
φ1 and φ2 at Belle (II)
Yosuke Yusa 

Niigata University

(

(

( φ1

φ2

φ3

VtdVtb*

VcdVcb*

VudVub*η

ρ_

_



6th KEK Flavor Factory Workshop (KEK-FF 2019), February 15 2019, KEK

φ1/φ2 ー angles of unitary triangle
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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.

Decay rate is described as difference of 
decay time between B0 mesons.

     = S sinΔmΔt           +  　　　　 A cosΔmΔt 

    mixing  induced CPV             direct CPV                 
        Δm: mass difference of eigenstates 
         Δt: decay time difference of eigenstates
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distribution
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φ1 measurement
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b→ccs tree diagram

B0→(cc) K0 “Golden mode”
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Time-dependent CP violation: 
Quantum interference between two 
diagrams.
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B-B0 mixing box diagram
_

φ1(=β) = arg(Vcd Vcb*/Vtd Vtb*)
→ Accessible using CP-eigenstates 
    induced by b→ccs tree diagram.

_

S = -ξf sin2φ1 
      ξf : CP eigenvalue : 
 -1 for (cc)K0S, +1 for (cc)K0L

_ _

Since contribution from other diagrams are tiny, φ1 measured from these 
CP-eigenstates are theoretically clean. 
→ Good reference point of the Standard Model.

sin2φ1= 0.668±0.023±0.013,  
A = 0.007±0.016±0.013
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φ1 measurement
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φ1 is also measured using CP-eigenstates 
induced by b→ccd tree diagram. 
Pollution from penguin diagram can be consdered 
but effect is expected to be low in SM.  
→ If large deviation from b→ccs  is seen,  
    it indicates contribution of new physics.
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B0→J/ψπ0 can be used for estimation of possible penguin polution in B0→J/ψK0 
(PRL 95, 221804 (2005)) → Necessary information for large statistic measurement.

In B0→D+D-, large 
direct CP violation was 
seen in Belle (4.0σ). 
Tension is relaxed after 
update but we need 
further study using 
more statistics.

_
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φ2 measurement
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S = ‒ξf √1-A2 sin2φ2eff 
φ2eff = φ2 −Δφ2 (“effective” φ2)
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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)

⇒ Using branching fractions and CP violation 
　 parameters, 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 in 
     theoretical point of view.

Strategies 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
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π/ρ

π/ρ

B0

φ2(=α) = arg(Vud Vub*/Vtd Vtb*)

→ Accessible via b→u tree diagram but 
　 contribution from b→d penguin diagram 
　 is not negligible.

III. DETERMINATION OF THE CONTRIBUTIONS
FROM RADIAL EXCITATIONS

Although the contributions from radial excitations are
suppressed by the selections in the Dalitz plot described in
the previous section, there are still significant contributions
from the long tails of the radial excitations and their
interferences. We thus need to determine the sizes of the
radial excitations and their uncertainties to properly model
the signal PDF’s and systematic uncertainties associated
with their degrees of freedom.

Using the same data sample as described above but
performing a time-integrated Dalitz plot fit with a wider
Dalitz plot acceptance, 0:55 GeV=c2 <

!!!!!
s0
p

<
1:5 GeV=c2 or

!!!!!!
s!
p

< 1:5 GeV=c2 or
!!!!!!
s"
p

<1:5 GeV=c2,
we determine the ! line shape, i.e., the phases and ampli-
tudes of the coefficients " and # in Eq. (17). We use these
for all of the decay amplitudes. In this fit, we use the PDG
values [28] for the masses and widths of the !#1450$ and
!#1700$. The fit yields

 j"j % 0:31!0:07
"0:06; arg" % #219!16

"18$&;
j#j % 0:08!0:04

"0:03; arg# % #102!26
"32$&:

(30)

The mass distributions and fit results are shown in Fig. 6.
Figure 7 schematically shows how the radial excitations
contribute to our fit result. Note that the above values are
quantities used for the time-dependent Dalitz fit, and we do
not regard them as our measurements of " and #. This is
because these parameters are determined from the region
where !!$" and !"$! modes, etc., interfere, and they
depend on the unfounded common line-shape assumption
of Eq. (16); hence we do not give their systematic errors.
Because statistics are low, we cannot determine " and #
for each decay mode without imposing the common line-
shape assumption. However, we include the effect of pos-
sible decay-mode–dependent differences in the values of
" and # in the systematic errors, which are described in
Sec. VI A.

Thus, it is important to determine the common or aver-
age line shape as well as to obtain an upper limit on the
deviation from the average line shape for each of the six
decay amplitudes. For this purpose, we put constraints on
additional amplitudes that describe (i) the excess in the
high mass region,

!!!
s
p

> 0:9 GeV=c2, where s is either s!,
s", or s0; and (ii) interferences between radial excitations
and the lowest resonance !#770$ [e.g., interferences be-
tween !#770$!$" and !#1450$"$!, etc.]. The nominal fit
is performed with the average line shape determined
above, fixing all of the additional amplitudes to zero.
When floating the additional amplitudes for the other
resonances, we obtain results consistent with zero for all
of the additional amplitudes but with large uncertainties
compared to the errors for the average line-shape parame-
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FIG. 6 (color online). Mass distributions and fitted line shapes in !!$" (left panel), !"$! (middle panel), and !0$0 (right panel)
enhanced regions. The histograms are cumulative. Solid, dot-dashed, dotted, and dashed hatched histograms correspond to correctly
reconstructed signal, SCF, BB, and continuum PDFs, respectively. Note that there are feed-downs from other quasi-two-body
components than those of interest, especially in the high mass regions. For example, the high mass region (m0 * 1:0 GeV=c2) of the
!0$0 enhanced region (right panel) includes large contributions from !'$( .
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FIG. 7 (color online). A schematic figure of the fit result of the
line shape and the contributions from radial excitations. Note
that our definition of F$#s$ does not include the factor 1=#1!
"! #$ as in Eq. (17). The inset shows the high mass region,
m$$ > 1:15 GeV=c2, on a semilog scale where the interference
between the !#770$ and radial excitations is visible. One can see
that the !#770$ and !#1450$ destructively interfere with each
other near

!!!
s
p ) m$$ % 1:4 GeV=c2, which means that the

!#1450$ has a large impact on the phase of F$#s$, although
the absolute value of jF$#s$j is not much affected.
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ΔS BF (×10-5)

B0→K+K-K0S 0.03 2.47

B0→K0SK0SK0S 0.02 0.62
Hai-Yang Cheng, hep-ph/0702252
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sin2φ1eff measurement in b→sqq
Same weak phase as b→ccs  
if only SM penguin contributes.

