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Introduction
Time-dependent CP violation is induced by quantum interference between 
B0-B0 mixing and B0 decay to CP eigenstate (fCP).

Introduction

Phenomenology of  mixing-induced CP-violation:

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

where:
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S =             : Time-dependent CPV parameter,  A(=-C)=             : Direct CPV parameter 

Δm: B-B mass difference, Δt: B-B decay time difference
|λ|2+1
-2Imλ

1+|λ|2
1-|λ|2

__

d

b
_

d
_

b t

t
_

ww

_

d

b
c

c

s
d

w

_

_

b→ccs tree diagram

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

b
_

s
_

s

s
_

W

g
t―

bR
~

_ _
b s

s

s
_

g
sR
~

g~

sR
~×

b→sqq penguin diagram

B0→η’ K0 “Probe for new physics”
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S = ‒ξf sin2φ1 
    = 0.699±0.017 (WA) 
A ~0                  ξf : CP eigenvalue  

   = −1 for J/ψ(η’) K0S 

          +1 for J/ψ(η’) K0L
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KEKB accelerator and Belle detector
e-(8.0 GeV) × e+(3.5 GeV) 
asymmetric energy  collision

Central Drift Chamber: small cell +He/C2H6

Silicon vertex detector: 3/4 layers double-sided 
sillicon strips

Superconducting  solenoid: 1.5T magnetic field

Charged particle tracking

Vertex reconstruction

 Aerogel Cherenkov counter: Aerogel radiator + PMT
Time-of-Flight counter 

Particle identification

CsI(Tl) Electromagnetic calorimeter
γ/electron detection

14/15 layers Resistive Plate Counter+Iron yoke
μ ID /KL detection
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21.1×1033 cm-2s-1 

Integrated luminosity 
at Υ(4S) respnance 
711 fb-1(~June 2010) 
→772 million BB data
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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(                                  )
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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
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                    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, Neural-net)

Eenergy difference:  
ΔE = ErecCM -Ebeam/2 

Overview of time-dependent CP violation analysis

B0 tag

B0 tag
_
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φ1 measurement in B0 → J/ψπ0

If new physics contributes to the 
penguin loop, S and A shift due to 
different weak phase. 

Constrain penguin contribution in B 
decays induced by  b→ccs diagram 
without model dependence.
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S = -sin2φ1, A = 0                   S ≠ -sin2φ1, A ≠ 0

( )
(Z. Z Xing, PRD 61 014010 (1999))
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FIG. 2: The ∆t distribution for a sample of signal enhanced
events tagged as B0 (top) and B0 (middle), where dotted lines
are the sum of backgrounds and solid lines are the sum of
signal and backgrounds. The time-dependent CP asymmetry
(see text) is also shown (bottom), where the curve represents
the measured asymmetry.

TABLE I: Contributions to the systematic errors on the sig-
nal yield, S, and C, where the signal yield errors are given
as number of events. The total systematic uncertainty is the
quadratic sum of the individual contributions listed. Addi-
tional systematic uncertainties that are applied only to the
branching fraction are discussed in the text.

Contribution Yield S C

PDF parameterization +0.5
−1.6

+0.010
−0.012

+0.002
−0.011

Boost and z-scale ±1.1 ±0.001 ±0.002
Beam spot position — ±0.004 ±0.002
Fit bias ± 1.5 ±0.021 ±0.014
B background yields ±1.2 ±0.029 ±0.013
CP content of B background ±0.4 ±0.002 ±0.002
Tag side interference — ±0.004 ±0.014
Total +2.3

−2.7 ±0.04 ±0.03

tion function), evaluated by varying the signal and back-
ground PDF parameters within the uncertainties of their
nominal values. The PDF parameter uncertainties are
determined from MC samples of signal and background
events. The uncertainties associated with the Lorentz
boost, the z-scale of the tracking system, and the event-
by-event beam spot position are found to be small. We
determine the fit bias on signal parameters from ensem-
bles of generated experiments using signal MC simulated
data, which is generated using the GEANT4-based [18]
BABAR MC simulation, embedded into MC samples of
background generated from the likelihood. We apply cor-
rections to account for the observed fit bias on the signal
yield, S, and C of −2.7 events, −0.034, and −0.022, re-
spectively. The uncertainty coming from this correction

is taken as half of the correction added in quadrature
with the error on the correction. Most, but not all, of
the inclusive charmonium final states that dominate the
inclusive B background are precisely known from previ-
ous measurements. Their yields are fixed in the fit. As
a cross check, yields for the B backgrounds are allowed
to vary one at a time. The sum in quadrature of devi-
ations from the nominal result is taken as a systematic
uncertainty. In order to evaluate the uncertainty coming
from CP violation in the B background, where appro-
priate, we introduce non-zero S and C for each back-
ground in turn. The uncertainty due to CP violation in
B0 → J/ψK0

S
is determined by varying S and C within

current experimental limits [14, 19]. For B background
events decaying into final states with charm, we allow
for a 20% asymmetry, and we allow for 100% asymme-
tries in all other B backgrounds. We study the possible
interference between the suppressed b̄ → ūcd̄ amplitude
with the favored b → cūd amplitude for some tag-side B
decays [20]. Systematic uncertainties from the effect of
mis-alignment of the vertex detector and the use of an ef-
fective lifetime for inclusive B and J/ψK∗0 backgrounds
are found to be negligible. There are additional system-
atic uncertainties that contribute only to the branching
fraction. These come from uncertainties for π0 meson re-
construction efficiency (3%), the J/ψ → ℓ+ℓ− branching
fractions (1.4%), the number of B meson pairs (1.1%),
and tracking efficiency (1.0%). We apply a correction for
charged particle identification efficiency (−1.3± 0.7% for
J/ψ → e+e−, and −3.3± 1.0% for J/ψ → µ+µ− decays)
based on the results of control sample studies using B de-
cays with J/ψ mesons in the final state. The systematic
error contribution from MC statistics is negligible.
We measure

B = (1.69± 0.14(stat)± 0.07(syst))× 10−5,

S = −1.23± 0.21(stat)± 0.04(syst),

C = −0.20± 0.19(stat)± 0.03(syst),

where the correlation between S and C is 19.7%. We de-
termine the significance, including systematic uncertain-
ties, of non-zero values of S and C using ensembles of
MC simulated experiments as outlined in Ref. [21]. The
significance of S and C being non-zero is 4.0σ, which
constitutes evidence for CP violation in B0 → J/ψπ0 de-
cays. The numerical values of S and C are consistent
with the SM expectations for a tree-dominated b → ccd
transition. All results presented here are consistent with
previous measurements [9–11].
We are grateful for the excellent luminosity and ma-

chine conditions provided by our PEP-II colleagues, and
for the substantial dedicated effort from the comput-
ing organizations that support BABAR. The collaborat-
ing institutions wish to thank SLAC for its support and
kind hospitality. This work is supported by DOE and
NSF (USA), NSERC (Canada), CEA and CNRS-IN2P3
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FIG. 2: The ∆t distribution for a sample of signal enhanced
events tagged as B0 (top) and B0 (middle), where dotted lines
are the sum of backgrounds and solid lines are the sum of
signal and backgrounds. The time-dependent CP asymmetry
(see text) is also shown (bottom), where the curve represents
the measured asymmetry.

