radius at which the photon converted. Photons will only con-
vert in the presence of matter such as that of the detectors. Figure 6 shows the radius
from the centre of the beam pipe at which photons reconstructed from the mdst vee2
table converted. The plot shown in green is of reconstructed photons from signal
Monte Carlo that were not within the decay chain, indicating that they are largely
made up of fake photons. These can occur when the mdst vee2 table contains a pair of
unrelated charged tracks that intersect somewhere within the beam pipe, leaving the
impression of spontaneous pair production. Real electron positron pairs are created
as a result of some interaction with matter, usually of the detectors. The 4 (5) peaks
in the background plots (colours that are not green) correspond to the beam pipe and
3 (4) layers of the SVD1 (SVD2). Based on a review of these plots and the geometry
of the Belle detector, cuts have been applied at 1.75cm < rconv < 12cm for SVD1 and
1.2cm < rconv < 12cm. This leads to the e�ciencies shown in table 2.

The next cut that is applied considers the direction of the reconstructed photon’s
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Photon detection efficiency degradation (~10%) due to materials between 
 e+e– interaction point and calorimeter. 
→ B decays including multi-π0 can be accessible with large statistic in Belle analysis.

Photon convert vertex position studied in B0→π0π0 and B0→π0π0 K0S 

(Calorimeter is located outside region of these plots)

beam pipe

PMTs in  
Cherenkov 
counterx-y projection

sideview interaction point
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Analysis of time-dependent CP violation

アルバトリオン

e- e+ B0

B0
Υ(4S)

K0K
π
μ

μ+
μ-Δz~βγΔt

8x3.5GeV@KEKB, 
9x3.1GeV@PEP-II

Signal side B

Tag side B

・Δt is measured by vertex positions  
　of B and B.

_

・Signal B is reconstructed and selected 
　using kinematic variables (mass, energy) 
・Continuum background is rejected 
   using event shape variables from all  
　observables.

  

                    analysis 

●  To obtain signal yield we perform 3D fit to data distribution in 
     

         - likelihood ratio from 
       event shape variables 

Beside new data,  about 25% improvement in 
reconstruction efficiency 5

To separate signal and  
main background, from 

Beam constraint mass: 
Mbc =√(Ebeam/2)2 - prec2 

・Tag side 
 Remaining observables in an event is 
 used for flavor determination
B0→D*+l−ν, B0→D*±→D0π+, D0→ K−l+ν
_

CP violation parameters are obtained by the fit to Δt.

AcosΔmΔt + SsinΔmΔtq(                                  )(1-2w) ⊗R(Δt)
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We present a precise measurement of the CP violation parameter sin2!1 and the direct CP violation

parameter Af using the final data sample of 772! 106 B !B pairs collected at the "ð4SÞ resonance with
the Belle detector at the KEKB asymmetric-energy eþe% collider. One neutral B meson is reconstructed

in a J=cK0
S, c ð2SÞK0

S, "c1K
0
S, or J=cK0

L CP eigenstate and its flavor is identified from the decay products

of the accompanying B meson. From the distribution of proper-time intervals between the two B decays,

we obtain the following CP violation parameters: sin2!1 ¼ 0:667' 0:023ðstatÞ ' 0:012ðsystÞ andAf ¼
0:006' 0:016ðstatÞ ' 0:012ðsystÞ.

DOI: 10.1103/PhysRevLett.108.171802 PACS numbers: 11.30.Er, 12.15.Hh, 13.25.Hw

In the standard model (SM), CP violation in the quark
sector is described by the Kobayashi-Maskawa (KM) the-
ory [1] in which the quark-mixing matrix has a single
irreducible complex phase that gives rise to all
CP-violating asymmetries. In the decay chain "ð4SÞ !
B0 !B0 ! fCPftag, where one of the Bmesons decays at time
tCP to a CP eigenstate fCP, and the other B meson decays
at time ttag to a final state ftag that distinguishes between B

0

and !B0, the decay rate has a time dependence in the "ð4SÞ
rest frame [2] given by

P ð#tÞ ¼ e%j#tj=#
B0

4#B0

f1þ q½Sf sinð#md#tÞ

þAf cosð#md#tÞ)g: (1)

Here Sf andAf are CP violation parameters, #B0 is the B0

lifetime, #md is the mass difference between the two
neutral B mass eigenstates, #t * tCP % ttag, and the
b-flavor charge q ¼ þ1ð%1Þ when the tagging B meson

is a B0 ( !B0). With very small theoretical uncertainty [2],
the SM predicts Sf ¼ %$f sin2!1 and Af ¼ 0 for the
b ! c !cs transition, where $f ¼ þ1ð%1Þ corresponds to
CP-even (-odd) final states and !1 is an interior angle of
the KM unitarity triangle, defined as !1 *
arg½%VcdV

+
cb=VtdV

+
tb) [3]. The BABAR and Belle

Collaborations have published several determinations of
sin2!1 since the first observation [4,5]; previous results
used 465! 106 [6] and 535! 106 [7] B !B pairs,
respectively.
With recently available experimental results, not only

sin2!1 but also other measurements of the sides of the
unitarity triangle and other CP violation measurements
make it possible to test the consistency of the KM scheme.
The indirect determination of the angle !1 deviates by
2:7% from the current world average for the direct deter-
mination of sin2!1 [8]. Equivalently, the B' ! #'&#

branching fraction and the resulting value of jVubj differ
by 2:8% from the prediction of the global fit [8], where the

PRL 108, 171802 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

27 APRIL 2012

171802-2

Signal PDF with imperfectness of flavor tagging w and resolution function R(Δt)

  

                    analysis 

●  To obtain signal yield we perform 3D fit to data distribution in 
     

         - likelihood ratio from 
       event shape variables 

Beside new data,  about 25% improvement in 
reconstruction efficiency 5

To separate signal and  
main background, from 

qq suppression (Likelihood)

Eenergy difference:  
ΔE = ErecCM -Ebeam/2 
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sin2φ1 measurement

�6

B0→(cc)K0S  and B0→J/ψK0L    PRL 108 171802 (2012)

   S = –ξf  sin2φ1= 0.668±0.023±0.013,  
    A = 0.007±0.016±0.013

B0→(cc)K0S (CP-odd: ξf = −1) B0→J/ψK0L (CP-even: ξf = +1)

background subtracted, 
good flavor tag quality only

_

B0 tag
B0 tag
_

_

sin2φ1= 0.676±0.026,  
A = 0.000±0.019

sin2φ1= 0.641±0.047,  
A = 0.019±0.026

B0 tag
B0 tag
_

sin2φ1 is measured with good precision.
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φ1 measurement

�7

Ambiguity of φ1 remains in measurement 
using the decays induced by b→ccs  
diagram. 
         → Solved by time-dependent analysis  
    for multi-body final states： 
    B0→J/ψK0S π0,  

　 B0→D*+D*–K0S,  
　 B0→K+K–/π+π– K0S

decay rate: B0→D(*)h0 (D→K0S π+π–)
7

FIG. 1. (color online). The Dalitz plot data distributions
(points with error bars) for D0 ! K0

S⇡+⇡� from D⇤+ !
D0⇡+

s decays reconstructed from Belle e+e� ! cc̄ data, and
projections of the Dalitz fit. The red solid lines show the
projections of the total fit function including background, and
the grey regions show projections of the background.

test, a reduced �2 of 1.05 is obtained for 31 272 degrees of
freedom based on statistical uncertainties only, indicating
a relatively good quality of the fit [27–29, 38, 39].

The time-dependent Dalitz plot analysis of B0
!