_

ΔS BF (×10-5)
B0→η'K0 0.01±0.01 6.6
B0→φK0 0.02±0.01 0.86
B0→ωK0S 0.13±0.08   0.5
B0→ρ0K0S -0.08 0.47
B0→K0Sπ0 0.07 0.95

J. Zupan, hep-ph/0707.1323

+0.05
-0.04

-0.12
+0.08

 S ≡ ‒ξf sin2φ1eff = ‒ξf sin2φ1
Penguin loop is sensitive to the new physics  
contribution. 
 S = ‒ξf sin2φ1⊕ extra CP phase from non-SM?

ΔS: S shift from theoretically predicted from 
other SM diagrams (mainly from b→u tree)

g
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ΔS BF (×10-5)
B0→η'K0 0.01±0.01 6.6
B0→φK0 0.02±0.01 0.86
B0→ωK0S 0.13±0.08   0.5
B0→ρ0K0S -0.08 0.47
B0→K0Sπ0 0.07 0.95

ΔS BF (×10-5)

B0→K+K-K0S 0.03 2.47

B0→K0SK0SK0S 0.02 0.62
Hai-Yang Cheng, hep-ph/0702252

J. Zupan, hep-ph/0707.1323
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sin2φ1eff measurement in b→sqq
_

Naiive b→s penguin average  
 sin2φ1eff = 0.655±0.032  
b→c tree average  
 sin2φ1 = 0.699 ± 0.017 
Theoretical shifts below are not considered for 
“naiive” average.

Same weak phase as b→ccs  
if only SM penguin contributes.

Penguin loop is sensitive to the new physics  
contribution. 
 S = ‒ξf sin2φ1⊕ extra CP phase from non-SM?

 S ≡ ‒ξf sin2φ1eff = ‒ξf sin2φ1

ΔS: S shift from theoretically predicted from 
other SM diagrams (mainly from b→u tree)



6th KEK Flavor Factory Workshop (KEK-FF 2019), February 15 2019, KEK �8

ΔS BF (×10-5)
B0→η'K0 0.01±0.01 6.6
B0→φK0 0.02±0.01 0.86
B0→ωK0S 0.13±0.08   0.5
B0→ρ0K0S -0.08 0.47
B0→K0Sπ0 0.07 0.95

ΔS BF (×10-5)

B0→K+K-K0S 0.03 2.47

B0→K0SK0SK0S 0.02 0.62
Hai-Yang Cheng, hep-ph/0702252

J. Zupan, hep-ph/0707.1323

+0.05
-0.04

-0.12

+0.02
-0.03

+0.02
-0.03

+0.08

ΔS: S shift from theoretically predicted from 
other SM diagrams (mainly from b→u tree)

sin2φ1eff measurement in b→sqq
_

Recently published
using Belle full data

Same weak phase as b→ccs  
if only SM penguin contributes.
 S ≡ ‒ξf sin2φ1eff = ‒ξf sin2φ1

Naiive b→s penguin average  
 sin2φ1eff = 0.655±0.032  
b→c tree average  
 sin2φ1 = 0.699 ± 0.017 
Theoretical shifts below are not considered for 
“naiive” average.

Penguin loop is sensitive to the new physics  
contribution. 
 S = ‒ξf sin2φ1⊕ extra CP phase from non-SM?
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Belle detector
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14/15 layers Resistive Plate Counter+Fe

Central Drift Chamber: small cell +He/C2H6

CsI(Tl) Electromagnetic calorimeter

 Aerogel Cherenkov counter: Aerogel radiator + PMT

Silicon vertex detector: 3/4 layers DSSD

Superconducting  solenoid: 1.5T magnetic field

3.5 GeV e+

8 GeV e−
Time-of-Flight counter 

Vertex reconstruction and Charged 
particle tracking

Particle identification

γ/electron measurement

μ identification/KL detection
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Photon detection in Belle
Photon detection efficiency degradation (~10%) due to 
materials between e+e– interaction point and calorimeter.

Photon convert vertex position studied in B0→π0π0 K0S (MC) 
(Calorimeter is located outside region of these plots)

SVD and  
beam pipe

PMTs in  
Cherenkov 
counter

interaction point

x-y projection sideview

Efficiency to detect 2π0 decays into 4 photons is < (1‒0.1)4 = 64%. 
→ We need large statistics to analyze B decays including multi-π0. 
To solve this issue, Cherenkov counter is replaced to low material 
devices in Belle II.
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How to obtain φ1/φ2 ̶ reconstruction of CP side 
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together with the fit result.167
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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).
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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

fit to 964 events in the fit region, S = −0.92+0.31
−0.27 and190

A = 0.28 ± 0.21 are obtained, where the error compo-191

nent is statistical only.Ə Figures 4 and 5 shows the ∆t192

distribution together with fit result and raw asymmetry,193

respectively.194
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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).
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To measure the CP violation parameters, unbinned170
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a resolution function determined using a large number174
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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

fit to 964 events in the fit region, S = −0.92+0.31
−0.27 and190

A = 0.28 ± 0.21 are obtained, where the error compo-191

nent is statistical only.Ə Figures 4 and 5 shows the ∆t192

distribution together with fit result and raw asymmetry,193

respectively.194
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Systematic uncertainty originated from vertexing ex-197

cept for CP side, flavor tagging and fixed physics pa-198

rameters are estimated from the study of large statis-199

Fraction of signal and background used to extract CP violation parameters 
is obtained from the fit to kinematic variables togather with that used for 
continuum suppression. 
Signal yield with vertex information = 146.7±23.6 events

Total fit+ Data Background

Reconstruct CP-side using momentum, energy and particle identification 
information from detector. 
Suppression of continuum background is done using shape variable 
parameter of all observables in an event.

Reconstruced variables in B0→π0π0 K0S analysis
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How to obtain φ1/φ2 ̶ Fit to Δt and q 
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Signal side B

Tag side B

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

_
・Tag side 
   Remaining observables in an event is 
   used for flavor determination 

　To determine flavor based on  
　integrated information, multi- 
　dimensional likelihood is used in Belle. 

B0→D*+l−ν, B0→D*±→D0π+, D0→ K−l+ν
_

CP violation parameters (S, A) are obtained by the fit to 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
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Vertex reconstruction with Ks
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Vertex reconstruction using non-primary tracks is available with 
constraint on interaction point (IP).