TABLE I: Contributions to the systematic errors on the sig-
nal yield, S, and C, where the signal yield errors are given
as number of events. The total systematic uncertainty is the
quadratic sum of the individual contributions listed. Addi-
tional systematic uncertainties that are applied only to the
branching fraction are discussed in the text.

Contribution Yield S C

PDF parameterization +0.5
−1.6

+0.010
−0.012

+0.002
−0.011

Boost and z-scale ±1.1 ±0.001 ±0.002
Beam spot position — ±0.004 ±0.002
Fit bias ± 1.5 ±0.021 ±0.014
B background yields ±1.2 ±0.029 ±0.013
CP content of B background ±0.4 ±0.002 ±0.002
Tag side interference — ±0.004 ±0.014
Total +2.3

−2.7 ±0.04 ±0.03

tion function), evaluated by varying the signal and back-
ground PDF parameters within the uncertainties of their
nominal values. The PDF parameter uncertainties are
determined from MC samples of signal and background
events. The uncertainties associated with the Lorentz
boost, the z-scale of the tracking system, and the event-
by-event beam spot position are found to be small. We
determine the fit bias on signal parameters from ensem-
bles of generated experiments using signal MC simulated
data, which is generated using the GEANT4-based [18]
BABAR MC simulation, embedded into MC samples of
background generated from the likelihood. We apply cor-
rections to account for the observed fit bias on the signal
yield, S, and C of −2.7 events, −0.034, and −0.022, re-
spectively. The uncertainty coming from this correction

is taken as half of the correction added in quadrature
with the error on the correction. Most, but not all, of
the inclusive charmonium final states that dominate the
inclusive B background are precisely known from previ-
ous measurements. Their yields are fixed in the fit. As
a cross check, yields for the B backgrounds are allowed
to vary one at a time. The sum in quadrature of devi-
ations from the nominal result is taken as a systematic
uncertainty. In order to evaluate the uncertainty coming
from CP violation in the B background, where appro-
priate, we introduce non-zero S and C for each back-
ground in turn. The uncertainty due to CP violation in
B0 → J/ψK0

S
is determined by varying S and C within

current experimental limits [14, 19]. For B background
events decaying into final states with charm, we allow
for a 20% asymmetry, and we allow for 100% asymme-
tries in all other B backgrounds. We study the possible
interference between the suppressed b̄ → ūcd̄ amplitude
with the favored b → cūd amplitude for some tag-side B
decays [20]. Systematic uncertainties from the effect of
mis-alignment of the vertex detector and the use of an ef-
fective lifetime for inclusive B and J/ψK∗0 backgrounds
are found to be negligible. There are additional system-
atic uncertainties that contribute only to the branching
fraction. These come from uncertainties for π0 meson re-
construction efficiency (3%), the J/ψ → ℓ+ℓ− branching
fractions (1.4%), the number of B meson pairs (1.1%),
and tracking efficiency (1.0%). We apply a correction for
charged particle identification efficiency (−1.3± 0.7% for
J/ψ → e+e−, and −3.3± 1.0% for J/ψ → µ+µ− decays)
based on the results of control sample studies using B de-
cays with J/ψ mesons in the final state. The systematic
error contribution from MC statistics is negligible.
We measure

B = (1.69± 0.14(stat)± 0.07(syst))× 10−5,

S = −1.23± 0.21(stat)± 0.04(syst),

C = −0.20± 0.19(stat)± 0.03(syst),

where the correlation between S and C is 19.7%. We de-
termine the significance, including systematic uncertain-
ties, of non-zero values of S and C using ensembles of
MC simulated experiments as outlined in Ref. [21]. The
significance of S and C being non-zero is 4.0σ, which
constitutes evidence for CP violation in B0 → J/ψπ0 de-
cays. The numerical values of S and C are consistent
with the SM expectations for a tree-dominated b → ccd
transition. All results presented here are consistent with
previous measurements [9–11].
We are grateful for the excellent luminosity and ma-

chine conditions provided by our PEP-II colleagues, and
for the substantial dedicated effort from the comput-
ing organizations that support BABAR. The collaborat-
ing institutions wish to thank SLAC for its support and
kind hospitality. This work is supported by DOE and
NSF (USA), NSERC (Canada), CEA and CNRS-IN2P3

Large asymmetry was seen in BABAR 
(non-zero with 4.0σ significance) 
PRL 101 021801 (2008)

_
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φ1 measurement in B0 → J/ψπ0
originates from the other (tag-side) B. For the former
case, both the Mbc and ΔE distributions are modeled
with Crystal Ball (CB) functions [20]. For the latter case,
the correlated two-dimensional Mbc − ΔE distribution is
modeled with a nonparametric PDF [21]. The fraction of
incorrectly reconstructed decays (∼10% in the signal
region) is taken from MC simulation. The CB parameters
that describe the lower tail of the Mbc and ΔEdistributions
are also fixed to MC values.
The remaining background is small and dominated

by BB̄ events in which one of the B mesons decays into
a final state containing a J=ψ . We divide this background
into three categories: (a) B0 → J=ψK0

S, (b) B
0 → J=ψK0

L,
and (c) B → J=ψX other than B0 → J=ψK0. We use
two-dimensional nonparametric PDFs [21] to model the
Mbc − ΔE distributions for all three categories. We fix the
background yields to those expected based on MC simu-
lation: 10.8 J=ψK0

S events, 10.0 J=ψK0
L events, and 17.5

other J=ψX events in the Mbc − ΔE signal region. The
remaining background comes from continuum qq̄ events.
We model the Mbc and ΔE distributions of continuum
background with an ARGUS [22] function having its end
point fixed to 5.29GeV=c2, and a first-order polynomial,
respectively. Background coming from BB̄ not containing a
real J=ψ is negligible. From the fit we obtain 330.2! 22.1
signal events and 16.3! 3.5continuum events. The purity
of the signal is 86% in the signal region. Projections of the
fit are shown in Fig. 2.
The branching fraction is calculated from the formula

BðB0 → J=ψπ0Þ ¼
Ysig

ε × NBB̄ × BJ=ψ × Bπ0
; ð2Þ

where Ysig is the fitted signal yield; NBB̄ ¼ ð772! 11Þ ×
106 is the number of BB̄ events; ε ¼ ð22.3! 0.1Þ% is the
signal efficiency for eþ e− and μþ μ− combined as obtained
from MC simulation; BJ=ψ is the sum of BðJ=ψ → μþ μ−Þ
and BðJ=ψ → eþ e−Þ [15]; and Bπ0 is the branching fraction
of π0 → γγ [15]. In Eq. (2) we assume equal production of
B0B̄0 and Bþ B− pairs at the ϒð4SÞ resonance. The result is