D(⇤)h0 with D ! K0
S⇡

+⇡� decays is performed using
data samples containing 471 ⇥ 106 BB pairs recorded
with the BABAR detector [40, 41] at the asymmetric-
energy e+e� (3.1 on 9 GeV) collider PEP-II [42] and
772⇥ 106 BB pairs recorded with the Belle detector [21]
at the asymmetric-energy e+e� (3.5 on 8 GeV) collider
KEKB [22] collected at the ⌥ (4S) [23].

The light neutral hadron h0 is reconstructed in the
decay modes ⇡0

! ��, ⌘ ! �� and ⇡+⇡�⇡0, and
! ! ⇡+⇡�⇡0. Neutral D mesons are reconstructed in
the decay mode D ! K0

S⇡
+⇡�, and neutral D⇤ mesons

are reconstructed in the decay mode D⇤
! D⇡0. The de-

cay modes B0
! D⇡0, D⌘, D!, D⇤⇡0, and D⇤⌘, where

su�cient signal yields are reconstructed, are included in
the analysis. The selection requirements applied to the
reconstructed candidates are summarized in Ref. [20].

The B0
! D(⇤)h0 yields are determined by three-

dimensional unbinned maximum likelihood fits to the dis-
tributions of the observables M 0

bc, �E, and C
0
NNout

. The
beam-energy-constrained mass M 0

bc defined in Ref. [43]
is computed from the beam energy E⇤

beam in the c.m.
frame, the D(⇤) candidate momenta, and the h0 can-
didate direction of flight. The quantity M 0

bc provides
an observable that is insensitive to possible correlations

with the energy di↵erence �E = E⇤
B � E⇤

beam that can
be induced by energy mismeasurements for particles de-
tected in the electromagnetic calorimeters, for example,
caused by shower leakage e↵ects. The variable C

0
NNout

defined in Ref. [44] is constructed from the output of
a neural network multivariate classifier trained on event
shape information based on a combination of 16 mod-
ified Fox-Wolfram moments [45, 46] to identify back-
ground originating from e+e� ! qq (q 2 {u, d, s, c})
continuum events. The fit model accounts for contri-
butions from B0

! D(⇤)h0 signal decays, cross-feed from
partially-reconstructed B0

! D⇤h0 decays, background
from partially-reconstructed B+

!D(⇤)0⇢+ decays, com-
binatorial background from BB decays, and background
from continuum events. In total, a B0

! D(⇤)h0 sig-
nal yield of 1 129 ± 48 events in the BABAR data sample
and 1 567 ± 56 events in the Belle data sample is ob-
tained. The signal yields are summarized in Table IV of
Ref. [20]. The M 0

bc, �E, and C
0
NNout

data distributions
and fit projections are shown in Fig. 2.

The time-dependent Dalitz plot analysis follows
the technique established in the previous combined
BABAR+Belle time-dependent CP violation measurement

of B0
! D(⇤)

CPh
0 decays [25]. The measurement is per-

formed by maximizing the log-likelihood function con-
structed from the events reconstructed from BABAR and
Belle data [20]. The measurement includes all events
used in the previous M 0

bc, �E, and C
0
NNout

fits. In the
log-likelihood function, the p.d.f.s are functions of the ex-
perimental flavor-tagged proper-time interval and Dalitz
plot distributions for the signal and background com-
ponents. The signal p.d.f.s are constructed from Eqs. 1
and 2 convolved with experiment-specific resolution func-
tions to account for the finite vertex resolution [6, 47] and
including the e↵ect of incorrect flavor assignments [6, 48].
The p.d.f.s for the proper-time interval distributions of
the combinatorial background from BB̄ decays and back-
ground from continuum events account for background
from non-prompt and prompt particles convolved with ef-
fective resolution functions. The partially-reconstructed
B0

! D⇤h0 decays are modeled by the signal p.d.f. with
a di↵erent set of parameters to account for this cross-
feed contribution, and the background from partially-
reconstructed B+

!D(⇤)0⇢+ decays is parameterized by
an exponential p.d.f. convolved with the same resolution
functions as used for the signal.

In the fit, the parameters ⌧B0 , ⌧B+ , and �md are fixed
to the world averages [50], and the Dalitz plot amplitude
model parameters are fixed to the results of the D0

!

K0
S⇡

+⇡� Dalitz plot fit described above. The signal and
background fractions are evaluated on an event-by-event
basis from the three-dimensional fit of the M 0

bc, �E, and
C
0
NNout

observables. The only free parameters are sin 2�

_

e�|�t|/⌧B0

2

h
(|AD̄0 |2 + |AD0 |2)

� q(|AD̄0 |2 � |AD0 |2) cos(�md�t)

+ 2q⌘h0(�1)LIm(e�2i�1AD0A⇤
D̄0) sin(�md�t)

i

Im(AD0A⇤
D̄0) cos 2�1 � Re(AD0A⇤

D̄0) sin 2�1

φ1 or π/2‒φ1 ?

_

5

model, which is newly established by performing a Dalitz plot amplitude analysis using a high-
statistics e+e� ! cc̄ data sample. CP violation is observed in B0 ! D(⇤)h0 decays at the level of 5.1
standard deviations. The significance for cos 2� > 0 is 3.7 standard deviations. The trigonometric
multifold solution ⇡/2 � � = (68.1 ± 0.7)� is excluded at the level of 7.3 standard deviations. The
measurement resolves an ambiguity in the determination of the apex of the CKM Unitarity Triangle.

PACS numbers: 11.30.Er, 12.15.Hh, 13.25.Hw

In the standard model (SM) of electroweak interac-
tions, the only source of CP violation is the irreducible
complex phase in the three-family Cabibbo-Kobayashi-
Maskawa (CKM) quark-mixing matrix [1]. The BABAR
and Belle experiments discovered CP violation in the B
meson system [2–5]. In particular, by time-dependent
CP violation measurements of the “gold plated” decay
mode1 B0

! J/ K0
S and other decays mediated by

b̄ ! c̄cs̄ transitions [6, 7], BABAR and Belle precisely
determined the parameter sin 2� ⌘ sin 2�1,2 where the
angle � of the CKM Unitarity Triangle is defined as
arg [�VcdV

⇤
cb/VtdV

⇤
tb] and Vij denotes a CKM matrix el-

ement. Inferring the CP -violating weak phase 2� from
these measurements of sin 2� leads to the trigonometric
two-fold ambiguity, 2� and ⇡�2� (a four-fold ambiguity
in �), and therefore to an ambiguity on the CKM Uni-
tarity Triangle. This ambiguity can be resolved by also
measuring cos 2�, which is experimentally accessible in B
meson decay modes involving multibody final states such
as B0

! J/ K0
S⇡

0 [8, 9], B0
! D⇤+D⇤�K0

S [10, 11],
B0

! K0
SK

+K� [12, 13], B0
! K0

S⇡
+⇡� [14, 15], and

B0
! D(⇤)h0 with D ! K0

S⇡
+⇡� decays (abbreviated

as B0
!

⇥
K0

S⇡
+⇡�⇤(⇤)

D
h0) [16–18]. However, no pre-

vious single measurement has been su�ciently sensitive
to establish the sign of cos 2�, to resolve the ambiguity
without further assumptions.