IP constraint calculated by 
every 10000 events average

Standard vertex reconstruction

Vertex reconstruction usign non-
primary tracks from Ks decay 
(Ksvertexing)

Ks flight direction

This technique enables time-
dependent CP violation 
measurements in CP-eigenstates 
in which no primary tracks from IP. 
“Measurement of CP asymmetries 
in B0 → K0π0 decays”  
Phys.Rev.D81:011101,2010

5

ages [24] and incorporating the effect of wrong flavor as-
signment. The distribution is convolved with the proper-
time interval resolution function, Rsig(∆t), which takes
into account the finite vertex resolution. The resolution
is determined by a multi-parameter fit to the ∆t distribu-
tions of high-statistics control samples of B0 → J/ψK0

S
decays [20, 21], where the K0

S is used for vertex recon-
struction. We determine the following likelihood for each
event,

Pi = (1− fol)

∫
[

fsigPsig(∆t′)Rsig(∆ti −∆t′)

+ (1− fsig)Pbkg(∆t′)Rbkg(∆ti −∆t′)

]

d(∆t′)

+ folPol(∆ti). (3)

The signal probability, fsig, depends on r and is calcu-
lated in each region on an event-by-event basis as a func-
tion of Mbc,Rs/b and, where applicable, ∆E from the
shapes given in Figs. 1 and 2. Pbkg is a PDF for contin-
uum and BB̄ backgrounds. The background PDF’s are
determined from Mbc and ∆E sideband data for contin-
uum and, MC and data for BB̄. The term, Pol(∆t) is
a broad Gaussian function that represents a small out-
lier component with a fraction fol [20, 21]. The free pa-
rameters in the final fits are sin 2φeff1 and AK0

S
π0 , which

are determined by maximizing the likelihood function
L = ΠiPi(∆ti; sin 2φeff1 ,AK0

S
π0) where the product is over

all events.
The B0 → K0

Lπ
0 and B0 → K0

Sπ
0 candidates that do

not have vertex information are only used for the deter-
mination ofAK0π0 . Since∆t vanishes by integration, Eq.
(3) becomes simpler:

Pi = fsigPsig(q) + (1 − fsig)Pbkg(q), (4)

where Pbkg(q = ±1) = 0.5 since we assign no tag in-
formation for the continuum background meaning that
the number of events tagged as q = +1 and q = −1 are
equal. Since no CP violation is expected in the back-
ground outlier component, we include the fol term in the
Pbkg PDF. The signal PDF is obtained by integrating
the time-dependent decay rate Eq. (1) from −∞ to +∞:

Psig(q;AK0
L
π0) =

1

2

[

1 +
qAK0π0

1 + τ2B0∆m2
d

]

. (5)

We obtain the fit results sin 2φeff1 = +0.67± 0.31 and
AK0π0 = +0.14 ± 0.13 for B0 → K0π0. Fits to individ-
ual modes yield sin 2φeff1 = +0.67 ± 0.31 and AK0

S
π0 =

+0.15± 0.13 for B0 → K0
Sπ

0, and AK0
L
π0 = −0.01± 0.45

for B0 → K0
Lπ

0, where the errors are statistical only.
Fig. 3 shows the background subtracted ∆t distribu-
tions for B0 and B̄0 tags as well as the asymmetry for
B0 → K0

Sπ
0 candidates. The dominant sources of sys-

tematic errors are summarized in Table I. The systematic
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FIG. 3: The top plot shows the background subtracted∆t dis-
tribution for B0 and B̄0 tags where the solid (broken) curve
represents the ∆t curve for B0 (B̄0) in the good tag region
0.5 < r ≤ 1.0. The bottom plot shows the background sub-
tracted asymmetry defined as (NSig

B̄0 −NSig

B0 )/(N
Sig

B̄0 +NSig

B0 ) in

each ∆t bin where NSig

B0 (NSig

B̄0
)) is the B0 (B̄0) signal yield

extracted in that ∆t bin. The solid curve shows the CP
asymmetry result expected from the fit.

uncertainty from wrong tag fractions, physics parame-
ters, resolution function, background∆t and background
fractions are studied by varying each parameter by its er-
ror. A possible fit bias is examined by fitting a large num-
ber of pseudo-experiments. The systematic uncertainty
for the vertex reconstruction is estimated by changing the
charged track selection criteria. The dominant effect for
∆AK0π0 comes from misalignment between the SVD and
CDC. The tag side interference is evaluated from pseudo-
experiments in which the effect of possible CP violation
in B0 → ftag decays is taken into account [25]. As a
cross-check, we fit the B0 lifetime using the same event
sample that is used for the B0 → K0

Sπ
0 CP violation pa-

rameter measurement and obtain τB0 = 1.46 ± 0.18 ps,
which is consistent with the PDG world average [24].
In summary, we use B0 → K0

Sπ
0 decays to measure

the branching fraction and CP violation parameters for
B0 → K0π0. We use B0 → K0

Lπ
0 decays to measure the

direct CP violation parameter. Our results are

B(B0 → K0π0) = (8.7± 0.5± 0.6)× 10−6 (6)

AK0π0 = +0.14± 0.13± 0.06 (7)

sin 2φeff1 = +0.67± 0.31± 0.08, (8)

4

ter measurement. The total effective tagging efficiency
is estimated to be 0.29 ± 0.01, where “effective” means
a summation over the products of tagging efficiency and
r2 of all types of tags used.
The vertex position for the B0 → K0

Sπ
0 decay is recon-

structed using charged pions from the K0
S decay and an

IP constraint [22]. Each charged pion track is required
to have more than 1(2) hit(s) on SVD r − φ (z) strips.
The ftag vertex is obtained with well-reconstructed tracks
that are not assigned to the B0 → K0

Sπ
0 decay.

Figures 1 and 2 show the distribution of the selection
variables for B0 → K0

Sπ
0 and B0 → K0

Lπ
0 candidates.

The signal yields are obtained from multi-dimensional
extended unbinned maximum likelihood fits to these dis-
tributions. The Mbc, ∆E and Rs/b signal shapes for
B0 → K0

Sπ
0 are modeled with three-dimensional his-

tograms determined fromMC, while the continuum back-
ground shapes in Mbc and ∆E are modeled with an AR-
GUS function [23] and a linear function, respectively,
whose shape and normalization are floated in the fit. The
data from a sideband region (5.20 GeV/c2 < Mbc < 5.26
GeV/c2 and 0.05 < ∆E < 0.20 GeV) are used to de-
termine the continuum background shape in Rs/b. For
B0 → K0

Lπ
0, the signal shape in Mbc is determined

from MC samples and the continuum background shape
is modeled with an ARGUS function. The signal shape in
Rs/b is determined from MC simulation. The continuum
Rs/b shape is determined usingΥ(4S) off-resonance data.
The shape of each variable in the BB̄ background com-
ponent is modeled using MC events. The signal yield is
extracted in each r-bin for B0 → K0

Lπ
0 candidates with

r-dependent Rs/b shapes. For B0 → K0
Lπ

0, the ratio
of BB̄ background to signal is evaluated from MC simu-
lated events and the BB̄ background contribution is then
fixed according to that of the signal in the fit.
We perform a fit to B0 → K0