BðB0 → J=ψπ0Þ ¼ ð1.62! 0.11! 0.06Þ × 10−5;

where the first uncertainty is statistical and the second is
systematic.
The systematic uncertainty on BðB0 → J=ψπ0Þ arises

from several sources, as listed in Table I. The uncertainty
due to the fixed parameters in the PDF is estimated by
varying each parameter individually according to its
statistical uncertainty. The resulting changes in the branch-
ing fraction are added in quadrature and the result is taken
as the systematic uncertainty. The nonparametric shapes are
also varied by changing their smoothing, and the associated
systematic uncertainty is found to be negligible. We assign
a 1.5% systematic uncertainty due to π0 reconstruction, as

determined from a study of τ− → π−π0ντ decays [23]. The
uncertainty due to charged track reconstruction is 0.35%
per track, as determined from a study of partially recon-
structedD&þ → D0πþ ,D0 → K0

Sπ
þ π− decays. We assign a

2.1% uncertainty due to lepton identification, as obtained
from a study of two-photon γγ → lþ l− production events.
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FIG. 2. Projections of the two-dimensional fit: (a) Mbc in the
ΔEsignal region, and (b) ΔE in theMbc signal region. The points
are data, the (green) dashed curves show the signal, the (red)
dotted-dashed curves show the qq̄ background, the (magenta)
dotted curves show the BB̄ background, and the (blue) solid
curves show the total PDF.

TABLE I. Fractional systematic uncertainties for
BðB0 → J=ψπ0Þ.

Source Uncertainty (%)

PDF parametrization 0.1
π0 reconstruction 1.5
Tracking 0.7
Lepton identification selection 2.1
Incorrectly reconstructed signal events 0.8
B → J=ψðK0

S; K
0
L; X Þ background þ 1.8

−2.0
MC statistics 0.4
Secondary branching fractions 0.8
Number of BB̄ pairs 1.4

Total þ 3.7
−3.9
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originates from the other (tag-side) B. For the former
case, both the Mbc and ΔE distributions are modeled
with Crystal Ball (CB) functions [20]. For the latter case,
the correlated two-dimensional Mbc − ΔE distribution is
modeled with a nonparametric PDF [21]. The fraction of
incorrectly reconstructed decays (∼10% in the signal
region) is taken from MC simulation. The CB parameters
that describe the lower tail of the Mbc and ΔEdistributions
are also fixed to MC values.
The remaining background is small and dominated

by BB̄ events in which one of the B mesons decays into
a final state containing a J=ψ . We divide this background
into three categories: (a) B0 → J=ψK0

S, (b) B
0 → J=ψK0

L,
and (c) B → J=ψX other than B0 → J=ψK0. We use
two-dimensional nonparametric PDFs [21] to model the
Mbc − ΔE distributions for all three categories. We fix the
background yields to those expected based on MC simu-
lation: 10.8 J=ψK0

S events, 10.0 J=ψK0
L events, and 17.5

other J=ψX events in the Mbc − ΔE signal region. The
remaining background comes from continuum qq̄ events.
We model the Mbc and ΔE distributions of continuum
background with an ARGUS [22] function having its end
point fixed to 5.29GeV=c2, and a first-order polynomial,
respectively. Background coming from BB̄ not containing a
real J=ψ is negligible. From the fit we obtain 330.2! 22.1
signal events and 16.3! 3.5continuum events. The purity
of the signal is 86% in the signal region. Projections of the
fit are shown in Fig. 2.
The branching fraction is calculated from the formula

BðB0 → J=ψπ0Þ ¼
Ysig

ε × NBB̄ × BJ=ψ × Bπ0
; ð2Þ

where Ysig is the fitted signal yield; NBB̄ ¼ ð772! 11Þ ×
106 is the number of BB̄ events; ε ¼ ð22.3! 0.1Þ% is the
signal efficiency for eþ e− and μþ μ− combined as obtained
from MC simulation; BJ=ψ is the sum of BðJ=ψ → μþ μ−Þ
and BðJ=ψ → eþ e−Þ [15]; and Bπ0 is the branching fraction
of π0 → γγ [15]. In Eq. (2) we assume equal production of
B0B̄0 and Bþ B− pairs at the ϒð4SÞ resonance. The result is

BðB0 → J=ψπ0Þ ¼ ð1.62! 0.11! 0.06Þ × 10−5;

where the first uncertainty is statistical and the second is
systematic.
The systematic uncertainty on BðB0 → J=ψπ0Þ arises

from several sources, as listed in Table I. The uncertainty
due to the fixed parameters in the PDF is estimated by
varying each parameter individually according to its
statistical uncertainty. The resulting changes in the branch-
ing fraction are added in quadrature and the result is taken
as the systematic uncertainty. The nonparametric shapes are
also varied by changing their smoothing, and the associated
systematic uncertainty is found to be negligible. We assign
a 1.5% systematic uncertainty due to π0 reconstruction, as

determined from a study of τ− → π−π0ντ decays [23]. The
uncertainty due to charged track reconstruction is 0.35%
per track, as determined from a study of partially recon-
structedD&þ → D0πþ ,D0 → K0

Sπ
þ π− decays. We assign a

2.1% uncertainty due to lepton identification, as obtained
from a study of two-photon γγ → lþ l− production events.
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FIG. 2. Projections of the two-dimensional fit: (a) Mbc in the
ΔEsignal region, and (b) ΔE in theMbc signal region. The points
are data, the (green) dashed curves show the signal, the (red)
dotted-dashed curves show the qq̄ background, the (magenta)
dotted curves show the BB̄ background, and the (blue) solid
curves show the total PDF.

TABLE I. Fractional systematic uncertainties for
BðB0 → J=ψπ0Þ.