The decays B0
! D(⇤)h0, with D ! K0

S⇡
+⇡� and

h0
2 {⇡0, ⌘,!} denoting a light neutral hadron, provide

an elegant way to access cos 2� [19]. The B0
! D(⇤)h0

decay is predominantly mediated by CKM-favored b̄ !

c̄ud̄ tree amplitudes. Additional contributions from
CKM-disfavored b̄ ! ūcd̄ tree amplitudes that carry dif-
ferent weak phases are suppressed by |VubV

⇤
cd/VcbV

⇤
ud| ⇡

0.02 relative to the leading amplitudes and can be ne-
glected at the experimental sensitivity of the presented
measurement. The D ! K0

S⇡
+⇡� decay exhibits com-

plex interference structures that receive resonant and
nonresonant contributions to the three-body final state
from a rich variety of intermediate CP eigenstates and
quasi-flavor-specific decays. Knowledge of the variations
on the relative strong phase as a function of the three-
body Dalitz plot phase space enables measurements of

1
In this Letter the inclusion of charge-conjugated decay modes is

implied unless otherwise stated.
2 BABAR uses the notation � and Belle uses �1; hereinafter � is

used.

both sin 2� and cos 2� from the time evolution of the

B0
!

⇥
K0

S⇡
+⇡�⇤(⇤)

D
h0 multibody final state.

Assuming no CP violation in B0-B0 mixing and no di-

rect CP violation, the rate of the B0
!

⇥
K0

S⇡
+⇡�⇤(⇤)

D
h0

decays is proportional to

e
�|�t|
⌧
B0

2

n ⇥
|AD0 |

2 + |AD0 |
2
⇤

� q
�
|AD0 |

2
� |AD0 |

2
�
cos(�md�t)

+ 2q⌘h0 (�1)L Im
�
e�2i�

AD0A
⇤
D0

�
sin(�md�t)

o
,

(1)

where �t denotes the proper-time interval between the
decays of the two B mesons produced in the e+e� !

⌥ (4S) ! B0B0 event, and q = +1 (�1) represents
the b-flavor content when the accompanying B meson
is tagged as a B0 (B0). The parameters ⌧B0 and �md

are the neutral B meson lifetime and the B0-B0 os-
cillation frequency, respectively. The symbols AD0 ⌘

A(M2
K0

S⇡� ,M2
K0

S⇡+) and AD0 ⌘ A(M2
K0

S⇡+ ,M2
K0

S⇡�) de-

note the D0 and D0 decay amplitudes as functions of
the Lorentz-invariant Dalitz plot variables M2

K0
S⇡� ⌘

(pK0
S
+ p⇡�)2 and M2

K0
S⇡+ ⌘ (pK0

S
+ p⇡+)2, where the

symbol pi represents the four-momentum of a final state
particle i. The factor ⌘h0 is the CP eigenvalue of h0.
The quantity L is the orbital angular momentum of the
Dh0 or D⇤h0 system. The last term in Eq. (1) can be
rewritten as

Im
�
e�2i�

AD0A
⇤
D0

�
= Im

�
AD0A

⇤
D0

�
cos 2�

� Re
�
AD0A

⇤
D0

�
sin 2�, (2)

which allows sin 2� and cos 2� to be treated as indepen-
dent parameters.
Measurements of sin 2� and cos 2� in B0

! D(⇤)h0

with D ! K0
S⇡

+⇡� decays are experimentally chal-
lenging. The branching fractions of the B and D me-
son decays are low (O(10�4) and O(10�2), respectively),
and the neutral particles in the final state lead to large
backgrounds and low reconstruction e�ciencies. In ad-
dition, a detailed Dalitz plot amplitude model or other
experimental knowledge of the relative strong phase in
the three-body D meson decay is required. Previous
measurements of these decays performed separately by
BABAR and Belle were not su�ciently sensitive to estab-
lish CP violation [16–18], obtaining results far outside of

5
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these measurements of sin 2� leads to the trigonometric
two-fold ambiguity, 2� and ⇡�2� (a four-fold ambiguity
in �), and therefore to an ambiguity on the CKM Uni-
tarity Triangle. This ambiguity can be resolved by also
measuring cos 2�, which is experimentally accessible in B
meson decay modes involving multibody final states such
as B0

! J/ K0
S⇡

0 [8, 9], B0
! D⇤+D⇤�K0

S [10, 11],
B0

! K0
SK

+K� [12, 13], B0
! K0

S⇡
+⇡� [14, 15], and

B0
! D(⇤)h0 with D ! K0

S⇡
+⇡� decays (abbreviated

as B0
!

⇥
K0

S⇡
+⇡�⇤(⇤)

D
h0) [16–18]. However, no pre-

vious single measurement has been su�ciently sensitive
to establish the sign of cos 2�, to resolve the ambiguity
without further assumptions.

The decays B0
! D(⇤)h0, with D ! K0

S⇡
+⇡� and

h0
2 {⇡0, ⌘,!} denoting a light neutral hadron, provide

an elegant way to access cos 2� [19]. The B0
! D(⇤)h0

decay is predominantly mediated by CKM-favored b̄ !

c̄ud̄ tree amplitudes. Additional contributions from
CKM-disfavored b̄ ! ūcd̄ tree amplitudes that carry dif-
ferent weak phases are suppressed by |VubV

⇤
cd/VcbV

⇤
ud| ⇡

0.02 relative to the leading amplitudes and can be ne-
glected at the experimental sensitivity of the presented
measurement. The D ! K0

S⇡
+⇡� decay exhibits com-

plex interference structures that receive resonant and
nonresonant contributions to the three-body final state
from a rich variety of intermediate CP eigenstates and
quasi-flavor-specific decays. Knowledge of the variations
on the relative strong phase as a function of the three-
body Dalitz plot phase space enables measurements of

1
In this Letter the inclusion of charge-conjugated decay modes is

implied unless otherwise stated.
2 BABAR uses the notation � and Belle uses �1; hereinafter � is

used.

both sin 2� and cos 2� from the time evolution of the

B0
!

⇥
K0

S⇡
+⇡�⇤(⇤)

D
h0 multibody final state.

Assuming no CP violation in B0-B0 mixing and no di-

rect CP violation, the rate of the B0
!

⇥
K0

S⇡
+⇡�⇤(⇤)

D
h0

decays is proportional to

e
�|�t|
⌧
B0

2

n ⇥
|AD0 |

2 + |AD0 |
2
⇤

� q
�
|AD0 |

2
� |AD0 |

2
�
cos(�md�t)

+ 2q⌘h0 (�1)L Im
�
e�2i�

AD0A
⇤
D0

�
sin(�md�t)

o
,

(1)

where �t denotes the proper-time interval between the
decays of the two B mesons produced in the e+e� !

⌥ (4S) ! B0B0 event, and q = +1 (�1) represents
the b-flavor content when the accompanying B meson
is tagged as a B0 (B0). The parameters ⌧B0 and �md

are the neutral B meson lifetime and the B0-B0 os-
cillation frequency, respectively. The symbols AD0 ⌘

A(M2
K0

S⇡� ,M2
K0

S⇡+) and AD0 ⌘ A(M2
K0

S⇡+ ,M2
K0

S⇡�) de-

note the D0 and D0 decay amplitudes as functions of
the Lorentz-invariant Dalitz plot variables M2

K0
S⇡� ⌘

(pK0
S
+ p⇡�)2 and M2

K0
S⇡+ ⌘ (pK0

S
+ p⇡+)2, where the

symbol pi represents the four-momentum of a final state
particle i. The factor ⌘h0 is the CP eigenvalue of h0.
The quantity L is the orbital angular momentum of the
Dh0 or D⇤h0 system. The last term in Eq. (1) can be
rewritten as

Im
�
e�2i�

AD0A
⇤
D0

�
= Im

�
AD0A

⇤
D0

�
cos 2�

� Re
�
AD0A

⇤
D0

�
sin 2�, (2)

which allows sin 2� and cos 2� to be treated as indepen-
dent parameters.
Measurements of sin 2� and cos 2� in B0

! D(⇤)h0

with D ! K0
S⇡

+⇡� decays are experimentally chal-
lenging. The branching fractions of the B and D me-
son decays are low (O(10�4) and O(10�2), respectively),
and the neutral particles in the final state lead to large
backgrounds and low reconstruction e�ciencies. In ad-
dition, a detailed Dalitz plot amplitude model or other
experimental knowledge of the relative strong phase in
the three-body D meson decay is required. Previous
measurements of these decays performed separately by
BABAR and Belle were not su�ciently sensitive to estab-
lish CP violation [16–18], obtaining results far outside of

       ,       :  
Decay amplitude as function of Dalitz plot 
variables M2           and M2 
→ Determined using large  number of flavor-
specific decay D*+→D0π+ in cc event. 