Sπ
0 candidates using a

signal shape with correction factors (to account for small
differences between data and MC) obtained from B+ →

K+π0. The signal yield is 634 ± 34, where the error is
statistical only. The average signal detection efficiency
is calculated from MC to be (22.3 ± 0.1)%. We obtain
a B0 → K0π0 branching fraction of (8.7 ± 0.5 ± 0.6) ×
10−6 using only B0 → K0

Sπ
0 candidates, where the first

error is statistical and the second is systematic. The
systematic uncertainty for the B0 → K0π0 branching
fraction is estimated by varying the correction factors
obtained from B+ → K+π0 by ±1σ (+3.6/−2.4%) and
varying histogram probability density functions (PDF’s)
bin-by-bin by ±2σ (+1.5/−1.6%). Uncertainties in the
number of BB̄ pairs (1.4%), MC statistics (0.2%), K0

S
(4.9%) and π0 reconstruction efficiencies (2.8%) are also
included.
The signal yield of B0 → K0

Lπ
0 is 285± 52, where the

error is statistical only. We evaluate the systematic un-
certainty for the B0 → K0

Lπ
0 signal yield by smearing

the PDF shapes of Mbc, Rs/b and r used in the fit. The

dominant contribution is from the continuum background
shape and the total systematic error is 20%. Taking into
account both statistical and systematic errors, the signif-
icance of B0 → K0

Lπ
0 is 3.7σ.
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FIG. 1: Mbc-∆E-Rs/b fit projections of B0 → K0
Sπ

0 candi-
dates. The open histogram with the solid curve shows the
fit result, the filled histogram is the BB̄ background, and
the dashed histogram is the sum of continuum and BB̄ back-
grounds. Each plot requires signal enhanced conditions for
the other variables: 5.27 GeV/c2 < Mbc < 5.29 GeV/c2,
−0.15 GeV < ∆E < 0.1 GeV and Rs/b > 0.7.
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solid histogram shows the fit result. The filled histogram is
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We determine sin 2φeff1 and AK0
S
π0 for B0 → K0

Sπ
0

by performing an unbinned maximum-likelihood fit to
the observed ∆t distribution. The PDF expected for the
signal distribution, P(∆t; sin 2φeff1 ,AK0

S
π0 , q, wl,∆wl), is

given by Eq. (1) fixing τB0 and ∆md to their world aver-

B0 → K0Sπ0

In Belle II, constraint from IP is expected to be better due to nano-beam 
scheme (demonstrated later). → Vertex quality should be improved.
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< ∆E < 0.25 GeV and Rs/b > 0.5, yield of signal, qq̄161
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tributions of variables used for the signal extraction in164

the signal enhanced region of 5.27 GeV/c2 < Mbc < 5.3165
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together with the fit result.167
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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).
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which represents a small outlier component. From the189

fit to 964 events in the fit region, S = −0.92+0.31
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A = 0.28 ± 0.21 are obtained, where the error compo-191
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distribution together with fit result and raw asymmetry,193
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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

fit to 964 events in the fit region, S = −0.92+0.31
−0.27 and190

A = 0.28 ± 0.21 are obtained, where the error compo-191

nent is statistical only.Ə Figures 4 and 5 shows the ∆t192

distribution together with fit result and raw asymmetry,193

respectively.194
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Systematic uncertainty originated from vertexing ex-197

cept for CP side, flavor tagging and fixed physics pa-198

rameters are estimated from the study of large statis-199

B0 tag
B0 tag
_

Background

First published result from Belle. 
Third measurement of sin2φ1eff 
using CP-even eigenstate 
induced by b→sqq followed by 
B0→η’K0L and B0→φK0L.  

Consistent with SM expectation.