Source Uncertainty (%)

PDF parametrization 0.1
π0 reconstruction 1.5
Tracking 0.7
Lepton identification selection 2.1
Incorrectly reconstructed signal events 0.8
B → J=ψðK0

S; K
0
L; X Þ background þ 1.8

−2.0
MC statistics 0.4
Secondary branching fractions 0.8
Number of BB̄ pairs 1.4

Total þ 3.7
−3.9

MEASUREMENT OF THE BRANCHING FRACTION AND … PHYS. REV. D 98, 112008 (2018)

112008-5

The uncertainty due to the estimated fraction of incorrectly
reconstructed signal events is obtained by varying this
fraction by !100%. As B → J=ψðK0

S; K
0
L; X Þ decays are

well measured, we evaluate the uncertainty due to their
estimated amounts by varying them by !20%. The uncer-
tainty due to the number of BB̄ pairs is 1.4%, and the
uncertainty on the reconstruction efficiency ε due to the
MC sample size is 0.4%. The total systematic uncertainty
is obtained by summing all individual contributions in
quadrature.
We determine S and A by performing an unbinned

maximum likelihood fit to the Δt distribution of candidate
events in the signal region. The PDF for the signal com-
ponent, PsigðΔt;S;A; q;ωl;ΔωlÞ, is given by Eq. (1) with
the parameters τB0 and Δmd fixed to the world-average
values [24]. We modify this expression to take into account
the effect of incorrect flavor assignment, which is para-
metrized by ωl and Δωl. This PDF is then convolved with
the decay-time resolution functionRsigðΔtÞ. The resolution
function is itself a convolution of four components: the
detector resolutions for zJ=ψπ0 and ztag; the shift of the ztag
vertex position due to secondary tracks from charmed
particle decays; and the kinematic approximation that the B
mesons are at rest in the CM frame [19]. The PDFs for the
B0 → J=ψK0

S and B0 → J=ψK0
L backgrounds are the same

as Psig but with CPparameters A and S fixed to the recent
Belle results [19]. The PDF for the B → J=ψX background
is taken to have the same form as Psig but with A and S set
to zero, and with an effective lifetime τeff determined from
MC simulation. The PDF for continuum background is
taken to be the sum of two Gaussian functions whose
parameters are obtained by fitting events in the sideband
region 5.20GeV=c2<Mbc<5.26GeV=c2 and 0.10 GeV <
ΔE < 0.50 GeV.
We assign the following likelihood to the ith event:

PiðΔtÞ ¼ ð1 − folÞ
Z

dðΔt0Þ½RsigðΔti − Δt0Þ

× ðfsigPsigðΔt0Þ þ fJ=ψK0
S
PJ=ψK0

S
ðΔt0Þ

þ fJ=ψK0
L
PJ=ψK0

L
ðΔt0Þ þ fJ=ψXPJ=ψX ðΔt0ÞÞ

þ fqq̄Pqq̄ðΔtiÞ' þ folPolðΔtiÞ; ð3Þ

where fsig, fJ=ψK0
S
, fJ=ψK0

L
, fJ=ψX , and fqq̄ are the fractions

of the signal, B0 → J=ψK0
S, B0 → J=ψK0

L, B → J=ψX ,
and qq̄ continuum background, respectively. All fractions
depend on the flavor tagging quality r and are functions of
ΔE and Mbc. The term PolðΔtÞ is a broad Gaussian
function that represents an outlier component with a small
fraction fol ≈ 0.5%. The only free parameters in the fit
are S and A; these are determined by maximizing the
likelihood LðS;AÞ ¼

Q
iPiðΔti;S;AÞ. Figure 3 shows

the fitted Δt distribution and the time-dependent decay

rate asymmetry ACP, where ACP¼ ðYðq¼þ 1Þ
sig − Yðq¼−1Þ

sig Þ=
ðYðq¼þ 1Þ

sig þ Yðq¼−1Þ
sig Þ, and Yðq¼!1Þ

sig is the signal yield with
q ¼ !1. The results of the fit are

S ¼ −0.59! 0.19! 0.03

A ¼ −0.15! 0.14þ 0.04
−0.03;

where the first uncertainty is statistical and the second is
systematic. The correlation between A and S is −0.005.
The systematic uncertainties for S and A are listed in

Table II. They are small compared to the corresponding
statistical uncertainties. The largest contributions to S arise
from vertex reconstruction and the resolution function. The
uncertainty due to the former includes uncertainties in the
IP profile, charged track selection, vertex quality selection,
and SVD misalignment. We vary each parameter of the
resolution function by one standard deviation (!1σ) and
compare the resulting fit result with that of the nominal fit;
the difference between the two is taken as the systematic
uncertainty. Each physics parameter that is fixed to its
world average value [24], e.g., τB0 and Δmd, is varied by
the corresponding error; the uncertainty is taken to be the
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FIG. 3. (a) Distributions of Δt. The (blue) solid and (red) open
points represent the q ¼ þ 1 and q ¼ −1 events, respectively, and
the solid curves show the corresponding fit projections. The gray
shaded region represents the sum of all backgrounds. (b) Time-
dependent CP asymmetry ACP (see text).
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SM expectation

The uncertainty due to the estimated fraction of incorrectly
reconstructed signal events is obtained by varying this
fraction by !100%. As B → J=ψðK0

S; K
0
L; X Þ decays are

well measured, we evaluate the uncertainty due to their
estimated amounts by varying them by !20%. The uncer-
tainty due to the number of BB̄ pairs is 1.4%, and the
uncertainty on the reconstruction efficiency ε due to the
MC sample size is 0.4%. The total systematic uncertainty
is obtained by summing all individual contributions in
quadrature.
We determine S and A by performing an unbinned

maximum likelihood fit to the Δt distribution of candidate
events in the signal region. The PDF for the signal com-
ponent, PsigðΔt;S;A; q;ωl;ΔωlÞ, is given by Eq. (1) with
the parameters τB0 and Δmd fixed to the world-average
values [24]. We modify this expression to take into account
the effect of incorrect flavor assignment, which is para-
metrized by ωl and Δωl. This PDF is then convolved with
the decay-time resolution functionRsigðΔtÞ. The resolution
function is itself a convolution of four components: the
detector resolutions for zJ=ψπ0 and ztag; the shift of the ztag
vertex position due to secondary tracks from charmed
particle decays; and the kinematic approximation that the B
mesons are at rest in the CM frame [19]. The PDFs for the
B0 → J=ψK0

S and B0 → J=ψK0
L backgrounds are the same

as Psig but with CPparameters A and S fixed to the recent
Belle results [19]. The PDF for the B → J=ψX background
is taken to have the same form as Psig but with A and S set
to zero, and with an effective lifetime τeff determined from
MC simulation. The PDF for continuum background is
taken to be the sum of two Gaussian functions whose
parameters are obtained by fitting events in the sideband
region 5.20GeV=c2<Mbc<5.26GeV=c2 and 0.10 GeV <
ΔE < 0.50 GeV.
We assign the following likelihood to the ith event:

PiðΔtÞ ¼ ð1 − folÞ
Z

dðΔt0Þ½RsigðΔti − Δt0Þ

× ðfsigPsigðΔt0Þ þ fJ=ψK0
S
PJ=ψK0

S
ðΔt0Þ

þ fJ=ψK0
L
PJ=ψK0

L
ðΔt0Þ þ fJ=ψXPJ=ψX ðΔt0ÞÞ

þ fqq̄Pqq̄ðΔtiÞ' þ folPolðΔtiÞ; ð3Þ

where fsig, fJ=ψK0
S
, fJ=ψK0

L
, fJ=ψX , and fqq̄ are the fractions

of the signal, B0 → J=ψK0
S, B0 → J=ψK0

L, B → J=ψX ,
and qq̄ continuum background, respectively. All fractions
depend on the flavor tagging quality r and are functions of
ΔE and Mbc. The term PolðΔtÞ is a broad Gaussian
function that represents an outlier component with a small
fraction fol ≈ 0.5%. The only free parameters in the fit
are S and A; these are determined by maximizing the
likelihood LðS;AÞ ¼