Ksπ+ Ksπ‒
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φ1 measurement in B0→D(*)h0
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FIG. 2. (color online). Data distributions for a) M 0
bc, b) �E, and c) C0

NNout
(points with error bars) for the BABAR and Belle

data samples combined. The solid black lines represent projections of the total fit function, and the colored dotted lines show
the signal and background components of the fit as indicated in the legend. In plotting the M 0

bc, �E, and C0
NNout

distributions,
each of the other two observables are required to satisfy M 0

bc > 5.272 GeV/c2, |�E| < 100 MeV, or 0 < C0
NNout

< 8 to select
signal-enhanced regions.

and cos 2�, and the results are

sin 2� = 0.80 ± 0.14 (stat.) ± 0.06 (syst.) ± 0.03 (model),

cos 2� = 0.91 ± 0.22 (stat.) ± 0.09 (syst.) ± 0.07 (model).
(4)

The second quoted uncertainty is the experimental sys-
tematic error, and the third is due to the D0

! K0
S⇡

+⇡�

decay amplitude model. The evaluation of these uncer-
tainties is described in detail in Ref. [20]. The linear
correlation between sin 2� and cos 2� is 5.1%. The re-
sult deviates less than 1.0 standard deviations from the
trigonometric constraint given by sin2 2� + cos2 2� = 1.

An alternative fit is performed to measure directly the
angle � using the signal p.d.f. constructed from Eq. (1),
and the result is

� = (22.5 ± 4.4 (stat.) ± 1.2 (syst.) ± 0.6 (model))� . (5)

The proper-time interval distributions and projections
of the fit for sin 2� and cos 2� are shown in Fig. 3 for
two di↵erent regions of the D0

! K0
S⇡

+⇡� phase space.
Figure 3a shows a region predominantly populated by

CP eigenstates, B0
!

⇥
K0

S⇢(770)
0
⇤(⇤)
D

h0. For these de-
cays, interference emerges between the amplitude for di-
rect decays of neutral B mesons into these final states
and those following B0-B0 oscillations. The time evolu-
tion exhibits mixing-induced CP violation governed by
the CP -violating weak phase 2�, which manifests as a
sinusoidal oscillation in the CP asymmetry. Figure 3b
shows a region predominantly populated by quasi-flavor-

specific decays, B0
! [K⇤(892)±⇡⌥]

(⇤)
D h0. For these de-

cays, the time evolution exhibits B0-B0 oscillations gov-
erned by the oscillation frequency, �md, which appears
as an oscillation proportional to cos(�md�t) in the cor-
responding asymmetry.

FIG. 3. (color online). Distributions of the proper-time
interval (data points with error bars) and the correspond-
ing asymmetries for B0 ! D(⇤)h0 candidates associated
with high-quality flavor tags for two di↵erent regions of the
D ! K0

S⇡+⇡� phase space and for the BABAR and Belle data
samples combined. The background has been subtracted us-
ing the sPlot technique [49], with weights obtained from the
fit presented in Fig. 2.

The measurement procedure is validated by various
cross-checks. The B0

! D(⇤)0h0 decays with the CKM-
favored D0

! K+⇡� decay have very similar kinemat-
ics and background composition as B0

! D(⇤)h0 with
D ! K0

S⇡
+⇡� decays and provide a high-statistics con-

trol sample. Using the same analysis approach, the
time-dependent CP violation measurement of the con-
trol sample results in mixing-induced and direct CP
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S⇡+⇡� phase space and for the BABAR and Belle data
samples combined. The background has been subtracted us-
ing the sPlot technique [49], with weights obtained from the
fit presented in Fig. 2.

The measurement procedure is validated by various
cross-checks. The B0

! D(⇤)0h0 decays with the CKM-
favored D0

! K+⇡� decay have very similar kinemat-
ics and background composition as B0

! D(⇤)h0 with
D ! K0

S⇡
+⇡� decays and provide a high-statistics con-

trol sample. Using the same analysis approach, the
time-dependent CP violation measurement of the con-
trol sample results in mixing-induced and direct CP

sin2φ1= 0.80±0.14(stat)±0.06(syst)±0.03(model) 
cos2φ1= 0.91±0.22(stat)±0.09(syst)±0.07(model) 
→ φ1= (22.5±4.4(stat)±1.2(syst)±0.6(model))°

First evidence of cos2φ1 > 0 with significance 
of 3.7σ 
First observation of CP violation in B0→D(*)h0 
with 5.1σ

B̄0 ! D(⇤)0h0

D⇤0 ! D0⇡0, D0 ! K0
S⇡

+⇡�

h : ⇡0 ! 2�, ⌘/! ! ⇡+⇡�⇡0

__We perform combined analysis using full data of  
BABAR (471M BB) and Belle (772M BB). arXiv:1804.06152v1 [hep-ex] 
Reconstructed mode: 

Obtained yield: 
1129±48 events from BABAR 
1567±56 events from Belle



XIV International Conference on Heavy Quarks and Leptons, May 28 2018, Yamagata Japan

sin2φ1eff measurements in b→sqq
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Penguin loop is sensitive to the new physics contribution. 
 S ≡ ‒ξf sin2φ1eff = ‒ξf sin2φ1 from decay with b→ccs?  

                       or ‒ξf sin2φ1⊕ extra CP phase from non-SM?
B0→η’K0 – “platinum mode” – Large branching fraction and  
                                                          few possible deviation in the SM.
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Introduction B0 → η
′K0 B → ωK

Measurement of TCPV in B0
→ η′K0
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Most of sensitivity is based on CP-odd eigenstates with K0S
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3-body decay from B0： CP-even eigenstates with K0S. 
BABAR 227M BB  PRD 76 071101 (2007) 
sin2φ1eff = ‒0.72±0.71±0.08  →  2.2σ deviation from sin2φ1

φ1eff measurement in B0→π0π0K0S
3
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tic signal. [20]. Uncertainty from vertex reconstruction200

using K0
S including resolution function is estimated us-201

ing a large number of CP violating control sample of202

B0 → J/ψK0
S decay. Fit bias is estimated by generat-203

ing a large number of signal MC sample and evaluated204

as deviation from the input. For the PDF shape, the205

uncertainty is estimated using smeared distribution. For206

the parameters determined from the fit to the data such207

as signal fraction, background ∆t, uncertainties are esti-208

mated by varying them within the range of fit errors. All209

of the systematic errors are summarized in Table I.210

TABLE I. Systematic errors

∆S ∆A

Vertexing ±0.02 ±0.01
Flavor tagging ±0.004 ±0.003
Resolution function +0.06

−0.05
+0.004
−0.003

Physics parameter ±0.002 > 0.001
Fit bias ±0.03 ±0.02
Background fraction ±0.02 ±0.02
Background ∆t +0.08

−0.07 ±0.02

Total +0.11
−0.10 ±0.04

211

212

In summary, we present the measurement of CP vio-213

lation parameters in the decay of B0 → π0π0K0
S using214

772× 106BB̄ pairs in the Belle experiment,215

sin 2φeff1 = 0.92+0.27
−0.31 (stat.) +0.10

−0.11 (syst.),

A = 0.28± 0.21 (stat.) ± 0.04 (syst.).