4

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

We thank the KEKB group for the excellent opera-220

tion of the accelerator; the KEK cryogenics group for221

the efficient operation of the solenoid; and the KEK222

computer group, the National Institute of Informatics,223

and the Pacific Northwest National Laboratory (PNNL)224

Environmental Molecular Sciences Laboratory (EMSL)225

computing group for valuable computing and Science In-226

formation NETwork 5 (SINET5) network support. We227

acknowledge support from the Ministry of Education,228

Culture, Sports, Science, and Technology (MEXT) of229

Japan, the Japan Society for the Promotion of Science230

(JSPS), and the Tau-Lepton Physics Research Center231

of Nagoya University; the Australian Research Council;232

Austrian Science Fund under Grant No. P 26794-N20;233

the National Natural Science Foundation of China under234

Contracts No. 11435013, No. 11475187, No. 11521505,235

No. 11575017, No. 11675166, No. 11705209; Key236

Research Program of Frontier Sciences, Chinese237

Academy of Sciences (CAS), Grant No. QYZDJ-238

SSW-SLH011; the CAS Center for Excellence in239

Particle Physics (CCEPP); Fudan University Grant240

No. JIH5913023, No. IDH5913011/003, No. JIH5913024,241

No. IDH5913011/002; the Ministry of Education, Youth242

and Sports of the Czech Republic under Contract243

No. LTT17020; the Carl Zeiss Foundation, the Deutsche244

Forschungsgemeinschaft, the Excellence Cluster Uni-245

verse, and the VolkswagenStiftung; the Department of246

Science and Technology of India; the Istituto Nazionale247

di Fisica Nucleare of Italy; National Research Foundation248

(NRF) of Korea Grants No. 2014R1A2A2A01005286,249

No.2015R1A2A2A01003280, No. 2015H1A2A1033649,250

No. 2016R1D1A1B01010135, No. 2016K1A3A7A09005251

603, No. 2016R1D1A1B02012900; Radiation Science Re-252

search Institute, Foreign Large-size Research Facility Ap-253

plication Supporting project and the Global Science Ex-254

perimental Data Hub Center of the Korea Institute of255

Science and Technology Information; the Polish Ministry256

of Science and Higher Education and the National Sci-257

ence Center; the Ministry of Education and Science of258

the Russian Federation and the Russian Foundation for259

Basic Research; the Slovenian Research Agency; Iker-260

basque, Basque Foundation for Science, Basque Govern-261

ment (No. IT956-16) and Ministry of Economy and Com-262

petitiveness (MINECO) (Juan de la Cierva), Spain; the263

Swiss National Science Foundation; the Ministry of Ed-264

ucation and the Ministry of Science and Technology of265

Taiwan; and the United States Department of Energy266

and the National Science Foundation.267

[1] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49,268

652 (1973).269

[2] A. B. Carter and A. I. Sanda, Phys. Rev. Lett. 45, 952270

(1980); A. B. Carter and A. I. Sanda, Phys. Rev. D23,271

1567 (1981); I. I. Bigi and A. I. Sanda, Nucl. Phys. 193,272

85 (1981).273

[3] A general review of the formalism is given in I.I. Bigi,274

V.A. Khoze, N.G. Uraltsev, and A.I. Sanda, “CP Viola-275

tion” page 175, ed. C. Jarlskog, World Scientific, Singa-276

pore (1989).277

[4] Another naming convention, β (= φ1) is also used in the278

literature.279

[5] H-. Y. Cheng, arXiv:0702252v1 [hep-ph] (2007).280

[6] B. Aubert, et. al., Phys. Rev. D76 071101 (2007).281

[7] T. Gershon and M. Hazumi, Phys. Lett. B 596 163282

(2004).283

[8] A. Abashian et al. (Belle Collaboration), Nucl. Instr. and284

Meth. A 479, 117 (2002).285

[9] S. Kurokawa and E. Kikutani, Nucl. Instr. and. Meth.286

A499, 1 (2003), and other papers included in this volume.287

[10] Z.Natkaniec et al. (Belle SVD2 Group), Nucl. Instr. and288

Meth. A 560, 1(2006).289

[11] D. J. Lange et al., Nucl. Instr. and Meth. A462, 152290

(2001).291

[12] R. Brun et al., CERN DD/EE/84-1 (1984).292

[13] M. Feindt and U. Kerzel, The NEUROBAYES neural293

network package, Nucl. Instr.. Meth. A 559, 190 (2006).294

[14] The Fox-Wolfram moments were introduced in G. C. Fox295

and S. Wolfram, Phys. Rev. Lett. 41, 1581 (1978). The296

Fisher discriminant used by Belle, based on modified Fox-297

φ1eff measurement in B0→π0π0K0S

�14

(1.8σ deviation from 0)

_ (preliminary shown in conference)



6th KEK Flavor Factory Workshop (KEK-FF 2019), February 15 2019, KEK

Belle II ー Where we are now?
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2017

2018

2019

Apr. Belle II detector roll in

Mar. Phase 2 (partial VXD,  
　　　　w/ final focusing) starts

Jul. Phase 2 ends 
      Integrated luminosity 
      ~500 pb-1

Apr. First collision

Mar. Phase 3 (almost full 
       VXD) starts

The VXD will be installed in Phase 3.
Restart Belle II data taking in February 2019.

SVD +x half-shell, Jan 2018

SVD -x half-shell, July 2018

PXD layer 1 ladders

First PXD half-shell 
being tested at DESY

Onwards to Phase 3 and the Physics Run

The VXD will be installed in Phase 3.
Restart Belle II data taking in February 2019.

SVD +x half-shell, Jan 2018

SVD -x half-shell, July 2018

PXD layer 1 ladders

First PXD half-shell 
being tested at DESY

Onwards to Phase 3 and the Physics Run

The scene at the experimental control room in Tsukuba Hall B3

This is scientific history in the making: SuperKEKB/Belle II joins 
DORIS/ARGUS, CESR/CLEO, and  PEP-II/BaBar and KEKB/Belle

Some Belle II jargon
PHASE 1: Simple background commissioning 
detector (diodes, diamonds TPCs, crystals…). No final focus. 
Only single beam background studies possible [started in 
Feb 2016 and completed in
June 2016.

PHASE 2: More elaborate inner background commissioning 
detector (VXD samples).  Full Belle II outer detector. Full 
superconducting final focus. No vertex detectors. Collisions ! 
[Phase 2 collisions: April 26-July 17, 2018]

off

2016
Feb. Phase 1 (w/o Belle,  
　　  w/o final focusing) starts
Jun. Phase 1 ends



6th KEK Flavor Factory Workshop (KEK-FF 2019), February 15 2019, KEK

Belle II detector
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PXD and SVD has been installed after phase 2 and ready now. 
Problems of subsystem found in phase 2 operation are fixed.

Silicon vertex detector (SVD)
Pixcel detector (PXD)

Time-Of-Propergation 
 counter (TOP)

Electromagnetic 
 Calorimeter (ECL)

Klong-Muon detector (KLM)

Aerogel Ring Imaging 
Cherenkov detector (ARICH)

Central Drift Chamber (CDC)
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Benefits of upgrade for φ1/φ2 measurements
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Smaller radious of inner layers of PXD 
contributes to improve vertex resolution. 
→ Resolution of tracking improves 40%

FIG. 1: d0 distributions of selected tracks reconstructed with the default reconstruction chain
(CDC+SVD+PXD) and the chain excluding the PXD detector (CDC+SVD). The resolution is es-
timated using half of the symmetric range around the median containing 68% of the d0 distribution.
The distributions are normalised to unit area.

1

Belle SVD

Belle II SVD

More K0S decay inside of larger radious of 
outer SVD layer.  
→ K0S finding efficiency imcreses.  
    Efficiency of vertex reconstruction using  
    K0S daughter improves.

Improvement of particle identification 
performance contributes to flavor tagging 
quality. 

Photon detection efficiency increases due to less 
materal of inner part.

d0: closest approach of  
     track in x-y plane
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Phase2 data analysis

�18

Using 500 pb-1 of the data 
collected during phase 2 
operation, we confirm many of 
particles that are included in 
CP-eigenstates are 
reconstructed.
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FIG. 1: This figure shows m(K+K�) distributions in 250 pb�1 of collision data. Kaon PID
requirement using all the detector is applied. The selection criteria are the same as mentioned in
BELLE2-NOTE-PH-2018-005.
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-1 L dt = 472 pb∫

Figure 1: This figure shows the invariant mass distribution of J/ ! e+e�candidates in
472 pb�1 of collision data. Events are required to contain at least three good tracks to
purify the sample with processes of the type e+e� !hadrons, while rejecting beam induced
background, Bhabha scattering, and other low multiplicity background sources. The e+ and
e� candidates are tracks required to have impact parameters, |d0| and |z0| < 0.5 cm and
3.0 cm respectively. EECL/p � 0.9 is applied to both e+ and e�. Bremsstrahlung photons
with E� < 1.0 GeV are added to e+and e� tracks in a cone < 5�. The J/ candidates are
searched in, 0.4  p⇤J/ 2 GeV. The internal document reference is BELLE2-NOTE-PH-
2018-014.