Q
iPiðΔti;S;AÞ. Figure 3 shows

the fitted Δt distribution and the time-dependent decay

rate asymmetry ACP, where ACP¼ ðYðq¼þ 1Þ
sig − Yðq¼−1Þ

sig Þ=
ðYðq¼þ 1Þ

sig þ Yðq¼−1Þ
sig Þ, and Yðq¼!1Þ

sig is the signal yield with
q ¼ !1. The results of the fit are

S ¼ −0.59! 0.19! 0.03

A ¼ −0.15! 0.14þ 0.04
−0.03;

where the first uncertainty is statistical and the second is
systematic. The correlation between A and S is −0.005.
The systematic uncertainties for S and A are listed in

Table II. They are small compared to the corresponding
statistical uncertainties. The largest contributions to S arise
from vertex reconstruction and the resolution function. The
uncertainty due to the former includes uncertainties in the
IP profile, charged track selection, vertex quality selection,
and SVD misalignment. We vary each parameter of the
resolution function by one standard deviation (!1σ) and
compare the resulting fit result with that of the nominal fit;
the difference between the two is taken as the systematic
uncertainty. Each physics parameter that is fixed to its
world average value [24], e.g., τB0 and Δmd, is varied by
the corresponding error; the uncertainty is taken to be the
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FIG. 3. (a) Distributions of Δt. The (blue) solid and (red) open
points represent the q ¼ þ 1 and q ¼ −1 events, respectively, and
the solid curves show the corresponding fit projections. The gray
shaded region represents the sum of all backgrounds. (b) Time-
dependent CP asymmetry ACP (see text).
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Nsignal = 332±22

originates from the other (tag-side) B. For the former
case, both the Mbc and ΔE distributions are modeled
with Crystal Ball (CB) functions [20]. For the latter case,
the correlated two-dimensional Mbc − ΔE distribution is
modeled with a nonparametric PDF [21]. The fraction of
incorrectly reconstructed decays (∼10% in the signal
region) is taken from MC simulation. The CB parameters
that describe the lower tail of the Mbc and ΔEdistributions
are also fixed to MC values.
The remaining background is small and dominated

by BB̄ events in which one of the B mesons decays into
a final state containing a J=ψ . We divide this background
into three categories: (a) B0 → J=ψK0

S, (b) B
0 → J=ψK0

L,
and (c) B → J=ψX other than B0 → J=ψK0. We use
two-dimensional nonparametric PDFs [21] to model the
Mbc − ΔE distributions for all three categories. We fix the
background yields to those expected based on MC simu-
lation: 10.8 J=ψK0

S events, 10.0 J=ψK0
L events, and 17.5

other J=ψX events in the Mbc − ΔE signal region. The
remaining background comes from continuum qq̄ events.
We model the Mbc and ΔE distributions of continuum
background with an ARGUS [22] function having its end
point fixed to 5.29GeV=c2, and a first-order polynomial,
respectively. Background coming from BB̄ not containing a
real J=ψ is negligible. From the fit we obtain 330.2! 22.1
signal events and 16.3! 3.5continuum events. The purity
of the signal is 86% in the signal region. Projections of the
fit are shown in Fig. 2.
The branching fraction is calculated from the formula

BðB0 → J=ψπ0Þ ¼
Ysig

ε × NBB̄ × BJ=ψ × Bπ0
; ð2Þ

where Ysig is the fitted signal yield; NBB̄ ¼ ð772! 11Þ ×
106 is the number of BB̄ events; ε ¼ ð22.3! 0.1Þ% is the
signal efficiency for eþ e− and μþ μ− combined as obtained
from MC simulation; BJ=ψ is the sum of BðJ=ψ → μþ μ−Þ
and BðJ=ψ → eþ e−Þ [15]; and Bπ0 is the branching fraction
of π0 → γγ [15]. In Eq. (2) we assume equal production of
B0B̄0 and Bþ B− pairs at the ϒð4SÞ resonance. The result is

BðB0 → J=ψπ0Þ ¼ ð1.62! 0.11! 0.06Þ × 10−5;

where the first uncertainty is statistical and the second is
systematic.
The systematic uncertainty on BðB0 → J=ψπ0Þ arises

from several sources, as listed in Table I. The uncertainty
due to the fixed parameters in the PDF is estimated by
varying each parameter individually according to its
statistical uncertainty. The resulting changes in the branch-
ing fraction are added in quadrature and the result is taken
as the systematic uncertainty. The nonparametric shapes are
also varied by changing their smoothing, and the associated
systematic uncertainty is found to be negligible. We assign
a 1.5% systematic uncertainty due to π0 reconstruction, as

determined from a study of τ− → π−π0ντ decays [23]. The
uncertainty due to charged track reconstruction is 0.35%
per track, as determined from a study of partially recon-
structedD&þ → D0πþ ,D0 → K0

Sπ
þ π− decays. We assign a

2.1% uncertainty due to lepton identification, as obtained
from a study of two-photon γγ → lþ l− production events.
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FIG. 2. Projections of the two-dimensional fit: (a) Mbc in the
ΔEsignal region, and (b) ΔE in theMbc signal region. The points
are data, the (green) dashed curves show the signal, the (red)
dotted-dashed curves show the qq̄ background, the (magenta)
dotted curves show the BB̄ background, and the (blue) solid
curves show the total PDF.

TABLE I. Fractional systematic uncertainties for
BðB0 → J=ψπ0Þ.

Source Uncertainty (%)

PDF parametrization 0.1
π0 reconstruction 1.5
Tracking 0.7
Lepton identification selection 2.1
Incorrectly reconstructed signal events 0.8
B → J=ψðK0

S; K
0
L; X Þ background þ 1.8

−2.0
MC statistics 0.4
Secondary branching fractions 0.8
Number of BB̄ pairs 1.4

Total þ 3.7
−3.9
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originates from the other (tag-side) B. For the former
case, both the Mbc and ΔE distributions are modeled
with Crystal Ball (CB) functions [20]. For the latter case,
the correlated two-dimensional Mbc − ΔE distribution is
modeled with a nonparametric PDF [21]. The fraction of
incorrectly reconstructed decays (∼10% in the signal
region) is taken from MC simulation. The CB parameters
that describe the lower tail of the Mbc and ΔEdistributions
are also fixed to MC values.
The remaining background is small and dominated

by BB̄ events in which one of the B mesons decays into
a final state containing a J=ψ . We divide this background
into three categories: (a) B0 → J=ψK0