These are consistent with the SM prediction. Deviation216

of the time-dependent CP violation parameter from that217

from the decays induced by b → cc̄s transition seen in the218

BABAR measurements becomes smaller in this analysis.219
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Signal yield with  
vertex information： 
146.7±23.6 events

First result from Belle. 
Consistent with SM expectation.

K0S decays a point apart from B0 decay vertex and π0 is reconstructed using 
photon hit on ECL.  
→ Reconstruct signal side vertex using flight direction of K0S with constraint  
    of e+e– interaction point.
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Introduction

Phenomenology of  mixing-induced CP-violation:

For  c cs transitions / s ss transition in the SM,

where:

Flavor tagging
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                Δm: mass difference of eigenstates 
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1 INTRODUCTION

Large CP -violating effects [1] in the B-meson system are among the most remarkable predictions
of the Cabibbo–Kobayashi–Maskawa (CKM) quark-mixing model [2]. These predictions have been
confirmed in recent years by the BABAR and Belle collaborations, both in the interference of B0

decays to CP eigenstates with and without B0–B0 mixing [3–5] and directly, in the interference
between the decay amplitudes [6] in B0 → K+π− [5, 7].

Effective constraints on physics beyond the Standard Model (SM) are provided by high-precision
measurements of quantities whose SM predictions suffer only small theoretical uncertainties. Both
experimental and theoretical uncertainties often partially cancel out in the determination of CP -
violating asymmetries, which makes CP -violation measurements a sensitive probe for effects of
yet-undiscovered additional interactions and heavy particles that are introduced by extensions to
the SM. All measurements of CP violation to date are in agreement with the indirect predictions
from global SM fits [8,9] that are based on measurements of the magnitudes of the elements of the
CKM quark-mixing matrix; this strongly constrains [10] the flavor structure of SM extensions.

The CKM Unitarity Triangle angle α ≡ arg [−VtdV ∗
tb/VudV ∗

ub] is measured through interference
between decays with and without B0–B0 mixing. Multiple measurements of α, with different
decays, further test the consistency of the CKM model. The time-dependent asymmetry in B0 →
π+π− is proportional to sin2α in the limit that only the b → u (“tree”) quark-level amplitude
contributes to this decay. In the presence of b → d (“penguin”) amplitudes, the time-dependent
asymmetry in B0 → π+π− is modified to

a(∆t) =
|A(∆t)|2 − |A(∆t)|2

|A(∆t)|2 + |A(∆t)|2
= Sππ sin (∆md∆t) − Cππ cos (∆md∆t)

Cππ =
|A|2 − |A|2

|A|2 + |A|2

Sππ =
!

1 − C2
ππ sin (2α − 2∆αππ) =

!

1 − C2
ππ sin 2αeff ,

(1)

where ∆t is the difference between the proper decay times of the signal- and tag-side neutral B
mesons and ∆md is the B0 mixing frequency. Both the phase difference ∆αππ = α − αeff and the
direct CP asymmetry Cππ may differ from zero due to the penguin contribution to the B0 → π+π−

decay amplitude A.
The magnitude and relative phase of the penguin contribution to the asymmetry Sππ may be

unraveled with an analysis of isospin relations between the B → ππ decay amplitudes [11]. The
amplitudes Aij of the B → πiπj decays and Aij of the B → πiπj decays satisfy the relations

A+0 =
1√
2
A+− + A00,

A−0 =
1√
2
A+− + A00.

(2)

The shape of the corresponding isospin triangle is determined from measurements of the branching
fractions and time-integrated CP asymmetries for each of the B → ππ decays. No gluonic penguin
amplitudes are present in the ∆I = 3/2 decay B± → π±π0, so, neglecting electroweak (EW)
penguins, A+0 = A−0. We define the direct CP asymmetry Cπ0π0 in B0 → π0π0 as

Cπ0π0 =
|A00|2 − |A00|2

|A00|2 + |Ā00|2
. (3)

8

(Aij : Decay amplitudes 
of B→πiπj/ρiρj)

- Isospin relations between B→ πiπj / ρiρj decay amplitudes  
   Gronau and London, PRL65 3381 (1990)

⇒ Δφ2 is determined 
    with four-fold ambiguity.

- Dalitz analysis for πππ0 3-body system 
  A. Snyder and H. Quinn, PRD 48 2139 (1993)
   Interference between three B→ρπ states

Δt fit with coefficients of Dalitz plot functions

⇒ Constrain φ2 with a small ambiguity, 
    the most powerful constraint for φ2 

      at present.

2 strategy to determine φ2 without CP phase from penguin contamination

2φ∆2

+-A
2
1

00A

+-A
2
1

00A

-0A = +0A

FIG. 2: Complex isospin triangles from which ∆φ2 can be determined.

in the mixing, and that the difference in decay rates between the two mass eigenstates is
negligible. The parameter ACP measures the direct CP violation, while SCP is a measure
of the amount of mixing-induced CP violation.

In the limit that only the dominant tree amplitude contributes, no flavor-dependent direct
CP violation is expected and SCP is sin 2φ2. However, in the B0 → π+π− final state and
other b̄ → ūud̄ self-conjugate modes, the value of φ2 is shifted by an amount ∆φ2, due
to the presence of additional penguin contributions that interfere with the dominant tree
contribution (see Fig. 1). Thus, the observable mixing-induced CP parameter becomes
SCP =

!

1−A2
CP sin(2φ2 + 2∆φ2).

Despite penguin contamination, it is still possible to determine φ2 in B0 → π+π− with an
SU(2) isospin analysis [16] by considering the set of B → ππ decays into the three possible
charge states for the pions. Here, the two pions in B+ → π+π0 decays must have a total
isospin of I = 1 or I = 2, since I3 = 1. For the penguin contributions, only I = 0 or
I = 1 is possible because the gluon is an isospin singlet carrying I = 0. However, I = 1 is
forbidden by Bose-Einstein statistics; thus, strong loop decays cannot contribute and hence
B+ → π+π0 decays only through the tree diagram in the limit of negligible electroweak
penguins.

The complex B0 → ππ and B̄0 → ππ decay amplitudes obey the relations

A+0 =
1√
2
A+− + A00, Ā−0 =

1√
2
Ā+− + Ā00, (2)

respectively, where the subscripts refer to the combination of the pion charges. The decay
amplitudes can be represented as the triangles shown in Fig. 2. As B+ → π+π0 is a pure tree
mode, these triangles share the same base, A+0 = Ā−0, and ∆φ2 can be determined from the
difference between the two triangles. These triangles and φ2 can be fully determined from
the branching fractions, B(B0 → π+π−), B(B0 → π0π0) and B(B+ → π+π0), and the CP
violation parameters, ACP (B0 → π+π−), SCP (B0 → π+π−) and ACP (B0 → π0π0). This
method has an eightfold discrete ambiguity in the determination of φ2, which arises from
the four triangle orientations about A+0 and the two solutions of φeff

2 in the measurement of
SCP .

Belle, BaBar and LHCb have reported measurements [7–9], summarized in Table I, of
the CP violation parameters reported here. The previous Belle measurements were based
on a sample of 535 million BB̄ pairs and are superseded by the analysis presented here.

In Sec. II, we briefly describe the data set and Belle detector. We explain the selection
criteria used to identify signal candidates and suppress backgrounds in Sec. III, followed by
the fit method used to extract the signal component in Sec. IV. In Sec. V, the results of the

5
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We report the observation of the decay B0 ! !0!0, using a 253 fb!1 data sample collected at the
!"4S# resonance with the Belle detector at the KEKB e$ e! collider. The measured branching fraction is
B"B0 ! !0!0# % "2:3$ 0:4$ 0:2

!0:5!0:3# & 10!6, with a significance of 5.8 standard deviations including system-
atic uncertainties. We also make a measurement of the direct CP violating asymmetry in this mode.