1

Figure 2: This figure shows the invariant mass distribution of K0
S ! ⇡+⇡� candidates

in 250 pb�1 of collision data. Events are required to contain at least three good tracks
to purify the sample with processes of the type e+e� ! hadrons, while rejecting beam
induced background, Bhabha scattering, and other low multiplicity background sources.
The events are selected with 0.45 < m(⇡+⇡�) < 0.55 GeV/c2. A vertex fitter based on
a Kalman algorithm is used to fit the vertex to reject candidates where the tracks do not
originate from near a common decay point. A track quality criteria of > 0.001 is applied on
the tracks that originate within the beam pipe. An optimised selection is done in di↵erent
regions of K0

S momentum based on the variables - minimum of the smallest approach of
the two daughter tracks, azimuthal angle between momentum and the decay vertex of
K0

S candidate, distance between two daughter tracks at their interception point and flight
length of the K0

S candidate. The internal document reference is BELLE2-NOTE-PH-2018-
017.
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FIG. 2: m�� distribution in Exp 3, runs 112-1355. A � peak at about 542 MeV/c2 is visible.
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FIG. 1: m�� distribution in Exp 3, runs 112-1355. A ⇡0 peak at about 132 MeV/c2 is visible.
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Figure 1: This figure shows the invariant mass distribution of ⇡0 ! �� in 5 pb�1 of collision
data. Events are required to contain at least three good tracks to purity the sample with
processes of the type e+e� ! hadrons, while rejecting beam induced background, Bhabha
scattering, and other low multiplicity background sources. The photon daughters of the
⇡0 candidates are required to have an energy of greater than 150 MeV, and to be within
the acceptance of the Central Drift Chamber (CDC). The internal document reference is
BELLE2-NOTE-PH-2018-002.

1

π0→γγ φ→K+K-

K0S→π+π- J/ψ→e+e-

FIG. 3: Distribution of the longitudinal component of the interaction vertex estimated using z0
parameter of single tracks originating from the interaction vertex. The plot is based on data
collected in runs 1869 � 2047 in May 19th-21st 2018. The center of the distribution is estimated
using its median. The spread of the distribution is estimated using half of the symmetric range
around the median containing 68% of the distribution, �68. The spread of the distribution shown in
the figure is not corrected for the estimated uncertainty in z0 of 0.025 cm. When the z0 resolution
is subtracted in quadrature, the unfolded �z = 0.049 cm.

3

FIG. 2: Schematic view of Belle-II beam crossing at the interaction region. The spread of the

z vertex distribution can be estimated as �z =

p
✏x�⇤

xp
2�x

where for Belle-II optics in phase 2 the

horizontal emittance ✏x = 4 ⇥ 10�6 mm, �⇤
x = 200 mm, and the crossing angle �x = 41 mrad

leading to expected �z = 0.049 cm.

2

z
Spread of IP estimated using 
closest approach of tracks in 
z-coordinate is consistent 
with small beam crossing 
spot size calculated from 
phase 2 beam optics.
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Phase2 data analysis
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Figure 1: This figure shows the �E distributions of B candidates in 472 pb�1 of collision

data, in the mode B ! J/ K(⇤)
s . Events are required to contain at least three good tracks

to purify the sample with processes of the type e+e� !hadrons, while rejecting beam
induced background, Bhabha scattering, and other low multiplicity background sources.
The lepton, kaon and pion tracks are required to have impact parameters, |d0| and |z0| <
0.5cm and 3.0 cm respectively. EECL/p � 0.9 is applied to select e+ and e�. While
for selecting muons, EECL < 0.3 GeV and Muid � 0.1 by atleast one of the muons.
The J/ and K⇤ candidates are selected within 3.0  Ml+l�  3.12 GeV/c2 and 0.845 
MK⇡  0.942 GeV/c2. qq̄ background is suppressed with R2  0.3. The internal document
reference is BELLE2-NOTE-PH-2018-014.
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Figure 2: This figure shows the Mbc distributions of B candidates in 472 pb�1 of collision

data, in the mode B ! J/ K(⇤)
s . Events are required to contain at least three good tracks

to purify the sample with processes of the type e+e� !hadrons, while rejecting beam
induced background, Bhabha scattering, and other low multiplicity background sources.
The lepton, kaon and pion tracks are required to have impact parameters, |d0| and |z0| <
0.5cm and 3.0 cm respectively. EECL/p � 0.9 is applied to select e+ and e�. While
for selecting muons, EECL < 0.3 GeV and Muid � 0.1 by atleast one of the muons.
The J/ and K⇤ candidates are selected within 3.0  Ml+l�  3.12 GeV/c2 and 0.845 
MK⇡  0.942 GeV/c2. qq̄ background is suppressed with R2  0.3. The internal document
reference is BELLE2-NOTE-PH-2018-014.

2

B0/+→J/ψK0(*)/+

B0→J/ψK0S sign is indicated in reconstructed distributions 
(orange and magenta).

Using 500 pb-1 of the data collected during phase 2 operation, we confirm 
many of particles that are included in CP eigenstates can be reconstructed.
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Re-discovery of CP-violation within our reach
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Re-discovery of CP-violation within our reach
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We are  
here (0.5 /fb) Phase3 until 2019 summer

253 fb-1  
B0→η’K0S (φ1eff)

Re-discovery of CP-violation within our reach
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Far milestone ー beyond Belle/BABAR results
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Decay modes in which first observation of 
φ1 is expected using a few ab-1 data.

Mode Experiment (# of BB) S significance A

B0→J/ψπ0 BABAR (466M) -1.23±0.21±0.04 4.0σ 0.20±0.19±0.03
Belle (772M) -0.59±0.19±0.03 3.0σ 0.08±0.16±0.05

B0→D+D-
BABAR (467M) -0.63±0.36±0.05 ̶ 0.07±0.23±0.03
Belle (772M) -1.06         ±0.08 4.2σ 0.43±0.16±0.05
LHCb (3 fb-1) -0.54         ±0.05 4.0σ -0.26      ±0.05

B0→D*+D*- BABAR (467M) -0.70±0.16±0.03 ̶ -0.05±0.09±0.0
Belle (772M) -0.79±0.13±0.03 5.4σ 0.15±0.08±0.02
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　set.
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_

_
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　112008  
　(2018) 
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Decay modes in which first observation of 
φ1 is expected using a few ab-1 data.
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Decay modes in which first observation of 
φ1 is expected using a few ab-1 data.
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BABAR (468M) 0.94       ±0.06 3.8σ
Belle (535M) 0.30±0.32±0.08 ̶

B0→π0K0S
BABAR (467M) 0.55±0.20±0.03 ̶
Belle (657M) 0.67±0.31±0.08 ̶

B0→ρ0K0S
BABAR (383M) 0.35      ±0.06±0.03 ̶
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　This will be  
　reviced soon  
　using full data 
　set.

b→s Anomaly among 
experiments should 
be solved in future. 

Hope
fully 

not s
o far
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For φ2, new input for iso-spin relation analysis : 
B0→π0π0  time-dependent analysis.