S, (b) B
0 → J=ψK0

L,
and (c) B → J=ψX other than B0 → J=ψK0. We use
two-dimensional nonparametric PDFs [21] to model the
Mbc − ΔE distributions for all three categories. We fix the
background yields to those expected based on MC simu-
lation: 10.8 J=ψK0

S events, 10.0 J=ψK0
L events, and 17.5

other J=ψX events in the Mbc − ΔE signal region. The
remaining background comes from continuum qq̄ events.
We model the Mbc and ΔE distributions of continuum
background with an ARGUS [22] function having its end
point fixed to 5.29GeV=c2, and a first-order polynomial,
respectively. Background coming from BB̄ not containing a
real J=ψ is negligible. From the fit we obtain 330.2! 22.1
signal events and 16.3! 3.5continuum events. The purity
of the signal is 86% in the signal region. Projections of the
fit are shown in Fig. 2.
The branching fraction is calculated from the formula

BðB0 → J=ψπ0Þ ¼
Ysig

ε × NBB̄ × BJ=ψ × Bπ0
; ð2Þ

where Ysig is the fitted signal yield; NBB̄ ¼ ð772! 11Þ ×
106 is the number of BB̄ events; ε ¼ ð22.3! 0.1Þ% is the
signal efficiency for eþ e− and μþ μ− combined as obtained
from MC simulation; BJ=ψ is the sum of BðJ=ψ → μþ μ−Þ
and BðJ=ψ → eþ e−Þ [15]; and Bπ0 is the branching fraction
of π0 → γγ [15]. In Eq. (2) we assume equal production of
B0B̄0 and Bþ B− pairs at the ϒð4SÞ resonance. The result is

BðB0 → J=ψπ0Þ ¼ ð1.62! 0.11! 0.06Þ × 10−5;

where the first uncertainty is statistical and the second is
systematic.
The systematic uncertainty on BðB0 → J=ψπ0Þ arises

from several sources, as listed in Table I. The uncertainty
due to the fixed parameters in the PDF is estimated by
varying each parameter individually according to its
statistical uncertainty. The resulting changes in the branch-
ing fraction are added in quadrature and the result is taken
as the systematic uncertainty. The nonparametric shapes are
also varied by changing their smoothing, and the associated
systematic uncertainty is found to be negligible. We assign
a 1.5% systematic uncertainty due to π0 reconstruction, as

determined from a study of τ− → π−π0ντ decays [23]. The
uncertainty due to charged track reconstruction is 0.35%
per track, as determined from a study of partially recon-
structedD&þ → D0πþ ,D0 → K0

Sπ
þ π− decays. We assign a

2.1% uncertainty due to lepton identification, as obtained
from a study of two-photon γγ → lþ l− production events.
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FIG. 2. Projections of the two-dimensional fit: (a) Mbc in the
ΔEsignal region, and (b) ΔE in theMbc signal region. The points
are data, the (green) dashed curves show the signal, the (red)
dotted-dashed curves show the qq̄ background, the (magenta)
dotted curves show the BB̄ background, and the (blue) solid
curves show the total PDF.

TABLE I. Fractional systematic uncertainties for
BðB0 → J=ψπ0Þ.

Source Uncertainty (%)

PDF parametrization 0.1
π0 reconstruction 1.5
Tracking 0.7
Lepton identification selection 2.1
Incorrectly reconstructed signal events 0.8
B → J=ψðK0

S; K
0
L; X Þ background þ 1.8

−2.0
MC statistics 0.4
Secondary branching fractions 0.8
Number of BB̄ pairs 1.4

Total þ 3.7
−3.9
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S≠0 by 3.0σ 
confidence level. 
Consistent with 
Standard model (SM) 
expectation.

B0 tag
B0 tag
_

　 Data 
　 fit result 
　 signal 
　 qq background 
　 BB background

・

�6“Time-dependent CP violation in B decays at Belle”, EPS-HEP2019, Ghent, Belgium, July 11 



Time-dependent CPV in 3-body B decays
B0→π0π0K0S, B0→K0SK0SK0S
CP-even eigenstates with K0S. 
↔ Two-body B0 decays with K0S are CP-odd eigenstates (J/ψK0S, φK0S, η’ K0S…). 
→ Validation using both eigenstates is important. 

Induced by b→sqq penguin diagram. 
→ Sensitive to new physics: S ≡ ‒ξf sin2φ1eff. 
    Shift in φ1 from b→ccs diagram (mainly  
     from b→u tree contribution) is expected  
     to be small.  
    K0SK0SK0S : ΔS = 0.02        (hep-ph/0702252) 
    π0π0K0S : ΔS = 0.034          (PLB596 163) 

 +0.02
 -0.03

 +0.020
 -0.025

Center values of current results are apart 
from SM expectation.

_

_
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Interaction 
point (IP)

ECL
B0 decay vertex is reconstructed using charged 
track path obtained by the vertex detector (SVD). 

Electromagnetic calorimeter (ECL) detects photon 
hit postion and no path information is obtained. 
→ We can not reconstruct B0 decay vertex using  
    information of photons from π0 decay.

γ

γ

Vertex reconstruction of neutral final states

Tube-like interaction  
point constraint

K0S decays a point apart from B0 decay vertex. 
→ Reconstruct signal side vertex using flight  
    direction of K0S with constraint of e+e–  
    interaction point. 
Comparing to the 2-body decays, decay point is close 
to the B0 decay vertex in B0→π0π0K0S and B0→K0SK0SK0S, 
K0S modes since momentum is lower than. 
→ Vertex reconstruction efficiency is better by 20-30%. 

e‒ e+

�8“Time-dependent CP violation in B decays at Belle”, EPS-HEP2019, Ghent, Belgium, July 11 



φ1eff measurement in B0→π0π0K0S

3

background shape introduced by ARGUS [18] and sec-156

ond order polynomial functions, respectively. Binned157

histogram from the MC is used for the qq̄ background158

PDF of Rs/b. From the 43225 events in the fit re-159

gion of 5.2 GeV/c2 < Mbc < 5.3 GeV/c2, −0.25 GeV160

< ∆E < 0.25 GeV and Rs/b > 0.5, yield of signal, qq̄161

and BB̄ are extracted to be 335.4±37.1, 38599.4±262.0162

and 4290.1± 189.8, respectively. Figure 3 shows the dis-163

tributions of variables used for the signal extraction in164

the signal enhanced region of 5.27 GeV/c2 < Mbc < 5.3165

GeV/c2, −0.15 GeV < ∆E < 0.10 GeV and Rs/b > 0.9166

together with the fit result.167

)2 (GeV/cbcM
5.2 5.22 5.24 5.26 5.28 5.3

2
co

u
n
ts

 /
 2

 M
e

V
/c

0

50

100

150

 E (GeV)Δ
0.2− 0.1− 0 0.1 0.2

co
u
n
ts

 /
 1

0
 M

e
V

0

20

40

contR
0.5 0.6 0.7 0.8 0.9 1

co
u
n
ts

/ 
0
.0

5

0

100

200

300

FIG. 3. Mbc, ∆E and Rs/b distributions (points with errors)
in the signal enhanced region of 5.27 GeV/c2 < Mbc < 5.3
GeV/c2, −0.15 GeV < ∆E < 0.10 GeV and Rs/b > 0.9
together with the fit result (red curve).