DOI: 10.1103/PhysRevLett.94.181803 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh, 14.40.Nd

Measurements of the mixing-induced CP violation pa-
rameter sin2"1 [1,2] at B factories are in good agreement
with the Kobayashi-Maskawa (KM) mechanism [3]. To
confirm this theory, one now has to measure the other
two angles of the unitarity triangle, "2 and "3. One
technique for measuring "2 is to study [4,5] time depen-
dent CP asymmetries in B0 ! !$ !! decay, where we
have recently reported [6] the observation of CP violation
and evidence for direct CP violation. The extraction of "2,
however, is complicated by the presence of both tree and
penguin amplitudes, each with different weak phases. An
isospin analysis of the !! system is necessary [7], and one
essential ingredient is the branching fraction for the decay
B0 ! !0!0.

QCD-based factorization predictions for B"B0 !
!0!0# are typically around or below 1 & 10!6 [8], but
phenomenological models incorporating large rescattering
effects can accommodate larger values [9]. Evidence for
B0 ! !0!0 emerged [10,11] at the B factories a year ago,
with a combined value of "1:9 ' 0:5# & 10!6 for the
branching fraction [12]. If such a high value persists, an
isospin analysis for "2 extraction would become feasible
in the near future. To complete the program, one would
need to measure both the B0 and the "B0 decay rates, i.e.,
direct CP violation.

In this Letter we report the observation of the decay
B0 ! !0!0. We also make a measurement of the direct CP

violating asymmetry in this mode. The results are based on
a 253 fb!1 (275 M B "B pairs) data set collected with the
Belle detector at the KEKB e$ e! asymmetric collider
[13]. KEKB operates at a center-of-mass (c.m.) energy of
!!!

s
p % 10:58 GeV, corresponding to the mass of the !"4S#
resonance. Throughout this Letter, neutral and charged B
mesons are assumed to be produced in equal amounts at the
!"4S#, and the inclusion of charge conjugate modes is
implied, unless otherwise specified.

The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector (SVD), a
50-layer central drift chamber, an array of aerogel thresh-
old Cherenkov counters, a barrel-like arrangement of time-
of-flight scintillation counters, and an electromagnetic
calorimeter (ECL) composed of CsI(Tl) crystals located
inside a superconducting solenoid coil that provides a 1.5 T
magnetic field. An iron flux return located outside of the
coil is instrumented to detect K0

L mesons and to identify
muons. The detector is described in detail elsewhere [14].
Two different inner detector configurations were used. For
the first sample of 152 & 106 B "B pairs (set I), a 2.0 cm
radius beam pipe and a 3-layer silicon vertex detector were
used; for the latter 123 & 106 B "B pairs (set II), a 1.5 cm
radius beam pipe, a 4-layer silicon detector, and a small-
cell inner drift chamber were used [15].

Pairs of photons with invariant masses in the range
115<m## < 152 MeV=c2 are used to form !0 mesons;

PRL 94, 181803 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
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glected. The invariant mass distribution for D0 is fitted
with an empirical function for data and MC simulations,
and the observed discrepancies in the peak position and
width are converted to the differences in the peak position
and resolution for !E in the signal PDF. We require the D0

decay products to lie in the same momentum range as the
!0s from B ! !0!0. To obtain the two-dimensional PDF
for the continuum background, we multiply the PDF for
!E, which is modeled with a linear function based on
studies of Mbc sidebands in data, with the PDF for Mbc,
for which we use the ARGUS function [19]. In the fit, the
shapes of the signal and B! ! "!!0 PDFs are fixed, with
the normalization for B! ! "!!0 floated; all other fit
parameters are allowed to float. The fit results are shown
in Fig. 1.

The obtained signal yield is 81:8!15:5
"16:9 with a statistical

significance (S) of 6.1, where S is defined as S #
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln$L0=LNs
%

q

, and L0 and LNs
denote the maximum

likelihoods of the fits without and with the signal compo-
nent, respectively. The relative yields in sets I and II are
consistent with the expectation based on their relative
luminosities. The fitted yield of the "!!0 background is
47:7& 16:0, consistent with the known average branch-
ing fraction. We vary each calibration constant for the
signal PDF by &1# and obtain systematic errors from
the change in the signal yield. Adding these errors in
quadrature, the significance including systematic uncer-
tainties is reduced to 5:8#, which corresponds to the ob-
servation of B0 ! !0!0.

In order to obtain the branching fraction, we divide
the signal yield by the reconstruction efficiency, mea-
sured from MC simulations to be 12.9%, and by the num-
ber of BB pairs. We consider systematic errors in the
reconstruction efficiency due to possible differences be-
tween data and MC simulations. A 4.2% systematic
error is assigned for the uncertainty in the efficiency for
the track multiplicity requirement. This is determined by
varying the multiplicity distribution of signal MC simula-

tions. We assign a total error of 6% due to !0 reconstruc-
tion efficiency, measured by comparing the ratio of the
yields of the $ ! !0!0!0 and $ ! %% decays. The ex-
perimental errors on the branching fractions for these
decays [12] are included in this value. We check the effect
of the continuum suppression using a control sample of
B! ! "D0$! K!!"!0%!! decays; the Rs requirement
has a similar efficiency for the MC control sample and
for signal MC simulations. Comparing the Rs requirement
on the control sample in data and MC simulations, a
systematic error of 1.8% is assigned.

We check for a possible pileup background due to
hadronic continuum events that contain energy deposits
from earlier QED interactions. Such a background may
peak in Mbc; however, the showers from the QED interac-
tion can be identified from timing information recorded in
the ECL. For set II, it is possible to remove these events
using this information and determine the change in event
yield. We conservatively estimate a systematic uncertainty
of 10.3% for this off-time QED background. Finally, we
assign a systematic error of 1.1% due to the uncertainty in
the number of B "B pairs $274:8& 3:1% ' 106, and obtain a
branching fraction of

B $B0 ! !0!0% # $2:3!0:4!0:2
"0:5"0:3% ' 10"6:

The result is stable under variations of the Rs cut.
Having observed a significant signal, we utilize the

B0= "B0 separation provided by the flavor tagging to mea-
sure the CP asymmetry. Equation (2) is replaced by

P s;k;j # 1
2(1" q iACP0l;j)Ps;k;j$Mbci;!Ei%; (3)

where q indicates the B meson flavor, B$q # !1% or "B$q #
"1%, and ACP0l;j is the effective charge asymmetry, where
ACP0l;j # ACPj$1" 2&d%$1" 2wl%. Here &d # 0:186&
0:004 [12] is the time-integrated mixing parameter and wl
is the wrong-tag fraction. For the q "q continuum, &d and wl
are set to zero. The !0!0 sample is divided into six r bins,
and the r-dependent wrong-tag fractions, wl (l # 1; . . . ; 6),
are determined using a high statistics sample of self-tagged
B0 ! D$*%"!!, D*""!, and D*"‘!' events and their
charge conjugates [20]. The total number of signal events
is fixed to the yield obtained from the branching fraction
measurement. The relative fractions of signal events, q "q ,
and "&!0 background events in the different r bins are also
fixed.