Electromagnetic calorimeter detects hit 
position of photons. 
→ In usual analysis, no B0 decay vertex  
    information from π0.Interaction point (IP)

ECL

γγ

If we use a large data sample in Belle II, we 
can approach “π0 vertexing” using Dalitz 
decay (π0→e+e-γ) or π0 direction from 
photon conversion. ]2c [Gev/bcm
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Fig. 110: Projections of the fit results for candidates reconstructed as

B0 ! ⇡0 ( ! e+e��) ⇡0 (! ��). The projections for one example pseudo-experiment

are shown onto Mbc (left top), �E (left middle), yDC (left bottom) and �t (right). The

�t projection is shown for B0 mesons tagged as B0 (right top) and as B̄0 (right middle)

together with the CP asymmetry (right bottom). Points with error bars represent the toy

MC sample. The full fit results are shown by the solid blue curves. Contributions from

signal with Dalitz decays, signal with conversions, generic BB̄, continuum background and

background from wrongly reconstructed signal events are shown by the long dashed-dotted

green, long dashed violet, short dashed red, dash-dotted blue and dotted orange curves,

respectively. The input values used for this pseudo-experiment are A⇡0⇡0 = 0.34 and

S⇡0⇡0 = 0.65.

sources of systematic uncertainties in Table II of [701] is considered, and, for B⇡0⇡0 and A⇡0⇡0 ,

the lists in [685]. We assume all sources in these lists to be reducible apart from the number

of B mesons (1.37% for B⇡+⇡� and B⇡+⇡0 as well as 1.4% for B⇡0⇡0) and the contribution

from the PHOTOS MC generator (0.8%). We add an additional reducible flavour tagging

contribution of ±0.0034 to A⇡0⇡0 considering Table VI of [684]. For A⇡+⇡� and S⇡+⇡� the

systematic sources in Table II of [702] are considered. Apart from the tag side interference

(±3.18 for A⇡+⇡� and ±0.17 for S⇡+⇡�) and the �t resolution (±0.42 for A⇡+⇡� and ±1.01
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Toy MC of Dalitz decay @50 ab-1

Although statistic error is large, (= ±0.28), 
we can reduce umbiguity for φ2.

)° (
2
φ

0 30 60 90 120 150 180

1 
- C

L

0

0.2

0.4

0.6

0.8

1

)° (
2
φ

0 30 60 90 120 150 180

1 
- C

L

0

0.2

0.4

0.6

0.8

1 0π0πS   
  0.83
  0.40
 -0.61
 -0.94

Fig. 114: Scan of the confidence for �2 performing isospin analysis of the B ! ⇡⇡ system.

The black solid line (left) shows the result of the scan using data from Belle measurements

(see Table 91). The blue shaded area in both plots shows the projection for Belle II. Results

of the scan adding the S⇡0⇡0 constraint (right): each line shows the result for a di↵erent

S⇡0⇡0 value. The dotted horizontal lines correspond to one �.

not compatible with any of the eight solutions. In both situations there is a large range that

can be excluded at one �. In the case of the compatible value S⇡0⇡0 = 0.83, the width of the

solution around 88� corresponding to a confidence of one � is about 4� and thus ��2 ⇡ 2�.
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Fig. 115: Scan of the confidence for �2 performing isospin analysis of the B ! ⇡⇡ system.

The blue shaded area in both plots shows the projection of the Belle measurements (S. Fig.

114) for Belle II. Results of the scan with additional S⇡0⇡0 constraints are shown by dashed

lines. Each line correspond to di↵erent input S⇡0⇡0 values. The red long dashed line on the

left figure shows the result for S⇡0⇡0 = 0.83. The dotted horizontal line correspond to one �.

Figure 116 (left) shows the results of the scan of the confidence for the �2-angle performing

the isospin analysis of B ! ⇢⇢. The analysis was performed using the current Belle measure-

ments without S⇢0⇢0 constraint. The results of the scan are consistent with the Belle results

presented in Fig. 7 of [703]. Since the B ! ⇢⇢ system exhibits a two fold ambiguity, we focus

on the range which is consistent with the current measurements of the unitarity triangle.

Figure 116 (left) shows also projections for Belle II without and with the S⇢0⇢0 constraint.
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Fig. 114: Scan of the confidence for �2 performing isospin analysis of the B ! ⇡⇡ system.

The black solid line (left) shows the result of the scan using data from Belle measurements

(see Table 91). The blue shaded area in both plots shows the projection for Belle II. Results

of the scan adding the S⇡0⇡0 constraint (right): each line shows the result for a di↵erent

S⇡0⇡0 value. The dotted horizontal lines correspond to one �.

not compatible with any of the eight solutions. In both situations there is a large range that

can be excluded at one �. In the case of the compatible value S⇡0⇡0 = 0.83, the width of the

solution around 88� corresponding to a confidence of one � is about 4� and thus ��2 ⇡ 2�.
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Fig. 115: Scan of the confidence for �2 performing isospin analysis of the B ! ⇡⇡ system.

The blue shaded area in both plots shows the projection of the Belle measurements (S. Fig.

114) for Belle II. Results of the scan with additional S⇡0⇡0 constraints are shown by dashed

lines. Each line correspond to di↵erent input S⇡0⇡0 values. The red long dashed line on the

left figure shows the result for S⇡0⇡0 = 0.83. The dotted horizontal line correspond to one �.

Figure 116 (left) shows the results of the scan of the confidence for the �2-angle performing

the isospin analysis of B ! ⇢⇢. The analysis was performed using the current Belle measure-

ments without S⇢0⇢0 constraint. The results of the scan are consistent with the Belle results

presented in Fig. 7 of [703]. Since the B ! ⇢⇢ system exhibits a two fold ambiguity, we focus

on the range which is consistent with the current measurements of the unitarity triangle.

Figure 116 (left) shows also projections for Belle II without and with the S⇢0⇢0 constraint.
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Far milestone ー beyond Belle/BABAR results

(Plots from Belle II Physics Book)
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Systematic error in large statistic analysis
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Vertexing detail dS dA

IP tube constraint vertex fit 0.0072 0.0005
Poor-quality vertex rejection 0.0064 0.0021
Imperfect SVD alignment 0.0056 0.0040
Δz bias 0.0050 0.0073
Track error estimation 0.0033 0.0060
Track rejection in Btag decay vertexing 0.0026 0.0015

Δt fit range 0.0002 0.0004
Total 0.012 0.009

Categories dS dA
Vertexing 0.012 0.009
Possible fit bias　 0.007 0.004
Δt Resolution function 0.009 0.001
BG fractions (J/ψKL) 0.005 0.002
Wrong tag probability 0.004 0.003
BG fractions (J/ψKS) 0.003 0.001
Fixed Physics parameters 0.001 0.001
BG Δt 0.001 0.001
Tag-Side interference 0.001 0.009

Total 0.019 0.014

0.024

Grade point
A          B          C          D          F

Measured dS
0.019 ←?→

Reference point of systematic study
One reference point is 
systematic error in 2006:
dS = 0.019, dA = 0.014
At worst, same level with
statistical error expected 
from toy study
dS = 0.024, dA = 0.016

12Tuesday, November 16, 2010

We have already been close to systematic limit. 
In Belle II, we have to consider this issue in many studies.