168

169

To measure the CP violation parameters, unbinned170

maximum likelihood fit is performed for the ∆t and q171

using signal fraction evaluated from signal extraction fit.172

PDF for the signal is set to be Eq. 1 convoluted with173

a resolution function determined using a large number174

of null CP violating control sample of semi-leptonic and175

hadronic B decays. The resolution function consists of176

components of detector resolution for zCP and ztag, ver-177

tices, shift of ztag due to secondary tracks from long-lived178

particles and kinematic approximation in ∆t calculation179

from vertex positions. For the background which includes180

both qq̄ and BB̄, PDF is modeled as combination of two181

Gaussian functions and δ-function determined using data182

sample in the sideband region of Mbc < 5.26 GeV/c2,183

−1.0 GeV < ∆E < −0.4 GeV and 0.2 GeV < ∆E < 0.5184

GeV. In the PDF, τB0 and ∆md is fixed to the world185

average value [19] and including modifications to take186

the effect of an incorrect flavor assignment. In addition187

to the signal and background, broad Gaussian function188

which represents a small outlier component. From the189
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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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φ1eff measurement in B0→K0SK0SK0S
Signals candidates for CP violation measurement are reconstructed well 
(Nsignal = 329±20). After validation of analysis procedure and systematic 
error estimation, CP violation parameters are measured.
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Time-dependent CPV in B0→K0Sπ+π−γ
Induced by b→sγ diagram  
In SM, S~0 since contamination by right-handed 
photon is supressed by facor ms/mb. 
If new physics contributes to enhance right-handed 
component, S≠0.

Introduction
● Time-dependent CP analysis of 

radiative B-meson transitions:
○ In Standard Model no time-dependent CP 

violation (TDCPV) is expected due to its 
V-A structure and photon polarization

○ Sensitive to New Physics effects
○ Relates to Wilson coefficients C7 and C7’

● We are studying B0 ￫ K0
S π+ π- γ

● We want to come back to Belle data 
to do Dalitz separated TDCPV 
analysis
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so that Eq. (48) can be re-written as

S
�p
⇡+⇡�K0

S�
= 4Im

✓
q

p

⇠

1 + |⇠|2

◆
a�p + 4Re

✓
q

p

⇠

1 + |⇠|2

◆
b�p (51)

=
4

1 + |⇠|2

⇣
a�p [Im⇠ cos 2� � Re⇠ sin 2�] + b�p [Re⇠ cos 2� + Im⇠ sin 2�]

⌘

=
4

1 + |⇠|2

⇣
Re⇠

⇥
b�p cos 2� � a�p sin 2�

⇤
+ Im⇠

⇥
a�p cos 2� + b�p sin 2�

⇤ ⌘
.

Thus, measuring the real and imaginary parts of the amplitudes for di↵erent regions in

the Dalitz plane provides a more precise determination of ⇠. Indeed, in a similar way as

in Ref. [31], it is possible to define symmetric regions in the Dalitz plane: I above the

bisector line m13 �m23 and I below. In these symmetric regions, the relations

aI = aI , and bI = �bI , (52)

hold, from which the following relations are obtained:

S
+

⌘ S
I
⇡+⇡�K0

S�
+ S

I
⇡+⇡�K0

S�
=

8

1 + |⇠|2
(Im⇠ cos 2� � Re⇠ sin 2�) aI , (53)

S
�

⌘ S
I
⇡+⇡�K0

S�
� S

I
⇡+⇡�K0

S�
=

8

1 + |⇠|2
(Re⇠ cos 2� + Im⇠ sin 2�) bI . (54)

From Eqs. (53) and (54) it follows that by measuring separately the time-dependent

asymmetry in the regions I and I it becomes possible to independently constrain the real

and imaginary parts of ⇠. Note that Eq. (53) is strictly equivalent to Eq. (43), and that

D = �2aI . Using Eqs. (53) and (54), Re⇠ and Im⇠ are expressed as

Re⇠

1 + |⇠|2
=

1

8

✓
S

�

bI
cos 2� �

S
+

aI
sin 2�

◆
, (55)

Im⇠

1 + |⇠|2
=

1

8

✓
S

�

bI
sin 2� +

S
+

aI
cos 2�

◆
. (56)

The partition scheme of the Dalitz plane must be optimised as a function of the amplitude

content in the di↵erent regions and the available data sample. From the anti-symmetric

relation shown in Eq. (27), it follows that the integrals of the real and imaginary parts of

the ⇢0K0
S amplitudes are real and independent of the integration region, with the values

a�p
⇢0K0

S
= �

1

2
and b�p

⇢0K0
S
= 0. (57)

On the contrary, as shown in Fig. 2, the real and imaginary parts of the K⇤⇡ amplitude

vary as a function of the Dalitz-plane position. Furthermore, it clearly appears that

the real (imaginary) part of the K⇤⇡ amplitude exhibits a symmetric (anti-symmetric)

distribution with respect to the Dalitz plane bisector. Similar behaviour is observed for

the (K⇡)0⇡ amplitude. As shown in Fig. 3, when including the amplitudes of all the

intermediate states, these symmetry properties with respect to the Dalitz plane bisector

remain.

14

ξ ≡ c’/c: retio of right- to left-handed amplitudes 

I  denotes a symmetric region of 
Dalitz plane above (below) the 
bisector of m13-m23

(−)
Re Im

Decay amplitude of K1(1270)→π+π-K0S

(arxiv:1802.09433)
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Figure 7: Prospect for the determination of Re (C 0
7/C7) and Im (C 0

7/C7) by combining

the two observables S
+

and S
�
. The central value of S

�
is chosen arbitrarily while

its uncertainty is estimated by using the measurement from Ref. [22]. We also take

into account the uncertainties on the hadronic parameters by assuming them to be at

the same level as the current uncertainties on the dilution factor. As a demonstra-

tion, we chose three sets of values: {S
+,S�, aI ,bI} = {0.17, 0.13,�0.5,�0.15} (blue),