Defining the direct CP asymmetry as

A CP + N$ "B ! "f% " N$B ! f%
N$ "B ! "f% ! N$B ! f% ; (4)

the result is ACP # 0:44!0:53
"0:52 & 0:17. Systematic errors

are estimated by varying the fitting parameters by &1#.
Including the result of a null asymmetry check with the
same analysis procedure for the B ! D$K!!0%! control
sample, the total systematic error is &0:17. The fitted
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FIG. 1. Result of the fit described in the text. Left: Mbc

projection for events that satisfy "0:2<!E< 0:05 GeV.
Right: !E projection for events that satisfy 5:27<Mbc <
5:29 GeV=c2. The solid lines indicate the sum of all compo-
nents, and the dashed, dotted, and dot-dashed lines represent the
contributions from signal, continuum, and B! ! "!!0, respec-
tively.
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We present a measurement of the charge-parity (CP) violating parameters in B0 ! !þ!" decays. The

results are obtained from the final data sample containing 772# 106 B !B pairs collected at the "ð4SÞ
resonance with the Belle detector at the KEKB asymmetric-energy eþe" collider. We obtain the CP
violation parameters

ACPðB0 ! !þ!"Þ ¼ þ0:33 ' 0:06ðstatÞ ' 0:03ðsystÞ;
SCPðB0 ! !þ!"Þ ¼ "0:64 ' 0:08ðstatÞ ' 0:03ðsystÞ;

where ACP and SCP represent the direct and mixing-induced CP asymmetries in B0 ! !þ!" decays,

respectively. Using an isospin analysis including results from other Belle measurements, we find

23:8( <"2 < 66:8( is disfavored at the 1# level, where "2 is one of the three interior angles of the

Cabibbo-Kobayashi-Maskawa unitarity triangle related to Bu;d decays.
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ACP (B+ ! ⇡+⇡0) = 0.025± 0.043± 0.007

B(B+ ! ⇡+⇡0) = (5.86± 0.26± 0.38)⇥ 10�6

B(B0 ! ⇡+⇡�) = (5.04± 0.21± 0.18)⇥ 10�6

Large uncertainty of φ2 is due to  
measurements in B0→π0π0 decay 
・Low branching fraction 
・Photon detection efficiency 

_

_ _
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B0→π0π0 measurement
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Many photons are lost by conversion 
with material just in front of calorimeter.  
→ If product of the photon conversion 
is detected, they are also used as 
photon candidate. 
Signal yield = 217±32 events

for eþe− → qq̄ are generated from the continuum PDF
shapes. We observe a 1% (2%) bias for the yield (ACP) due
to limitations of the PDF ansatzes used to model the data.
This bias is included as a systematic error in the final B and
ACP calculation. A high-statistics sample of τþ → πþπ 0ντ
decays [24] is used to correct the prediction for the
efficiency of π 0 detection.
Figure 1 shows the signal-enhanced projections of the

fits to data in Mbc, ΔE and Tc. We obtain a signal yield of
217" 32 events. Assuming the ϒð4SÞ decays to charged
and neutral B modes equally, and a final detection effi-
ciency after all selections and corrections of 22%, we
determine the branching fraction to be

BðB0 → π 0π 0Þ ¼ ð1.31" 0.19" 0.19Þ × 10−6; ð8Þ

where the quoted uncertainties are statistical and system-
atic, respectively. The systematic uncertainties include
contributions due to the continuum background parameter-
ization in Tc (11.0%), π 0 detection efficiency (4.4%), single
continuum parametrization for Mbc and ΔE (4.0%),
assumed B for Bþ → ρþπ 0 (4.0%), off-resonance con-
tinuum background (3.0%), assumed B for other rare
decays (3.0%), determination of fci;d fraction(1.8%), the
choice of fitted region (1.5%), fρπi;d and fri;d fractions equal
to fsi;d (1.5%), luminosity (including assumption of equal
branching fraction for charged and neutral modes) (1.4%),
fit bias (1.0%), recovery of converted photons (1.0%), and
timing cut (0.5%). Adding these in quadrature gives a total
systematic uncertainty of 14.2%.

The significance of the result is determined by convolv-
ing the statistical and additive systematic uncertainties and
calculating

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðLm − L0Þ

p
, where Lm is the log-likelihood

for the measured yield and L0 is that for a null yield. This
gives a total significance of 6.4 standard deviations. The
direct CP violation parameter is measured to be

ACP ¼ þ0.14" 0.36" 0.10: ð9Þ

The second uncertainty is systematic, which is the quad-
ratic sum of possible effects on ACP of uncertainties in the
continuum background parameterization of Tc (0.08), ρπ
and other rare backgrounds (0.06), and fit bias (0.02).
As a cross-check, a separate flavor-independent analysis

is performed employing an artificial neural network in lieu
of Tc for continuum suppression. Though this analysis has
1% less signal efficiency, the measured branching fraction
agrees with the flavor-dependent measurement within
uncertainties.
Combining our results for the B and ACP for B0 → π 0π 0

with Belle’s previous measurements of B and time-depen-
dent CP violation for B0 → πþπ− [7] and B and ACP for
Bþ → πþπ 0 [25] allows us to employ the isopsin analysis
of Ref. [6] to constrain ϕ2. The result of the fit is shown in
Fig. 2. Our results exclude 15.5° < ϕ2 < 75.0° at 95% con-
fidence level.
The measured branching fraction is smaller than our

previously published result [11] though consistent within
uncertainties. The difference could be due to a substantially
smaller fraction of data for which ECL timing information

FIG. 1. Projections of the fit results onto (left) ΔE, (middle) Mbc, and (right) Tc are shown in the signal enhanced region:
5.275 GeV=c2 < Mbc < 5.285 GeV=c2, −0.15 GeV < ΔE < 0.05 GeV, and Tc > 0.7. Each panel shows the distribution enhanced in
the other two variables. Data are points with error bars, and fit results are shown by the solid black curves. Contributions from signal,
continuum qq̄, combined ρπ and other rare B decays are shown by the dashed blue, dotted green, and dash-dotted red curves,
respectively. The top (bottom) row panels are for events with positive (negative) q tags.
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for eþe− → qq̄ are generated from the continuum PDF
shapes. We observe a 1% (2%) bias for the yield (ACP) due
to limitations of the PDF ansatzes used to model the data.
This bias is included as a systematic error in the final B and
ACP calculation. A high-statistics sample of τþ → πþπ 0ντ
decays [24] is used to correct the prediction for the
efficiency of π 0 detection.
Figure 1 shows the signal-enhanced projections of the

fits to data in Mbc, ΔE and Tc. We obtain a signal yield of
217" 32 events. Assuming the ϒð4SÞ decays to charged
and neutral B modes equally, and a final detection effi-
ciency after all selections and corrections of 22%, we
determine the branching fraction to be

BðB0 → π 0π 0Þ ¼ ð1.31" 0.19" 0.19Þ × 10−6; ð8Þ

where the quoted uncertainties are statistical and system-
atic, respectively. The systematic uncertainties include
contributions due to the continuum background parameter-
ization in Tc (11.0%), π 0 detection efficiency (4.4%), single
continuum parametrization for Mbc and ΔE (4.0%),
assumed B for Bþ → ρþπ 0 (4.0%), off-resonance con-
tinuum background (3.0%), assumed B for other rare
decays (3.0%), determination of fci;d fraction(1.8%), the
choice of fitted region (1.5%), fρπi;d and fri;d fractions equal
to fsi;d (1.5%), luminosity (including assumption of equal
branching fraction for charged and neutral modes) (1.4%),
fit bias (1.0%), recovery of converted photons (1.0%), and
timing cut (0.5%). Adding these in quadrature gives a total
systematic uncertainty of 14.2%.