My slide in Belle 
general meeting forφ1 
measurement  
in B0→(cc)K0 using full 
data. 

We discussed whether 
we can set systematic 
uncertainty enough 
small comparing to 
previous analysis and 
also to expected of  
statistical error.

_



6th KEK Flavor Factory Workshop (KEK-FF 2019), February 15 2019, KEK �28

Table 2: Belle II expected sensitivity on the CP parameters of B
0

! J/ K
0
S
. Expected

statistical, reducible systematic and non reducible systematic uncertainties are shown. An

integrated luminosity of 50 ab�1 is assumed. Three cases are considered: ‘No improvement’,

where Belle irreducible systematic uncertainties are assumed to not improve in Belle II;

‘Vertex improvement’, where an improvement of 50% is assumed for the systematic due to

the vertex positions; ‘Leptonic categories’, where the analysis is performed using only the

leptonic categories for flavour tagging.

No Vertex Leptonic

improvement improvement categories

SJ/ K
0
S
(50 ab�1)

stat. 0.0035 0.0035 0.0060

syst. reducible 0.0012 0.0012 0.0012

syst. irreducible 0.0082 0.0044 0.0040

AJ/ K
0
S
(50 ab�1)

stat. 0.0025 0.0025 0.0043

syst. reducible 0.0007 0.0007 0.0007

syst. irreducible +0.043
�0.022

+0.042
�0.011 0.011

performed using control samples (see Sec. ??), so it is expected to improve at high luminos-186

ity. The new vertex algorithm for the tag side removes the systematic e↵ect coming from187

the selection of the tracks used for the vertex fit and improves, by almost a factor two, its188

resolution. The vertex resolution of the CP side will improve by a factor two compared to189

Belle thanks to the new Pixel Vertex Detector. We assume, for this study, a factor two for190

the reduction of the systematic uncertainty due to the vertex reconstruction.191

Table 2 shows expected Belle II sensitivity to the B0
! J/ K

0
S
CP asymmetry parameters.192

The measurement is expected to be dominated by systematic errors. In the case of AJ/ K
0
S
,193

the smallest total error is obtained when performing the analysis using only the leptonic194

categories for flavour tagging.195

Expected sensitivity of the time-dependent asymmetries of B
0

! J/ ⇡
0
. The B

0
! J/ ⇡

0
196

decay mode, proceeding through b ! cc̄d transition, can be used to constrain theoretical197

uncertainties in B
0

! J/ K
0
S
. Both BaBar [26] and Belle [27] have performed the time-198

dependent analysis of B0
! J/ ⇡

0, the latter obtaining:199

SJ/ ⇡0 = �0.65 ± 0.21(stat) ± 0.05(syst),

AJ/ ⇡0 = �0.08 ± 0.16(stat) ± 0.05(syst),

largely dominated by statistical errors. A precise measurement will be possible using the200

high integrated luminosity collected by Belle II at the end of its data taking. Table 3 shows201

the expected sensitivity to the time-dependent CP asymmetry parameters assuming an202

integrated luminosity of 50 ab�1. The algorithm for calculating the expected statistical and203

systematic uncertainties is the same as in the previous section. A relative uncertainty of a few204

percent is expected. This will translate to an uncertainty of ⇠ 0.1� on �1 from B
0

! J/ K
0
S
,205

8/58

Systematic is expected to be 
dominant in φ1 measurement 
using 50 ab-1 

Vertex improvement contributes 
to reduce systematic error of S. 

If we use only high momentum 
leptons (mainly come from 
semi-leptonic decay) for flaver 
tagging, uncertainty from tag-
side interference on A is largely 
suppressed. Total error 
becomes small although statistic 
is sacrificed.

→ We have to try further idea to suppress systematic error. 
　 In some case, approach from theoretical side is needed.

Error expectation considering 
luminosity scale (Belle II Physics Book)

Interference between non-zero two diagram 
→ CP violation in tag side: 2r’ sin(2φ1+φ3±δ’)

Systematic error in large statistic analysis
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Summary
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φ1 and φ2 angles have been measured in Belle through time-
dependent analysis of B0 decays. 

More sensitivity is expexted in Belle II not only incresing of data but 
also from detector upgrade. 

Decay products of CP-eigenstates have been already observed in 
phase 2 data. 

From phase 3 operation with vertex detectors, measurements of φ1 
and φ2 in Belle II are within our reach now. 

We expect first observation in many decay modes but have to make 
effort for systematic estimation for high precision study.
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B0→(cc)K0S : Very clean signal, selected by loose criteria. 
B0→J/ψ K0L : Only K0L flight direction is detected as hadron cluster  
                 in KLM (Cluster energy can not obtained)

Signal region of  
reconstructed energy

J/ψK0S ψ(2S)K0S χc1K0S J/ψK0L

Signal yield 12727±115 1981±46 949±33 10087±154
Purity (%) 97 93 89 63

+  Data 
ー Fit 
■ BG w/ K0L 
■ BG w/o K0L 
■ J/ψ combinatorial BG 

Beam constraint mass: 
Mbc = √Ebeam2 - PBCM 2

CM

_

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

Reconstruct CP-side using momentum, energy and particle 
identification information from detector.
ex.

How to obtain φ1/φ2 ̶ signal reconstruction
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true Δt distribution

measured Δt distribution

B0 tag
B0 tag_

B0 tag
B0 tag_

q and Δt change due to imperfectness of the 
measurement. 
Δt : 
- Detector resolution 
- Non-primary track effect 
   D lifetime ≠ 0 
- Kinematic approximation 
   Δt ≡ Δz/cβγ ≒ Δttrue 

q :  
- PID failure 
- Ambiguity of flavor determination algorithm 

Those effects is estimated using  a large 
number of control sample of B0→D*-ℓ+ν, 
B0/+→D(*)π/ρ and B+→ J/ψK+

 32

⇒ Observed time-dependent decay rate

Psig (Δt, q) =  ―e     (1-2w)q(AcosΔmΔt + SsinΔmΔt)⊗R(Δt)4τ
1 -―τB

|Δt|

dilution factor Resolution function

How to obtain φ1/φ2 ̶ correction on Δt and q
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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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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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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 = 332.0±22.1 
Nqq = 16.3±3.5
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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;
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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  
・(No SCP due to lack of vertex in  
    signal side → eight-fold ambiguity)

_

_ _
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Many photons are lost by conversion 
with material in front of calorimeter.  
→ Converted photon reconstructed by 
    γ→e+e– that is apart from IP is 
    also used for π0 reconstruction.

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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(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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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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