{0.13, 0.04,�0.3,�0.3} (red) and {0.13,�0.03,�0.15,�0.5} (green). The uncertainties are

taken as �(SI
) = �(SI

) =
p
n�(S⇡+⇡�K0

S�
), and �(aI) = �(bI) = �(D)/

p
n, where n = 2 corre-

sponds to the number of Dalitz-plane regions. All the uncertainties are further scaled according
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so that Eq. (48) can be re-written as
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Thus, measuring the real and imaginary parts of the amplitudes for di↵erent regions in

the Dalitz plane provides a more precise determination of ⇠. Indeed, in a similar way as

in Ref. [31], it is possible to define symmetric regions in the Dalitz plane: I above the

bisector line m13 �m23 and I below. In these symmetric regions, the relations

aI = aI , and bI = �bI , (52)

hold, from which the following relations are obtained:
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From Eqs. (53) and (54) it follows that by measuring separately the time-dependent

asymmetry in the regions I and I it becomes possible to independently constrain the real

and imaginary parts of ⇠. Note that Eq. (53) is strictly equivalent to Eq. (43), and that

D = �2aI . Using Eqs. (53) and (54), Re⇠ and Im⇠ are expressed as

Re⇠

1 + |⇠|2
=

1

8

✓
S

�

bI
cos 2� �

S
+

aI
sin 2�

◆
, (55)

Im⇠

1 + |⇠|2
=

1

8

✓
S

�

bI
sin 2� +

S
+

aI
cos 2�

◆
. (56)

The partition scheme of the Dalitz plane must be optimised as a function of the amplitude

content in the di↵erent regions and the available data sample. From the anti-symmetric

relation shown in Eq. (27), it follows that the integrals of the real and imaginary parts of

the ⇢0K0
S amplitudes are real and independent of the integration region, with the values

a�p
⇢0K0

S
= �

1

2
and b�p

⇢0K0
S
= 0. (57)

On the contrary, as shown in Fig. 2, the real and imaginary parts of the K⇤⇡ amplitude

vary as a function of the Dalitz-plane position. Furthermore, it clearly appears that

the real (imaginary) part of the K⇤⇡ amplitude exhibits a symmetric (anti-symmetric)

distribution with respect to the Dalitz plane bisector. Similar behaviour is observed for

the (K⇡)0⇡ amplitude. As shown in Fig. 3, when including the amplitudes of all the

intermediate states, these symmetry properties with respect to the Dalitz plane bisector

remain.
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Allowed region from B→Xsγmeasurment and theory

Limit from B→K*e+e− 

          LHCb 8fb-1 
     LHCb 22fb-1 
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Time-dependent CPV in B0→K0Sπ+π−γ



Summary
Time-dependent CP violation measurements are on the way 
using full data set of the Belle experiment. 

We focus on recently published two decay modes.

The uncertainty due to the estimated fraction of incorrectly
reconstructed signal events is obtained by varying this
fraction by !100%. As B → J=ψðK0

S; K
0
L; X Þ decays are

well measured, we evaluate the uncertainty due to their
estimated amounts by varying them by !20%. The uncer-
tainty due to the number of BB̄ pairs is 1.4%, and the
uncertainty on the reconstruction efficiency ε due to the
MC sample size is 0.4%. The total systematic uncertainty
is obtained by summing all individual contributions in
quadrature.
We determine S and A by performing an unbinned

maximum likelihood fit to the Δt distribution of candidate
events in the signal region. The PDF for the signal com-
ponent, PsigðΔt;S;A; q;ωl;ΔωlÞ, is given by Eq. (1) with
the parameters τB0 and Δmd fixed to the world-average
values [24]. We modify this expression to take into account
the effect of incorrect flavor assignment, which is para-
metrized by ωl and Δωl. This PDF is then convolved with
the decay-time resolution functionRsigðΔtÞ. The resolution
function is itself a convolution of four components: the
detector resolutions for zJ=ψπ0 and ztag; the shift of the ztag
vertex position due to secondary tracks from charmed
particle decays; and the kinematic approximation that the B
mesons are at rest in the CM frame [19]. The PDFs for the
B0 → J=ψK0

S and B0 → J=ψK0
L backgrounds are the same

as Psig but with CPparameters A and S fixed to the recent
Belle results [19]. The PDF for the B → J=ψX background
is taken to have the same form as Psig but with A and S set
to zero, and with an effective lifetime τeff determined from
MC simulation. The PDF for continuum background is
taken to be the sum of two Gaussian functions whose
parameters are obtained by fitting events in the sideband
region 5.20GeV=c2<Mbc<5.26GeV=c2 and 0.10 GeV <
ΔE < 0.50 GeV.
We assign the following likelihood to the ith event:

PiðΔtÞ ¼ ð1 − folÞ
Z

dðΔt0Þ½RsigðΔti − Δt0Þ

× ðfsigPsigðΔt0Þ þ fJ=ψK0
S
PJ=ψK0

S
ðΔt0Þ

þ fJ=ψK0
L
PJ=ψK0

L
ðΔt0Þ þ fJ=ψXPJ=ψX ðΔt0ÞÞ

þ fqq̄Pqq̄ðΔtiÞ' þ folPolðΔtiÞ; ð3Þ

where fsig, fJ=ψK0
S
, fJ=ψK0

L
, fJ=ψX , and fqq̄ are the fractions

of the signal, B0 → J=ψK0
S, B0 → J=ψK0

L, B → J=ψX ,
and qq̄ continuum background, respectively. All fractions
depend on the flavor tagging quality r and are functions of
ΔE and Mbc. The term PolðΔtÞ is a broad Gaussian
function that represents an outlier component with a small
fraction fol ≈ 0.5%. The only free parameters in the fit
are S and A; these are determined by maximizing the
likelihood LðS;AÞ ¼

Q
iPiðΔti;S;AÞ. Figure 3 shows

the fitted Δt distribution and the time-dependent decay

rate asymmetry ACP, where ACP¼ ðYðq¼þ 1Þ
sig − Yðq¼−1Þ

sig Þ=
ðYðq¼þ 1Þ

sig þ Yðq¼−1Þ
sig Þ, and Yðq¼!1Þ

sig is the signal yield with
q ¼ !1. The results of the fit are

S ¼ −0.59! 0.19! 0.03

A ¼ −0.15! 0.14þ 0.04
−0.03;

where the first uncertainty is statistical and the second is
systematic. The correlation between A and S is −0.005.
The systematic uncertainties for S and A are listed in

Table II. They are small compared to the corresponding
statistical uncertainties. The largest contributions to S arise
from vertex reconstruction and the resolution function. The
uncertainty due to the former includes uncertainties in the
IP profile, charged track selection, vertex quality selection,
and SVD misalignment. We vary each parameter of the
resolution function by one standard deviation (!1σ) and
compare the resulting fit result with that of the nominal fit;
the difference between the two is taken as the systematic
uncertainty. Each physics parameter that is fixed to its
world average value [24], e.g., τB0 and Δmd, is varied by
the corresponding error; the uncertainty is taken to be the
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FIG. 3. (a) Distributions of Δt. The (blue) solid and (red) open
points represent the q ¼ þ 1 and q ¼ −1 events, respectively, and
the solid curves show the corresponding fit projections. The gray
shaded region represents the sum of all backgrounds. (b) Time-
dependent CP asymmetry ACP (see text).
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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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