The significance of the result is determined by convolv-
ing the statistical and additive systematic uncertainties and
calculating

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðLm − L0Þ

p
, where Lm is the log-likelihood

for the measured yield and L0 is that for a null yield. This
gives a total significance of 6.4 standard deviations. The
direct CP violation parameter is measured to be

ACP ¼ þ0.14" 0.36" 0.10: ð9Þ

The second uncertainty is systematic, which is the quad-
ratic sum of possible effects on ACP of uncertainties in the
continuum background parameterization of Tc (0.08), ρπ
and other rare backgrounds (0.06), and fit bias (0.02).
As a cross-check, a separate flavor-independent analysis

is performed employing an artificial neural network in lieu
of Tc for continuum suppression. Though this analysis has
1% less signal efficiency, the measured branching fraction
agrees with the flavor-dependent measurement within
uncertainties.
Combining our results for the B and ACP for B0 → π 0π 0

with Belle’s previous measurements of B and time-depen-
dent CP violation for B0 → πþπ− [7] and B and ACP for
Bþ → πþπ 0 [25] allows us to employ the isopsin analysis
of Ref. [6] to constrain ϕ2. The result of the fit is shown in
Fig. 2. Our results exclude 15.5° < ϕ2 < 75.0° at 95% con-
fidence level.
The measured branching fraction is smaller than our

previously published result [11] though consistent within
uncertainties. The difference could be due to a substantially
smaller fraction of data for which ECL timing information

FIG. 1. Projections of the fit results onto (left) ΔE, (middle) Mbc, and (right) Tc are shown in the signal enhanced region:
5.275 GeV=c2 < Mbc < 5.285 GeV=c2, −0.15 GeV < ΔE < 0.05 GeV, and Tc > 0.7. Each panel shows the distribution enhanced in
the other two variables. Data are points with error bars, and fit results are shown by the solid black curves. Contributions from signal,
continuum qq̄, combined ρπ and other rare B decays are shown by the dashed blue, dotted green, and dash-dotted red curves,
respectively. The top (bottom) row panels are for events with positive (negative) q tags.
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for eþe− → qq̄ are generated from the continuum PDF
shapes. We observe a 1% (2%) bias for the yield (ACP) due
to limitations of the PDF ansatzes used to model the data.
This bias is included as a systematic error in the final B and
ACP calculation. A high-statistics sample of τþ → πþπ 0ντ
decays [24] is used to correct the prediction for the
efficiency of π 0 detection.
Figure 1 shows the signal-enhanced projections of the

fits to data in Mbc, ΔE and Tc. We obtain a signal yield of
217" 32 events. Assuming the ϒð4SÞ decays to charged
and neutral B modes equally, and a final detection effi-
ciency after all selections and corrections of 22%, we
determine the branching fraction to be

BðB0 → π 0π 0Þ ¼ ð1.31" 0.19" 0.19Þ × 10−6; ð8Þ

where the quoted uncertainties are statistical and system-
atic, respectively. The systematic uncertainties include
contributions due to the continuum background parameter-
ization in Tc (11.0%), π 0 detection efficiency (4.4%), single
continuum parametrization for Mbc and ΔE (4.0%),
assumed B for Bþ → ρþπ 0 (4.0%), off-resonance con-
tinuum background (3.0%), assumed B for other rare
decays (3.0%), determination of fci;d fraction(1.8%), the
choice of fitted region (1.5%), fρπi;d and fri;d fractions equal
to fsi;d (1.5%), luminosity (including assumption of equal
branching fraction for charged and neutral modes) (1.4%),
fit bias (1.0%), recovery of converted photons (1.0%), and
timing cut (0.5%). Adding these in quadrature gives a total
systematic uncertainty of 14.2%.

The significance of the result is determined by convolv-
ing the statistical and additive systematic uncertainties and
calculating

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðLm − L0Þ

p
, where Lm is the log-likelihood

for the measured yield and L0 is that for a null yield. This
gives a total significance of 6.4 standard deviations. The
direct CP violation parameter is measured to be

ACP ¼ þ0.14" 0.36" 0.10: ð9Þ

The second uncertainty is systematic, which is the quad-
ratic sum of possible effects on ACP of uncertainties in the
continuum background parameterization of Tc (0.08), ρπ
and other rare backgrounds (0.06), and fit bias (0.02).
As a cross-check, a separate flavor-independent analysis

is performed employing an artificial neural network in lieu
of Tc for continuum suppression. Though this analysis has
1% less signal efficiency, the measured branching fraction
agrees with the flavor-dependent measurement within
uncertainties.
Combining our results for the B and ACP for B0 → π 0π 0

with Belle’s previous measurements of B and time-depen-
dent CP violation for B0 → πþπ− [7] and B and ACP for
Bþ → πþπ 0 [25] allows us to employ the isopsin analysis
of Ref. [6] to constrain ϕ2. The result of the fit is shown in
Fig. 2. Our results exclude 15.5° < ϕ2 < 75.0° at 95% con-
fidence level.
The measured branching fraction is smaller than our

previously published result [11] though consistent within
uncertainties. The difference could be due to a substantially
smaller fraction of data for which ECL timing information

FIG. 1. Projections of the fit results onto (left) ΔE, (middle) Mbc, and (right) Tc are shown in the signal enhanced region:
5.275 GeV=c2 < Mbc < 5.285 GeV=c2, −0.15 GeV < ΔE < 0.05 GeV, and Tc > 0.7. Each panel shows the distribution enhanced in
the other two variables. Data are points with error bars, and fit results are shown by the solid black curves. Contributions from signal,
continuum qq̄, combined ρπ and other rare B decays are shown by the dashed blue, dotted green, and dash-dotted red curves,
respectively. The top (bottom) row panels are for events with positive (negative) q tags.
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(6.4σ significance)

was available (113 of 253 fb−1) in the earlier measurement
and the subsequent extrapolation to the full data set. The
result reported here supersedes our earlier published values
and agrees with BABAR measurement [12] within com-
bined uncertainties. While this result is closer to theory
predictions than the earlier Belle [11] and BABAR [12]
measurements, it is still larger than expectations based on
the factorization model [26]. It is in agreement with the
recent works of Qiao et al. [27] as well as Li and Yu [28]
which employ different theoretical approaches. The
upcoming Belle II experiment [29], with its projected
factor of 50 increase in luminosity, will enable precision
measurements of B and CP asymmetry of B0 → π0π0 and
other B → ππ decays to strongly constrain ϕ2.
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FIG. 2. Scan of the confidence level (CL) for ϕ2 using only data
from B → ππ measurements of the Belle experiment. The dashed
red curve shows the previous constraint from Belle data [7], the
solid blue curve includes our new results. The updated results for
B0 → π0π0 exclude 9.5° < ϕ2 < 81.6° at the 68% confidence
level (green dot-dashed line) and 15.5° < ϕ2 < 75.0° at 95% con-
fidence level (black dashed line).
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Summary

�14

Using full-data of Belle CP violation measurement is still ongoing. 
Recent hot topics: 
・cosφ1 measurement in B0→D(*) h0, D0→K0Sπ+π– 
　φ1= ( 22.5 ±4.4 (stat) ±1.2 (syst) ±0.6(model) )° 
　3σ evidence of cosφ1 > 0, first observation of CP violation. 

・sin2φ1eff from CP-even eigenstate B0→π0π0 K0S 

　First result from Belle： sin2φ1 = 0.92           (stat)       (syst) 

・New constraint for isospin relation analysis of φ2： 
　15.5° < φ2 < 75.0° (95% C.L.) 
　Direct CP violation and branching fraction of B0→π0π0 are  
　measured, now full data is used for all items of isospin study.
We have not achieved the observation in most of these topics. 
→ Looking forward Belle II data!

‒0.31 ‒0.11
+0.27 +0.10


